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I* Introduction ._ ./. ., 
-' 'The exact, iCn-OgtiCal transfer functions fCK the dipoles, 

3uadrupoles and sejrtukoles cf the PEE standard 'fGCC@ cell are 

calculated for any single particle uith initial cocrdinates$;, 

Fi #'i 1 a tiodifications resulting frcm radiative energy loss are 

also calculated ahd discussed, These functions allcv cne to 
,_ '. -~ 

characterize individual magnets or classes of magnets by their 
-"i 

aberrations(l) and thereby simplify their study and.'correction, 

1 In contrast to high-energy spectrcmeters uhere aberraticns are 

often 'analyzed away', those in storage rings drive series of 

high order resonances, even fcr 'perfect' magnets(2), that can 

produce stop bands auti other effects which can seriously limit 

performance, Thus, one wouid like to eliminate thex altcgether 

or failing this tc develop local and global correcticn schemes. 

iven then, one should expect higher crder effects to influence I 

injection, extracticn or single-pass systems either because of 

orbit distortions or overly large phase space distortions such 

as map occur rn low-beta inserticns or any final-focus optics, 

--e--------w-- m--s 

* Work supported by the Ceparteeot cf Energy under ccntract 
DE-AC03-76SF00515. Ihis paper &as presented at the Ercck- 
haven k'orkshcp en Accelerator Orbit aLd Particle Tracking, 
Published in the Proceedings of the Workshop on Accelerator Orbit and 
Particle Tracking Programs, Upton, New York, May 3 - 6, 1982. 
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The term *exact' means that the results here are tased on 

solviug the relativistic Lorentz force equation vith accurate 

representations df measured magnetostatic fields. Such fields 

satisfy flaxuell's eyuaticns and are the actual fields seen by 
-  

. ; .  : a particle as it EroFagates around a real storage ring, This ._ .‘ 
: is discussed in detail and illustrated with exarEles that show _ **. 

.,.: _- 
,‘L .. that this is possible, practical and may even be useful. 

This approach is Fractical because the transfer function, : 
_ uhen taken to sufficiently high order, becomes equivalent to 

the exact solution cf the eguations cf moticn fcca which it is 

. ~. derived and the series converge raEidly. Characterizing the 

optics of multiEcles with the complete transfer function shous 

clearly how correctcrs are best employed and also suggests neu _ ,. -. _- _ _ _ 
multipcle-magnets uhich serve the saffie purpose as ccnventicnal -a_ 
nagnets but produce feufr abexrations as uelL as feufr symmetry 

allowed field harmonics. Ihis is tantamount tc Froviny the 

possibility of aberration free oftics and suggests a s&ecific 

program of 3-dieersicnal, end-field studies in ccntrast to the 

usual expedient of ignoring the longitudinal field ccnFonent, 

Although an cptical transfer function may be arbitrarily 

accurate, the highest crder which is retained is determined by 

the problem e-9, the else of sextugcles implies tte need for at 

least a third order calculaticn(3). Cn the other hani,.transfer 

, filnctions arn*t really nece ssary and may not be harrantcd when 

systens are not purely deterministic. The underlying aFFXCaCh 

used Lere remains agFlicable to such prcblems and Frovides an 

unambiguous ana consistent framework xith which to study them. 
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11. The Possinility and l;m[ortance of Exact Calculaticns 

-. 

There are a number of reasons why one might guesticn bcth 

the Fossibilit y and importance of such calculations, Tracing 

real Far.ticles thrcugh real fields without significant aFjrox- 
_.' ._ 
_ maticns means you roust actually be able to kncv and re'Fresent 

'- . 
. - : those fields. This inevitably raises questions ccncerning the . . .- 

inherent experimental uncertainties in magnetic ueasurements, 

. 

b 
magnet alignment as well as mere arcane &ossibilities frcm the 

. . ., 'Gbstructionist's Handbook' such as mechanical cr magnetic re- 

iaxation processes as uell as the various sources of noise. 
. 

Bather than recite the ccmplete list, I only ccmn;eat that 

the approach used here Frcvides specific, quantitative guidance 

on such questions within a single, consistent framework. Thus, ;,--. 
- _ I have found no significant sensitivity of higher crder terms 

to practically achievable tclerances. Ho&ever, this deserves a 

separate, detailed study. The question of uhether it is really 

possible to knob the actual magnetostatic fields is discussed 

in Section IV and. AEEendix 1. This question has keen studied 

1. in detail for tfe PEE digcles(4) uith a conditicnal ccnclusion, 
._ 

The ansuer is yes but it is .highly unlikely based cn the usual 

techniques em;lcyed today. Fcr instance, the use of C-aagnets 

vrrtually precludes the EossibiLity for large rings. 

Any discussion cf higher order cptical effects nusi also 

eventually ccnsider sFin and cjuantized, radiative energy loss 
_ 

which are of 'increasing interest and may also influence both 

. 
I 

: 
orbit and optics, The increasing use of rings fcr Ercducing 

$ynChrOtrOA radiaticn uith their unprecedented demands CD slot 
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sizes and the pcssibility of high-Fcher, high-efficiency free 

2iectron lasers clearly argues fcr a m,orf integrated aFEroach 

tc storage ring design. These additional degrees cf freedcm 

-- can be treated in many uays but the most general methcd, with 
I.. .: :.,. r : the fewest app+rcximaticns, again xould seem to be the direct 

- : " numerical solution of the ncclinear, coupled difference equa- z. - .1 
tions- The spin coordinate, Sin will be studied in this same 

- framework but in a separate iaker dealing solely vith it since 

that treatment should alsc include the study of ctber elements 

required for iongitudisal Eclarization inserticns and the use 
. 

of skew quads rn the low-beta insertions vhere seclcetric and 

higher chromatic ncnlinearities keccme increasingly inscrtant 

. ' uith decreasing p:- 

:_.. . He are mainly concerned with the o&tics of FerfEct mult- 

I;oles[2)- Calculations for ail multipoles thrcugh cctugcle 

dre given uith an accuracy adequate for virtually any Froblem, 

Sextuples and cctugcles are rather short so thej oay be used 

to check thin lens and other aFprcximations in ether cedes(3), 

The effects of average, incremental energy loss CD orbits and 

transfer functicns vere alsc calculated because there are an 

adequate number of FhOtCnS radiated to sarrant this. As with 

other effects such as alignment EL~CCS, the variaticns were 

minor. Thus, it aL;l;ears Fcssible tc improve Fredictability 

of beam lifetime, beam distributicn function and oFtina1 cFer- 
_ ' 

ating Faints in tune space as veil as give their dslendcnce on 

magnetic or misalignment esxcrs, RF cavity distributicns and 

other effects uh.ich louer ttr effective and dynanic aperture, 
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111, Magnet D2scciption 

