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1 INTRODUCTION

Control of the chromaricity is importantin order to avoid collective instabilities like the
head-taileffect andto avoid crossingresonances.This is speciallyso for the colliderwherethe
linear chromaticity is spectacularlylarge,e.g reaching470 units in the verticalplaneatcolli
sion, for thedesignvaluesof theluminosity at the four interactionpoints. Correctingthe linear
chromaticity is relativelysimplehowever,and doesnot requiremuchdiscussion.In this paper,
we presentthe proposedschemefor reducingthe non-linearchromaticityofthecollider in the
collision mode.Section2 discussesbriefly the opticsof thecollider latticewith specialempha
sis on theInteractionRegions IRs which arethemain sourcesof chromaticity.Section3 is
devotedto a theoreticalcalculationofthesecondorderchromaticityin a storagering. Section
4 focuseson thesecondordertuneshift due to the triplets, thedominantsourcesofchromatic
ity in the IRs. Section5 discusses,mostly in pictures,the theorybehindour proposedscheme
for correctinghigherorderchromaticity. In Section6 we evaluatethechromaticperformance
of theproposedschemeand in Section7 wediscussthe effect of thechromaticitycorrecting
sextupoleson the dynamicaperture.We summarizeourconclusionsin Section8.

2 THE COLLIDER LAflICE: SOURCES OF CHROMATICITY
The racetrackshapedcollider lattice consistsbasicallyof 2 arcs locatedon the North and

Southsidesand2 clustersplacedon the Westandon the East.Eacharc contains196 identical
FODOcellswith thephaseadvanceacrossa cell being90 degreesandthe lengthof eachcell
is 180 m. The lattice of eachclusterincludes2 InteractionRegions,theutility sectionandthe
interconnectsectionsbetweenthem. It is intendedthat the IRs havesimilar configuration
exceptfor thefree spacelengthreservedfor the detectors.

Thearcsoccupyabout81%of thelatticeandthereforeprovidea significantcontributionto
thechromaticityof themachine.Theymostlydeterminethecollider chromaticityat injection
conditions.However, in thecollision mode,the IRs havea largerchromaticitythan thearcs.
This additionalchromaticitycomesfrom the final focussingquadrupoleswhichat collision are
locatedin theregion of extremelyhigh valuesof the betafunctions.The locality of the chro
maticity sourcesin the IRs makesthem moredangerousthanthechromaticitycontributedby
thearcs.

The generalschemeof an JR is shownon Figure 1. F andD quadrupolesaredrawnabove
andunderthebeamlines,and theverticalbendsarecenteredon thebeamlines. The two rings
areseparatedvertically by a distanceof 90 cm everywhereexceptin the IRs. Within eachJR.
thebeamsarebrought into collision at the InteractionPointIP in two stepsby a setof verti
cal dipoles.

The optics of the JR consistsof threemain parts. The quadrupoleslocatedin the region
wheretheseparationis 90cmform thetuning section.Thesequadrupolesareusedto matchthe
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Figure 1: Elevation View of Low Beta IR.
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Figure 2: Beta Functions in the Low Beta IRs.
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opticsandvary the at the IP. The secondpart consistsof theverticaldipolesandthequadru
poleslocatedin the45 cm separationregion.The dipolesareusedto bring thebeamsinto col
lision. Thephaseadvanceacrossthe quadrupolesis it andcollectivelythe quadrupolesform
theM=-I section.whoserole is to correctthe verticaldispersionlocally. The lastpart of the
optics includesthe final triplet quadrupoleswhich focusthebeamsto the JR Thesequadsare
common to both rings andthe beamssharethe samebeampipe insidethem. At high luminos
ity conditionsthebetafunctionsgo up rapidly insidethe triplets which becomea sourceof a
largechromaticity.Figure 2 showsthe particularbetafunctionsin 2 IRs for the designvalueof

=0.5 m. EachIP is surroundedby 2 triplets wherethe betafunction is 30 timeslargerthanin
thearcs. The contributionto the 1st orderchromaticity from majorsourcesis listed in Thble 1.
L* denotesthe free spacereservedon eithersideof eachif for the detectors.