BDSt 3E the naqn2ts studied h2re ace deszcibai in th2 PEP 

desiqn hanAoook(5). L'anle 0 lists the relevant p%ramatars usei 

foe ray tra:inq. fle'se have the same m2aninq as Eoc 'PRhYSP3BT' q 
. 

except for 3112s lika tha frinqinq field coefficients ulizl fre 

discussed in Appendix I. Fiquro 1 shDus the zDoriinat2 systans - 

amployad as uell as s302 of the pacsm2ters ani hDr thar rslste 

to the PEP ban3, l’na fringinq field coefficients, ~312 coltoars 

and multipole components describing the field distcibutioa sre 

defined in the aff2:tiva field bouniary(EFB) zooriinata systtms 

nt entranzr anI axit >f 2ach- magnet, Gonerally, t1esa systams 

aever zoinzida with the mechanical boundaries of 3 maqaat n3r 

33es tha oc3i.t on wnizh they’re plsced zocrespnni to 31 a:tuil 

orbit in dinol2s(6). Hoil2vo,r, in all prnpefly aliqled and built 

higher multipolzs, thz equilibrium orbit and dasiql or3i.t ict 

the sam2, Yon2 of this chanqes tha outcome of th2 zal:ulations 

but is rai2vant for tae aliqnment of the maqn2ts >t knouilq the 

field iistribution 3ni iliqnment of each maqnrt fnc azzucat2Ly 

ocediztinq tha actual equilibrium orbit relatioa t3 thz ml?ntts, 

IV. PislJ 1eszriptioa I 1 
Th2 axaztnass of sly solution ultimately gepzlis 3n ti2 

ocezision and 3 zcucacy of the field d2szription. It is U33fll ; 

to distill tha maqn2tic neasurenent data into a fzr paramztacs 

which Jesccibe th2 vector field in the volume Df ilterzst foe 

ill currents with n2qLiqible error. A prescription for. doing 

this is iis:ussaA in Apsenlix I oh2ce it is appli21 to slL Df 
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the 51~2 is for tha szxtupole which is the sh>rte;t fanill BE 

sextupaLzs(or nsqnat) 11 PE?, This should simplifr ZLB~S~CLSJI 

TV thin, n3.1 linear 123s noiais. Units were chasan to simsiify 

the stu:ly of tht va.riJz term; e-q. the relative inpoctan:? >f 

any two is JuicAly %ssessei by comp~rinq their vaLlas oeciu~e 

the maqnitlles of tne statn3ar;l deviations oE the iririaalas are 

COllJhlY coaoaraole in tlese units(3). Accuracy ~1i przcisian 

J,f the cdLcli.ati.ons dre much better than impliz ov thz nlnbrr 

of siqnificint fiqucas qivan in the tsbles uhrch r1zre thought 

sufEi.ciznt for 212Z.tCJiI storage rings havinq typictl ilapixq 

times of a frw hunlrei turns, 

First, rable 1 shlus that (x)xI=(x~)Y') aa3 (yIy)=(y8(yo). 

This is bac~use symnetrical dritt lengths have bz?l uszi, i.e. 
- 

A=3 in i!Lbl? 0. Furtnecmore, with tha exception of tha qlz~i 

in.i -ths vertical pL~ua bf the bend, these terss 1LL.'2q131 312 

3ni thasz zLum2nts ict irke drirt spA:es in first ordec. jil:e 

oropariv 2liqnt.I riai faoricated elenents with hiqlar nisbscs 

3f ~012s thin quaJrdpbLes don't couple in first 3Ci2r, both 

5extuooie5 incl octupoies are pare drifts in this acler haviaq 

total 1ztlJtls af At~+3=3,7424m or (x)~~)=(~jv~)=3.)7421~~~nt. 

bppandix PIL qives I simple but qeneral demon~tcation oE lray 

the bend LS 3 spzz id1 else of maqnet uith (xJx)=(r' (x8)=1..). 

I:t is also shown there that (x)in)=3 foe n>l In3 tla.t~(~*)~~') 

=(x@)~~x~~y~&~)=3 foe a11 n>O, Thus, in the melian 31&n?, t3is 

bend is 3 narfec t pariliel-to-parallel opticaL system riti an 

infinite to:31 lenqat. This is ii231 fDr stor332 ii.nJS with 

their ndturilly s;m~li vertical emittanca since this rasult 2~ 

loriqer ;1c)pii2s in tJ2 vertical plana. Addin nultipolas t> 
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these DanJ; destroys this Tener31 pcaperty but rettins it in 

first 3rd~~ wii2n 3nly symmetr-i allDire multip3L2s Bf tie sell 

3re allowed i.e. d=~,il is for saxtupoles. 13 tha vertical, 

the band acts liL2 a :olverqinq thin lens uith (y’ly) < 0 13i 

(vlv)=(Y’lv’l=l.o. T32 correspDndinq hDrizonts1, lefa:asinq 

action shown in PiJ. 211 is cancellerf by the aaturll fD:usilq 

iztion of tlz rzsulci~q sector naqzst in the bendilq pLans. 

N.x t, 3n2 - s223 fron Tables l-8 that all alemzlts lavinq 

22 fieli zDnp9nent Dn toeir lonqitulinal axes, i-2. pe:.fe:t 

multipoles above di.3012, are expected t3 have (xldn)=(x'jdnj 

=(yl~n)=(y~ldn)=(~ldn~=(~lJn+')= 0 f3r al1 n>O. \3p2nlix IV 

calls these 212ments '33n-dispersive* because th21 hlv? no 

DLlC2 chrciiaatic abercatijns, gnfoctunately, th2s2 are never 

achromatic ?ven thoJqh their leadioq order opti= .t2rns irt 

oursly qsoaetric baca3se the next ord2r i.e. ti2i: *leadin? 

ordar aberrations' ira nrx2d chromatic uith ttrms of ~clec 1 

inclulinq nixed chr>satics of order n-l in 6. Altiouql tiis 

sl3.y 3211 t2npt 3112 t3 superimpose quais and dioolz; for son3 

3pplication5, this is szldDm a qood idea when on2 inteajs ta 

USC iron-doninated naqnzts(4). 

3n2 al.50 5223 a aatural qrDupi.nq between the prop2rtias 

>f the 011 inct 2~211 maJaetic elements. This c2suLt; lire:tly 

from the svl;mztry of thr fields ani is most easily se23 fr3n 

thz leadinq arriur qeonetrics b2caus2 they foll~u ~12 l?adiJJ 

ordar spatial depenieac5 of the r‘ieljs and avoid tae hiqhzc 

or13r co3oLLc3tion; iis:lssed in the Ippen3icas. 3om2 of t3a 

qan:!ral idbLi,cations lf this property are consiZ2:2d bzlor. 
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Sinze th2 le~i~lr~ lcder of any multipole iritl nJ EieLI 

on its dxi; pr3jac33 drily qeometric t2r3s, no s2t af multi- 

~312s suo2roos2J on one of lower order can be 2xp2ct2d to 

fully corr2: t thAt sultLpole. The most common ta:lniql2 of 

‘dealin iritn this probla, in lowest orier, is t3 intradu:a 

lis-sersion i nd th2 next orier multipole. Thus, sa:ond ,rd?r 

chrs,mAtiz tarms introduced bv a qua1 such as (xlxd), (xl ~‘61, 

(~'1x8) dni (xt1x'61 Zdl b2 correcttd by the LesdLaq ocle: 

72onetcic tarms of th2 ~eextu~ooler (xl x2), (xlxx’), (‘~‘1 x21: s.~l 

ix’] xx’) 1. A smali vlrtrcal enittanc2 and/or sc111L verti:al 

spot compared to th2 horizontal thzn minimizes th2 sextup>lt 

strenqths. IIhs ma jar, Leadins arder aberrations ia tri)ducad 

3v the sGt1p.olz such a3 (x1x25) an3 (xlxxgd) as2 c3rr 2ztzi 

s y t-h2 mijoc qeometrlc; of the octupole in e&i=tlr .th2 sane 

JlV. ii.,;asise, tha hiqler order q2omstrics of thz sexcup) 

zontinsz ta crui2ly somaensate the corr2spondinT siqnifiziat, 

nixed chranitic t2rns df sinilar orler from tht 71adru>313. 

3rown has S:LQWII ho\{ 3x2 can virtually eliminatt c:Dss-:3uo- 

Linq bet2221 szxtup2izs in some circumstances(l3) ., 

The acllitiou of SC;: essively hiqher multio2iz; 3~123:~ 

convorqznt Since tha series for th2 individual multipolas is 

:onvecJcent is shown DY the Tables. Ii3V3vec, this Irpi?lis 33 

t t1 2 diso2r5ion at the nJltipole. rhus, Jne con :3rr2:t th2 

ledjinq ori?r chramitics of one multipole with qaJn2trica oE 

t t1 1 next hiih2c muLtip3Le by asinq lispzrsion t> o%sicaLlr 

5uparimpJ5e the oriqLa.31 multipole 3n itself. Co2ir2cq*nzs 

3f this p;~;2llc2 can b* establish23 bv relations such as: 
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!xlx21sFm -(XiXJ)QF/(x15) aa 
(XlX310F = - IxlX2J)SF /(XlchBa 

iihich, haii?rrer, are clerlrly dep2ndent on the sp2ciEi.c optics. 

33%2V2K, if (xl x3JqF or (x1x3& is conparable to (xjx310f at 

the octupol2, then th2 correction is subverted, Chis is oat 

3f tll2 DCJ,bL2Xl3 of Isin only the leadins ord2rs in th2 fiall 

axuansions far 2acn nuitlpole type. Et ellninat23 aber.cation 

tern3 conul2teky Anl ni;calcuLates others. On2 solution t3 

this probL2n is to ue aoie to compL2teiv climinstl suck t2tn3 

in at 12ast on2 plan2 at a time so that one caa 2<31oit stnntry, 

3 suhs2qu2nt section qirr2s an exauiole of hov this :an ~2 ia in 

a PhysicaLLY realiziDJ.2 uay bv sup2cimposinq oct3ooles and alais, 

I”his 2311 i,z lonz in a rJ2f that ~tllo<s one to r23u:3 DC zer> 311 

hi.lh-er or.i~lt q2omztri:s ProportionaL to xn foe n>,Z.-- B~for2 lis- 

: ussinq trl3 t , it is iut?restinq to show some ?xaim~Las to iLLds- 

trrlte the iaportanc2 of ~iaher ord2c affects, 

try, Lov-B-lta Ins2rtion; and r’inal Focus Systems 

rtlz VJ~POS2 of ta2 low-beta insertion is to l2aaqlifr the 

32a9 waist 32turen tk2 3yn;netry points (locate3 nillray 32t422n 

intecaction points(IP’sJ ) and the fP@s. Senernliv, th2 optinium 

i.aninositv( 3Z) c3n oe ilZr2ased tv decreasing th2 rertical b2ta 

function at th2 I?(.$) ;henevrr@q. 
P It can also be -incca2;;2d 

uv Lncr22ailq th2 horiz>ntaL beam siza(c.) vh?nev?r it is balou 

the lpartura liinit. Either scheme irill iocredsa liqil2r o,-irr 

rftscts, C3r instaac2, the betatron smplitud2 bztdeen th2 K? 

in4 ttl2 antfanze to ta-, first quaurupol2 varies Jladrarically 

ulith th2 SZDdClti3il JiSCdXe, L, i. 2, 
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Hars ii3 zonsiJ?r ally the time independent, Idi fiaLi% of 
1 staraq? CACJ, rh2 9aqnetostatic, scalar POt?nti3il, 

;P (X,Y,Zl, 
2 i l? be written in the rzqions of interest as 

the z-deuenienze of this function occurs throxqh $iiIi.a. 

(All 

Fiqure Xl S.IOWS thz maasursd z-dependence of the ?ZP m%qazts in 
the EPJ coordinate systein i-e, the EPB is at z=O far el=h nulti- 
P312. For z<<O, we dr2 inside the waqnet uher2 tht field 2511 be 
zharacteriz?d by its prirllary harnonic naqnitu32 B,,Gi ,ar ;: 1n3 
onlv the transvers2 coordinates (x,y). Outsi32, t3e n3rrutLized 
fields all Approacn z2r> whenever z/q>>l, This rzPces2ntiti.>n 
is clearly valid for both friuqinq fields of the ?EP b2nd shDun 
in Fiq, 1, 

If ao assumes tkdt all mdqntits possess sach3nizal sysslatry 
about the-dispersion plane(y=O) of-the dipoles and th2 pot?ntial 
satisfias tie 
t5-t) oalv 

condition ~(x,Y,~I=-~(~,-Y,z), then 3v(x,a,z) is 
z33ponent 3illo;ed in this plane ime- . 