SOURCE horizontal
chromaticity

vertical
chromaticity

2 arts -124 -123

1 low IR, L=20.5m,=0.50m
how JR. L20.5m, *=O.25m

-51
-101

-51
-101

1 medium JR.L=90m, =1.95rn -45 -45

Maximum allowedsextupolecorn-
ponentin dipolesb08* iO’ m2

160 -136

Completecollider lattice:
2 low 5 IRs 5=0.50m

2 medium5IRs 5 =1.95m
b2=O.8*104rn’2 in dipoles

-171 -469

ThbIe 1: Major sources of chromaticityin thecollider lattice

3 TUNE SHIFT AND CHROMATICITY TO 2nd ORDER
Considera storagering and label two points on it as 1 and2. Let ft0 be the global phase

advancearoundthe ring and i. a1,y the Twiss functionsat point 1. The periodic transfer
matrix atpoint 1 is

[cosR +a sinfi sinp. 1
= I .‘ 0 1 0 M21xMl2 3.1

L i sinfJ.0 cosft0-a1sinf10J

whereM 2-> 1 is the transfermatrix from point 2w 1 etc. Let ft1 and fL2 be thephase
advancesat points I and 2 respectivelywith respectto anarbitrary referencepoint anddefine
P21= I P.2-Itil. We now introduce two infinitesimally thin quadsof strengthsq1=k1As1 and
u=k2As2 at points 1 and 2 respectively.Their perturbations to the transfer matrix are
describedby thematrices
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= [_k:as2?]
3.2

Thesequaderrorschangethe cyclic transfermatr x at point 1 toMi

M1 =M2-1XP2XM1--*2xP12M1÷zXM1 3.3

The elementsof AM1 thechangein the transfermatrix arefoundusing this equality.Let
Aft be thechangein the global phaseadvancearoundthe ring. We scalethequaderrors by an
arbitraryparameterE i.e.

k1->ek1

andexpandAR asa powerseriesin E,

Aj.t = EAR1 + LAP2 + ... 3.4

In keepingwith ourdeclaredaim, ourcalculationwill be to secondorder in 8. The newglo
bal phaseadvance =L.,+Ag.1 is to be foundfrom

cosji0 = TrM1 = cosjs0+ TrAM1 3.5

Wealsohave

cost!0 = cosf.t0cosAj.t-sinj.isinAp.

SubstitutingEquation 3.4 into the aboveand equating it to the expressionfor cosl.L0
given by Equation3.5,we have

-asinj.LA.t1-s2sinR Aft2 + cosft0AR1 2 ÷ Oc = Tr/sIs’f 3.6

To obtain thecorrectionsto j.t orderby order, we equatethe coefficientsof like powersof
e on bothsidesof theaboveequation.



AR1 = k1As11+k2As22

cotJ.
= 4sinR0/A j3 2As22 [cosj.t0-cosR0-2p.21]

- 2
°
AR1 2 3.7

Generalizingto the casewhenthereareN quaderrorsdistributedaroundthering,

AR1 = j k1.As1
1=1

AR2
=

L j k1,As kA.Asj [cosR0-cosR0-2p11]
°i=1j=i+1

CotR

- 2
°
AR12 3.8

Wego now to thelimit ofinfinitesimally thin quadsdistributedaroundthering ofcircumfer
enceC. In this limit,

Aix1 = jkssds

AR2
= 4sinR

s s dsps’ s’ [cosR0-cosR0-2IR s’ -P s I] ds’

cotj.i.