2lonq th2 optic axis(x=v=O), only the dipole t2cms are noaz2ro 
i.e. %I =3 Ear l>c), Furthermore, specifvinq ~~,W f Of all L 
snecifras tne field ovec the entir2 volume of interest as on2 
nav easily verify nv suostitution in laplace*s equation. ChUS, 
ill on2 reqlir2s is an adequate representation fez the vaciads 
multipolz;. The one usei here which fits the data, as shodn in 
i?iq. AI, is: 

DipaLe : 6, 01 
(z)=E,/(l+e%) 

Quadrupole: G ,,(z) =G, /(l +e s '1 (AU) 

Sextupole : $,iz)=G;/(l+& . 

A modifie : Fermi-aira= distribution was chosen for its obwia;ls 
r2;timblanz2 to the ~ati 4s well as its flexibility. It a3323rs 
that one 1~31 then write with sutficient accuracy for any ndl- 
tioole. It 

vhere ;1 ~3 th2 
in 

cencrdl field stcenqth 3rl.I Sp(z) is a poLyaBc?ial 
2 norDaiized to th2 total qap of bore openinq(gI for e-ich 
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noitipole, This pr2scriotion requires sliqht modification for 
curved p~i.2 bounddries oat this needn't concern u3 ha~z. Ilhz 
Eifth 3rd2:‘ polynomidl = . 

AS sufflzient for odr plrposes as shown by the Lesst-squarzs 
tits in Fiq. Al. The coafficients(C;) are qiven in Taole Al. 

T3bla Al. FIELD ZJZFFICIBNTS 

,,-I-,- ----- ------ ---- -,-- ____ __-- ', -- - -..-- ._ -- ------s.---- _-------- -c__ .--..- ------------------------------ 
Caefficizats OiDoLe Quadrupole 3txtupolz 
._--- -,...-h -_-_--- --- --.. _. - --- _-.._ -. -^--^------------------------ -_------------------I_______ 

c 3.47a959 0.2964 17 I. 776j59 
0 

C 1.3112a9 4.533219 7.153J79 
1 

C -1.185353 -2.270982 -3.113116 
2 

C 1.630354 1.368627 3.444371 
3 

c -1.032657 -3.036391 -1.976740 
4 

c 0.318111 0.022261 I.543363 
5 

___- _-e__ -. _-..-__-._--.- - _ -.-- .- .-----e --_ _ -- - ------------- -_--_- -------------------------------- ---e-e 

AltilsuJh the ieast-squares technique i.6 best .3uitzd t:, 
orobless ;ihzre the exact functional form of the distrioutioa 
is known but one has to deal rich imprecise data, it is usei 
her2 becrtusz the exizt functional forn qenerally isn't knaun 
for a3st :A;es of prd:tical interest and the data seed to bz 
3;moothe.J be: du2je af such thinqs as the lar:Je m-lqnitude of the 
<ieli VdriAtions, tne 
in3 the 

finite volume of the neisurzlent prJb2s 
z3aolicated spatial dependence of the fieLis, Ihz 

rlncre or au>licability Jf these coefficients is -ZC:(z/q)<jl. 

r"or 3nv set of initial, particle coordinates (ri,pi,si) 
in som2 coordinate system, A, as shown in Fiq. 1, there will 
01 a cocrespondinq set, (rJ,pC,sg) , in system 5. The Jptic 
3xis showu rn Fiq. 1, which is used to define sucl refarelze 
zo3rdindte 5y.3tsm.s is not an actual orbit because of finite 
frinqe fisljs # radiltiv? enecqy loss and/or iapetEactions in 
the fieil axpkcienzzd DY the particle. Iqnorinq slsh effe:ts, 
it is c Lear that oae o dn determine the orbit at 33~ value z0 
Ln terms of the sssum2d pacamet2rs and initial coordiaates(il 
dsinq ;iap12 qeometrlz constructions. However, as one refines 
the rn3321 t3warls uiat they would like to call an bxact rep- 
cesent*tiaa, the m2t!loJ.s of solution become mace czstriztzi 
;Intil tae only pr~oticallv viable means would seen to oe the 
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iif2Zt naD3fic31 ;oLution of the differential equations, 13, 
Illti33t elv 
(iI 3 (f)’ 

there isn't even a direct functional nsppinq Df 
for indiviiudl particles. In probkms af concscn 

, 
n2r2, 3 23ccesPoud2nc2 As possible so long as 3n2 zsnsidezs 
3nlv incremental, averaqc enerqv loss. Thus, u2 If2 aDLe t:, 
dse conventional ?~vl~r expansions for the transfer function. 

Lot R,S S T cedraseat the first, second and third oriac 
contributio2.s to thz tOtd1 transfer function, in t2r!US of ths 
initial co3cdindte variables, so the transform fcon i+o is: 

vhece dat Pcoduzts imply summations over the zDo1rnan conpolants 
i,i, k,etc. The traasfora from o to f qives a similar result: 

Substitution of (A71 into (At31 then lea3.s to 

Fj.+= Qe m iI:“+ ~27 ( gi,-ifQ+ ~2. q2 + -+j.“;. ci) .+ , , , 

there art? terms up to six,th order in (AlO) vhich*Dly “SC rnly 
not be ,travsed base3 an the su~~os2d adequacy of the ociqinal 
third oc higher orizr approximation for the individual trans- 
formations. 41i terms in any order don't have to be rztaiszi 
i-2, the inner sum ,aay na composed of a siqnificaatly cedlceJ. 
selection oE hiqhec order terms above second or tnird-naszi 
an a rou DV row ass25Sn ant of the individual elemsats in the 
optic31 acr3v such 1s qiven in Tables l-4, If tha tuo trias- 
forms are f>r the - 
no abercatL,ns e. qr”’ 

maqnet or arrays of sacjnets uhi:h lava 
tnzre are only first order teens tnan tht 

t:,tal trinsfar;l has ~olv first order terms and thace r;ill b2 
no cross-colplinq, 

3ne szs that terms above second order are snerally male 
LLLI of Lorer order cantrlbutionS e-q. the third oritr ttansfocm 
in Eq. Ali) nas products af second order terms. If the secies 
for the Iniivilusl alenznts is converqent, then tiz thzse tzcms 
will also ba and an? thus has a quide on determininq uhikh hiqh 
3rJer teco,s to retain DAsed 0~ the saqnitudes ~,f t&e lawec acder 
products. IDtic that ttle transform in any x32r is ;niAe up of 
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5i3ple pcJiJzts of th2 basic baildins blocks 33 012 =a1 e3siLy 
letermine h~,u nuch additIona trme is requira3 to oonpute any 
pcables to inv order 3nce they are qiven the individual tzcas 
rot each f3oilv of naqntts. It should be note3 that i<j<k:letc, 

Ipoendix 111 - S3iiE rild;J OkDEB OPTICS TtIZOREYS - IIP3LES 

For tsree, parallel, equienerqy, equidistant rays with a 
sewration or‘ x at z=3 in the efb system at the eotran:e >f the 
bend maqnet shown in Piq, 28, the vertical separation of thase 
cays remains constant i.2, 6x=,+x for any 2, both in au1 outside 
of the maqnlt when &==/2 and the poles are sufficitntiy wile to 
provide a straiqht ZP3 scross the extent of the rig envelop in 
th2 frinqinq fi2ldj. It then lollous quite qenerally fron the 
fiqur2 that (xlxn)=3 ior all n>l when cC=p=q/Z or o(=y) sld 6=3 or 
c(=O and fi=$ or, Cv infactince, for any co*mbination of aaqlzs vith 
cd+p=ic): rhis result also renains true for realistic fringe 
fields, ceJs rdlzss of their specific form, so long as ill iso- 
induction iin2s(linzs along which Sy (x,O,z)=constant) teniin 
oarallel with constant z-values for acy 2, 

Sirnil3civ, th2 horizontal focal lenqth is infinite aad, in 
fact, (x'lxm)=d for dfL 1, req3rdless of the ;listsnces A inl 6.’ 
In fact, a less 3bviouS uut ulore qeneral result fcom Piq.92 3113 

ths abov2 is that (x 11 gnx amy.lJi ) =O for n>O and any -n,i3o. l!his 
follotis G2oluS2 any initlallv tiqui2nerqv, parallel rays rznsin 
93S?lllel* independent of their separation,bx. To sumxiriza the 
rasults for any dip311 with o(+~J =q, one has: 

(XjXT) = 0 n>l 

(x’i x”) = 0 n>O (g121 

(x1 Ixn, mvqQ) = J n>O and m,l,o srbitcdry. 

Iltoq2th2r. this repr?s?nts more than thirty addition31 t?czs 
throuqh fourth order that arn’t allowed in this kind of dipole 
ttiat vili b2 present for ones like sector maqnets. Tan125 1-U 
verify this for the 2ZP .iipoles vhare 3i=/?)=Y/2. 

Finnllv, we nclta teat because the total path length an~I 
b2nd anqies thcouqh sucn maqnets are icdepend2nt of x, on2 has 

(slxn) = 0 n>O, (1131 

when onlv aver392 r*dAatLve enerqy loss is consid2reI. Ilnis 
1; clearlv sot ths zase ior most dipoles. 

tieefl=;s to saiy, such examples are practically us?fuI. aad 
~155s orovidz qood test zases for codes inten&d to cal:ullte 
s:lch hither order tzrss. 
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O~a3ruooles ani elrlaents of hiqher multipolarity which 
LldVt? n3 field alonq t;lere lonqitudinal axis have ao puce11 
chromatic aoerratrons 6uen their axes coinciJa with th? oati: 
axis of t;ie system, i.e. 

(x#? = (X’JP I=(Y~S~~=(Y~IS~)=(ZI~~)=(SIJ~~+‘~=~. 

Such elements may b2 zdlled 'non-dispersive' since the fi:;t 
moments of their imaqe are iudependent of the purl chromatic 
t2rm.s. A najor distinqlrshinq characteristic betrten odd and 
2ven malnatic elements is that odd elements such 1s gulds an3 
Dztumles are odd functions of the coordinate variables uhich 
implies the? can't shift the centraids of symmetric beams uhan 
properlv centered r2qarilzss of their strenqth. 

If on2 computes thzse pure chromatic terms, they orovi3e 
another qood check on the accuracy of the calculations., 

Next, consider chr form of the field components foe the 
perfect qu33rupole. FrJs Appendix A and some analysis ona can 
show that if 

(Rliil 

then quads nay be marl2 to aPProinate the ideal qulis uss3 in 
nanv cnlz;lL3 tions. Tais wrll be discussed more elserhere. 

REPSREtiC3S/FOOTNOTES 

(1)Hiqher order terms in the pacticle coordinates are called 
aberrations becaase they modify the behavior espected fron 
the leadiuq order terms - usually in ways that need to be 
correcte1. For instance, perfect quadrupoles(2) are often 
useI to prod:zze first order correlations betveal position 
and an412 variables such as (x81x), but since titiy couole 
transvacse and looqitudinal coordinates via se:ond order 
terms lice (x@jxS) or (yqLv&), one is then oftan forced t> 
add szxtJvoles (or t3ei.f equivalant) as well as dipoles t3 
correct s.uch chromatic effects. These hiqher order tecas 
will be called 'naturai' or characteristic aberrations to 
distinquish them fcon ones resultinq from unintended field 
2rrord. misaliqnsents or thz Like, The natural aberrations 
of an optical array ire usually corrected with the nasic, 
pure multipoles ~hzreas field errors and perceived ocbit 
errors ace fixed by 'correctors'. The natural iberritiaa; 
are t;loulateJ for a ranqe of multipoles which can m3diiy 
the trlnjfer function throuqh third order or lzss i..e. up 
to dad il:lu~inJ OZtlpOieS. 
called 2Lther 

Such aberrdti>nS ire usually 
@qeometric* or ‘chromatic it‘ they d2aenl in 

onlv tr;insversz variables or also include the nomentun,J. 
We Jistinquish tne l-ltter as 'pure chromatic' 3.q. (~16~1 
or a_ I 3 i -<= 1 chromatic' e.qI of the fern (XIX&~)., 
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(2) A ‘p>r+:t’ ndqnat 3r multipole, as used here, is defiled 

as one ;.aose ce:ltral field has only a sinqle hacmonic aad 
jatisIIL-13 !laxwelL'j: ajuations everywhere that purti:Las qo- 
Sufficiently short mijnets, e-q. L<2-3 bore diaaeters, day 
approxi:uite thin ienszs but aren't perfect nor is any ideal 
naqnet dl Fzh oniv 5dtiSfieS Maxuell's equations in Leairnq d 
order jut tl 3s q-7nzraily ass;liled in present tra:kinq codes. 
Real ndqnets can be perfect when 2-D sinulntioas are dlnr 
properly but parfe: t nnqnets can not be pure mlltipoles. 
Failure to consisteutiy satisfy Maxwell in this way than 
implies that such coles neither predict thz closed orbit 
nor specifv aliqunznc criteria properly. Similarly, tltp 
are not idequate f~c either optimizinq or checrinq sucl 
thinqs as chronatic corrections. 