- 2
°Af.L12 3.9

Herewe havelet ,s denotetheunperturbed functionat thepoints. In theequationfor
Aji2 we converttheintegraloverpart of thering to oneoverthecompletering andobtain

AR2
=

s s dsjk s’ s’ cos [ix0-21R s’
-

s I] ds’
S

3.10

The gradienterror changesnot only the tuneof the machinebut also the functionaround



thering. Werecall that thechangein [3 to first order in thegradienterrorsis given by [11:

A[3 s 1
s+C

_______

= 2sinj.t J ks’ 3 s’ cosER0-21Rs’ -R s ] ds’ 3.11

Recognizingthat the termon the right hand side occurswithin Equation3.10 we obtain
therathersimpleexpression

AR2 = JksA[31 sds 3.12

This importantrelationtells us that the first orderdistortionin the [3functionpropagating
aroundthe machinegives riseto thesecondorder tune shift. The total phaseshift to second
order in thegradienterrorsis afterputting the arbitrary parametersto unity,

AR = Jk s [3 s ds+ Jk s A[31 s ds÷ 0k3 3.13

The gradientperturbationsof interesthereare thoseseenonly by particlesoff the design
momentum.Thechromaticerror introducedby the quadsis correctedby placingsextupolesat
placesof non-zerodispersion.Assuming that only the horizontaldispersionD is non-zero.
theeffectivequadrupolestrengthin thehorizontalplanefor a particlewith relativemomentum
deviation5 = Apip0 is,

= Ks, 5 ÷S .y, 5Ds, 55 3.14

As functionsof 5,

Ks
Ks,5

= °÷
=K0s[1-5+52÷...]

Ses
2Ss,5 =

1+5
= S0s 1 -5÷8 +...] 3.15

wherelC and S0 are the nominal quad andsextupolestrengthsexperiencedby a particle on
momentum.The gradienterrorsalso changethe dispersionfunctionaroundthe ring, making it
a function of 5 aswell. WeexpandD asa powerseriesin 5,

Ds,5 = D0s +ADs5+ADs52+... 3.16

andsimilarly the [3 function,



[3s,5 = [3s ÷A[3fs5+APçs52+... 3.17

wherethesuperscriptC denotesa chromaticexpansion.Hencethegradienterror in the hori
zontalplanefor the off-momentumparticlesis

ks zcK0 = [-K0÷50D0]5÷ [K0÷S0-D0÷AD]o2+O53

3.18

Substitutinginto Equation3.13 andwriting the tuneshift in termsof the first andsecond
orderchromaticity and2 respectively,

Ave-AR = 15+252+o53 3.19

we obtain

= _Js [-K0+50sDs]ds

= [-K0 + S0s D0 s] A[3 s ds÷ s S0sAD s ds
-

3.20

We recall that thefirst orderchangesin [3andD aregivenby

s.C

s 2sixflt s’ -K0 s’ +S0 s’D s’l cos u0-211Ls’-usIJds’
0

A.Df s
= 0

s’ D s’ [-K0 s’ +5s’ D0s’] cos [..-i jx s’ -JL s i] ds’

2sin& $
2 3.21

Ignoring the phasefactors for the moment, we seethat A1c which containsfactorsof
[3,s ratherthan [3s’ asoccurs in AD1Cs will dominatethecontributionto thesecond
order chromaticity.This situationcanchangeif we choosethephaseadvancesbetweenthó
majorchromaticerror sourcesappropriately.For example,two sourcesof equalstrengthit/2
apartin phasewill produce[3 wavesexactly outof phasesotherewill beno resultant[3 wave.
The dispersionwavesproducedby thesametwo sourceswill add in quadrature.Alternatively.
if we want to cancelthe net dispersionwave, the two sourcesshould be it apart in phase.In
this casethe [3 waveswill addexactlyin phase.

Returningto the issueof chromaticitycorrection,the sextupolestrengthsS0sare usually



chosento makethelinear chromaticity vanish.i.e. S0sis obtainedby solving

JS0s s D0 s ds = s K0 s ds 3.22

and2 is thengiven by

=
[-K0+S0 sD0 s ] A[3 s ds+ J[3O

s SsADsds
0 0

3.23

Henceto reducethesecondorderchromaticity,the first orderchangesin [3 andalso in the
dispersionD shouldbe minimized.