(3)I know of no codes utter than 81'RANSPORT' whicl calzulitzs 
the transfer fun ction beyond first order except for *;I3S' 
which is presently uuder development. Other cay-traziaq . 
~032s unich compute nlqber order terms usuallv 10 so 011~ 
for point sources under the assumption of 'median-plane' 
SvmSl2trY - none of sikich is assumed here. Thus, as Ear as 
I am ;lsdce, this is the only code WtiiCh computes ail tztss 
throuqh third orltir, 

(4)J.Z. Spau:er,18Harnonic Strenqths of PEP Dipoles and Sona 
Related Effects and Li?ssons18. PEP Note-367,Sept.1981. 

(5)PEZ D?sirn Handboo&, SLAG and LBL publication, Kov.1973, 

(u) H. A, Znqr, Rzv. Szi. Inst. 35 (1964) 278, 

(7) J-.E,Span cer and d,A,Thiessen, "Hiqh Resolution Techniques 
for Use Aith Neqative Ion Beams”, Proceedings 1372 ?rDtDn 
Linear ;L:cel, Goof., ios Alamos, N.M., Oct,1972,LA-3113. 
Sac als3: 5. Moritz,U .Zzok and H,Wollnik,"Measuranents of 
Second ac;Ler Sberratlons of a jectof Maqnet",Nlcl. Instr. 
and 32th. 137 (1931) 75. 

481 Ideallv, the units would be <6,>,<Q,,>,etc, as ieterainai 
over th2 rzqion of interest so that a term's conparative 
importance wouli be oaszd on whether it war; greater than 
OC coinparable to one. our choice of the transverse uait 
of lanqtl was a tra;lzoff between bean size and a maJnet's 
bore slza- 

(9)Y,.L.BroiJl,"Secon~ 3rder Maqnetic Optical Xzhroaatl*,SLA: Pob. 
2257,Feb. 1979. 

(13)K,L,~3ro,fn ancl J.E,S~cncer,t'Non-Linear OPtics for the Final 
Focils of the Sinqle-Pass-Colliderl',IEEE Trans. on YucL.Sci, 
NS-2S(1331) 2563. 

(111 \;.Bl~n~ied,9,Liijestrand,G.W.Ifoffmann anA J.E.Spen:er. 
t8forr3:tivZ Elanant For Biqh Resolution Mlqneric 3oti:3", 
NUcl.In5tr. and il2tU. 134(i976) 421. 

(12) H.D.Fer?uson,J,Z.Sp~ncer and Klaus Halbach, 'I\ Gena ral 
Ion-Dptical CJcre,-tian ElenentV1. Nucl,Instr. and Math. 
,134 (13733 409. 
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Y-INTERCEPT 
l BEN-D tO,O.38) 
+ QUAD (0,0.43 1 
0 SEXT (0,0.45) 

. 
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- 1.5 - 1.0 - 0.5 0 0.5 I.0 1.5 2.0 

Z-12 NORMALIZED DISTANCE ALONG AXIS (z/g) asaoe1 

Fig. Al: Dipole, quadrupole and sextupole field distributions 
normalized to their pure harmonic, central field values 
versus distance along the longitudinal axis normalized 
to their respective gap openings. The dots (*), pluses 
(+> and circles (0) are measured field data for the PEP 
standard bends, quads and sextupoles. The solid curves 
are fits corresponding to the coefficients of Table Al. 
The two arrows associated with each field distribution 
correspond to the locations of the iron-coil boundary 
and the outer boundary of the coils. 

. 
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EFB, EFBg 

2-82 4270Al 

Fig. A2: Optics of the PEP bends and other dipoles having parallel 
effective field boundaries at entrance and exit. This 
view represents the entrance half of the dipole shown in 
Fig. 1.. 
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Table 1: First crder coefficients of the exact transfer functicns for the PEF storage ring 
magnets calculated for their respective standardizaticn currents af 1250,200 and 
200& and an energy of E=17,43451CeV. fbe magnet FaraBeters are given in Takle 0. 
All eleaents are kcsitioe rith respect to cne ancther i-e, horizontally focusing. 

COEPr. PEP BEND PEP QUAD 
i-1 iCP) 

(111) = 1.00000 0.91592 
(112) = 0.57990 0.11712 
(113) = 0.0 0.0 
ill41 = 0.0 O-0 
(115) = 0.0 0.0 
(116) = 9.U605C-02 0.0 

1:;:; 
= 0.0 -1.37CQl 
= 1.00000 0.91592 

(213) = O-0 0.0 

iz'f 21 = = 0.0 0.0 0.0 o-0 
(216) = 0.32t28 0.0 

;:I:1 = 0.0 = o.o- 
(3131 = 0.99943 
(314) = 0.57998 
0;;; = o-0 

= o-0 

tut 11 = 0.0 
(412) = 0.0 
iui 3j 
(4lQJ 
(415) 
(416) 

(511) 
(5121 
(513) 
(514) 
(515) 
(516) 

(611) 
(6121 
(613) 
(6141 
(6 15) 
(6161 

=-1,951Eip03 
= 0.99443 
= 0.0 
= 0.0 

=-3.2628C-02 
=-9,4605C-C3 
= 0.0 
= 0.0 
= 1.00000 
=-9.583JbC-C4 

0.0 0.0 0.0 0.0 C8/C8 
0.0 0.0 0.0 0.0 ca/ar 
l.OECll 1.00000 1.00000 0.99943 ca/ca 
0.12t23 0.07424 0.07P24 0.57948 C8/8f 
0.0 0.0 0.0 . 0.0 c a/c= 
0.0 0.0 O-0 0.0 CX/% 

O-0 
0.0 

0.0 
0.0 
0.0 
1.00000 
0.0 
0.0 

0.0 
0.0 
0.0 
0.0 
1.00000 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
1.00000 

0.0 
0.0 
0.0 
1,ooooo 
O-0 
0.0 

0.0 
0.0 
0.0 
0.0 
1.00000 
0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
1.00000 

0.0 

-:::51@-03 
-99943 
0.0 
0.0 

ar/cm 
BS/Bf 
erica 
l r/ar 
as/ca 
rr/% 

1.42301 
l.OE611 
O-0 
0.0 

0.0 
0.0 
0.0 
0.0 
1.00000 
0.0 

0.0 
0.0 
O-0 
0.0 
O-0 
1.ccooo 

PEP SEXl. aCfPPO3.E PEP BEND 
(SW (CP) (ElIERG LOSS) 

1.00000 1.00000 1.00000 CD/CI 
0.07421, O-07924 0.57990 ca/at 
0.0 0.0 0.0 CB/CB 
O-0 0.0 0.0 ca/ar 
0.0 0.0 0.0 cs/ca 
O-0 0.0 9,4605C-C2 CS/X 

0.0 0.0 0.0 ar/ca 
1,ooooo 1.00000 1-O mr/ar 
0.0 0.0 0.0 lr/C8 
0.0 0.0 0.0 8r/mr 
0.0 0.0 0.0 8K/C8 
0.0 0.0 0.32628 rr/% 

-3.26289-02 ca/ca 
-9,4606C-C3 ea/ar 

0.0 Cm/C8 
0.0 ca/ar 
1.00000 ca/ca 

-9,5835c-04 en/% 

0.0 
0.0 

00:X 
OS0 
1.00000 

l/C8 
War 
l/C8 
S/ar 
l/C8 
s/x 
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Table 2: Second order coefficients of the exact transfer function for the PEE storage ring 
magnets corresFcnding to the calculaticn for Table 1. 

-------------------------- 

COBPP. PEP BEkD PEP GOAD PEP SBXZ, OCTOPOLE PEP BEPC 
(BBJ WJ (SW WPJ (EYEEGX LCSS) 

(1111) = 0.0 
(1112) = 3.263Q-05 
(1113) = 0.0 
(1114) = 0.0 
(1115) = 0.0 
11116) = 5.3234-06 
(1122) = 4,73OQ-06 
l1123I = 0.0 
il izuj = 0.0 
(1125) = 0.0 
(1126) = 2.875Q-06 
(1 33) = 3.1839-06 
(1,3rcJ =-3.2619-05 
(1 35) = O-0 
(1 36) = 0.0 
(1 44) =-1.419Q-05 
(1 45) = 0.0 
(1 46) = O-O_ 
(1 55) = 0.0 
(1 56) = 0.0 
(1 66) =-9.45dQ-OU 

(2111) = O-0 
(2112 )= 0.0 
(2113 )= 0.0 
(2114 J= 0.0 
(2115 )= 0.0 
(2116 
(2122 

1 = 0.0 
=-1.631Q-05 

(2123 J' 0.0 
(il2U )= 0.0 
(2125 J= 0.0 
0126 J=-5.323Q-06 
(2133 )=-8.893Q-11 
(2134 J= 3.179Q-08 
(2135 j= 0.0 
(2136 I= 0-O 
i2j44 j =-1.63OQ-05 
(2145 J= 0.0 
(2146 )= 0.0 
(2155 )= 0.0 
(2156 )= 0.0 
(2166 1 =-3.26UQ-03 

(3111 J= 0.0 
(3112 )= 0.0 
(3113 J =-3.18UQ-08 
(3114 )= 3.261Q-05 
(3115 J= 0.0 
(3116 J= 0.0 

0.0 -2.65OQ-03 
0.0 -l-8864-C4 

x:: i:: 
O-0 0.0 
8,3C8(+04 0.0 
0.0 -3. SOOQ-C 6 
O-0 0.0 
O-0 O-0 
O-0 O-0 
4.471[-05 0.0 
0.0 2,65OQ-C3 
O-0 1.886~-04 
O-0 O-0 
0.0 0.0 
0.0 3. SOOQ-06 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0.0 
1.3L2+02 
0.0 
0.0 
0.0 
O-0 
8.3CEQ-04 
0.0 
o-0 
0.0 
O-0 

E 
O-0 
O-0 

X:8 

-7.139p0; 
-5.300Q-03 

- O-0 
0.0 
0.0 
O-0 

-l.O25Q-04 
O-0 
0.0 

8:: 
7.139Q-02 
5,3ooQ-03 
O-0 
0.0 
l.O25Q-09 
0.0 
0.0 
O-0 
0.0 
0.0 

0.0 0.0 
0.0 O-0 
.o, 0 5.3OOQ-03 
0.0 1.886Q-04 
0.0 0.0 
0.0 0.0 

0.0 
0.0 
0.0 
0.0 
0-G 
0.0 

E 
O-0 
0.0 
0.0 
O-0 
0.0 
0.0 
O-0 
0.0 
O-0 
0.0 
O-0 
0.0 
0.0. . 

0.0 
0.0 
0.0 
0.0 
0.0 
O-0 
O-0 
O-0 
O-0 
0.0 
0.0 
O-0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

E 
0.0 

O-0 
0.0 
O-0 
O-0 
0.0 
0.0 

L 
ODI2S 

0.0 
3.263C-05 

x:: 
O-0 
5.323c-C6 
9.730p-Ct 
O-0 
0.0 
0.0 
2.875Q-06 

-7,782c-C9 
-3.262c-05 

0.0 
0.0 

-i,419q-c5 
0.0 
0.0 
0.0 
0.0 

-9.458Q-04 

c r/cm2 
\ 

c I/Cm-mr 
C#/CB2 
cr/cm-•r 
cr/cn2 
cl/cm-X 
c r/m2 
cr/mr-CB 
crjart 
cr/cm-mr 
cl/m-X 
CD/CM2 
cr/ca-ar 
cr/ca2 
cr/cw% 
cl/m2 
c I/ ar-ca 
cm/at-% 
ca/ca2 
Cl/Cm-X 
C&/X2 

go-: 
0:o 
0.0 
0.0 
0.0 

-1,631Q-05 
O-0 
0.0 

-:::23Q-G6 
-L372Q-07 

2.374C-Ce 
0.0 
0.0 

-1,63OQ-05 
0.0 
0.0 

ii:“, 
-3.2649-03 

mr/cn2 
8 r/co-m 
I r/cm 2 
rr/ca-mr 
mr/cm2 
lI/CPX 
rr/mr2 
8I/Dr-cm 
mr/mr2 
II/EPCX 
1x/m-% 
rr/ca2 
IL JCPSL: 
IL/Cm2 
lir/cm-X 
If Jnr2 
I I Ju-CB 
81/8PX 
I;I /cl2 
rx/ca-X 
rrJZ2 

J 

0.0 cr/cBt . 

0.0 cr/cn-nr - 
-3. i84a-ca Cm/Cm2 

3.261Q-05 Cl/Cm-rnr 
O-0 Cl/CO2 
0.0 crJc8-X 



(3122 J= 0-O 
13123 J =-3.265Q-05 
(3124 )= 9.455Q-06 
(3125 )= 0-O 
(3126 )= 0.0 
(3133 )= 0.0 
(3134 J' 0.0 
(3135 )= 0.0 
(3136 J’ 5.998Q-06 
(3144 )= 0.0 

. (3145 )= 0.0 
(3146 J= 1,393u-06 
13155 I= O-0 
i3i56 j= 0.0 
(3166 J' 0.0 

(4111 J= 0-O 
(4112 J= 0.0 
(4113 )= 0.0 
(4114 J =-3.18UQ-08 
(4115 )= O-0 
(4116 )= 0-O 
(4122 )= O-0 
(4123 )= 3.030Q-14 
(4124 J= 3.263Q-05 
(4125 )= 0.0 
(4126 J= 0.0 
(4133 )= O-0 
(Ui34 j= 0.0 
I4135 )= 0.0 
i4i36 ;= 3.903Q-05 
(4i4U )= 0.0 
(4i45 )= O-0 
(4146 )= 1,665Q-05 
(4155 )= O-0 
(4156 )= 0.0 
(4166 )= 0.0 

[Sill )' O-0 
(5112 J =-5,323q-07 
(5113 J= 0.0 
(511s )= O-0 
(5115 )= 0.0 
(5116 J= 0-O 
(5122 J =-2.9OOQ-04 
(5123 J= 0-O 
(5124 )= 0-O 
(5125 )= 0-O 
15126 J =-9,460pos 
(5133 )=-9.767U-07 
(5134 J' 5.322Q-07 
(5135 )= O-0 
(5136 )= 0.0 
15144 J =-2.899C-04 
(5l45 )= 0.0 
(5146 J= 0.0 
(5(55 )= 0.0 
(5156 )= 0.0 
(5166 J=-l.OSEIQ-06 

0.0 
0.0 
O-0 
0.0 
O-0 
O-0 
O-0 
0.0 

-8.713~09 
O-0 
O-0 

-4.636Q-05 
O-0 
O-0 
O-0 

O-0 
O-0 
0.0 
O-0 
0.0 
0.0 
O-0 
0.0 
O-0 
O-0 
0.0 
0.0 
O-0 
O-0 

-l.U47c-02 
0.0 
0.0 

-8,713Q-04 

2: 
O-0 

-4,c3sp-05 
7.8ESc-05 
0.0 
O-0 
O-0 
o-0 

-5.645Q-05 
0.0 
0.0 
O-0 
0.0 

-4,893Q-05 
-9,159a-05 

0.0 
0.0 

-6.557Q-05 
0.0 
0.0 
0.0 
0.0 
0.0 

O-0 
L886Q-04 
7.000~-06 
O-0 
0.0 
0.0 
o-0 
O-0 

X:8 
0.0 
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Fig. 1: Cross-section through the median plane of a standard PEP dipole 
showing the various coordinate systems used for ray tracing. 
L is the average bend angle in degrees i.e. the average dipole 
strength. All magnet definition is done in terms of the effective 
field boundary coordinate systems at entrance and exit. 7 e 
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Fig. 2: Optical layout of the FFS showing the dispersion function (T&) 
and betatron amplitudes (B, y). This is described in detail 
in Ref. 10. , 
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Fig. 3: Scatter plot of 3000 randomly generated rays at the input of the 
FFS. 
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Fig. 4: Scatter plot of 3000 random rays traced through the FFS. The 
circles are drawn with radii of one and two standard deviations 
which contain more than 50% and 90% of the beam, respectively. 
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Fig. 5: Results of ray-tracing showing the correlation between the output 
horizontal position_(x ) at the IR and input vertical angle (yi) 
from the collider latttce. 
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Fig. 6: Predicted beam position and spread at the interaction region as 
a function of maximum incident momentum d . The mean value of 
vertical position <y> is very small becauExthere are no vertical 
bending magnets in the system, i.e., (ylbn) are negligible so long 
as there are no significant rotational misalignments. 
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Fig. 7: (Top) Transverse cross section of the iron geometry of an 'active' 
or variable corrective element capable of an arbitrary number of 
simultaneous multipole fields., (Bottom) Pole-coil configuration. 
Further details are available in Ref.ll,. 
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Fig. 8: The solid lines are integral field measurements of the magnet 
shown in Fig. 7 and the dashed lines are curves of pure multi- 
polarity (x/g)i where i is the harmonic number given by each curve. 
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Fig. 9: Transverse cross section of the upper half of a POISSON simultation 
for the general purpose magnet of Ref. 12. The coils are excited 
here to give a dipole distribution. 
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Fig. 10: Results of POISSON calculations for different types and geometries 
of dipole magnets compared to the dipole field of the 8-pole 
magnet shown as the dot-dash line. The upper curve is represent- 
ative of a window-frame for the same aperture and the lower curves 
of H-magnets as described in Ref. 12. 
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Cross-section through the median plane of a standard PEP dipole 
showing the various coordinate systems used for ray tracing. 
L is the average bend angle in degrees i.e. the average dipole 
strength. All magnet definition is done in terms of the effective 
field boundary coordinate systems at entrance and exit. 

Optical layout of the FFS showing the dispersion function (n > 
and betatron amplitudes (f3 ). This is described in detailX 
in Ref. 10. XYY 

Scatter plot of 3000 randomly generated rays at the input of the 
FFS. 

Scatter plot of 3000 random rays traced through the FFS. The 
circles are drawn with radii of one and two standard deviations 
which contain more than 50% and 90% of the beam, respectively. 

Results of ray-tracing showing the correlation between the output 
horizontal position (x > at the IR and input vertical angle (yf) 
from the collider lattyce. 

Predicted beam position and spread at the interaction region as 
a function of maximum incident momentum d . The mean value of 
vertical position <y> is very small becaugsxthere.are no vertical 
bending magnets in the system, i.e., (ylbn) are negligible so long 
as there are no significant rotational misalignments. 

(Top) Transverse cross section of the iron geometry of an 'active' 
or variable corrective element capable of an arbitrary number of 
simultaneous multipole fields. (Bottom) Pole-coil configuration. 
Further details are available in Ref.11. 

The solid lines are integral field measurements of the magnet 
shown in Fig. 7 and the dashed lines are curves of pure multi- 
polarity (x/g)i where i is the harmonic number given by each curve. 

Transverse cross section of the upper half of a POISSOK simultation 
for the general purpose magnet of Ref. 12. The coils are excited 
here to give a dipole distribution. 

Results of POISSON calculations for different types 2nd geometries 
of dipole magnets compared to the dipole field of the 8-pole 
magnet shown as the dot-dash line. The upper curve is represent- 
ative of a window-frame for the same aperture and the lower curves 
of H-magnets as described in Ref. 12. 

Dipole, quadrupole and sextupole field distributions normalized 
to their pure harmonic, central field values versus distance 
along the longitudinal axis normalized to their respective gap 
openings. The dots (*), pluses (+) and circles (0) are measured 
field data for the PEP standard bends, quads and sextupoles. 
The solid curves are fits corresponding to the coefficients of 
Table Al. 

. 
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Fig. A2: Optics of the PEP bends and other dipoles having parallel 
effective field boundaries at entrance and exit. 


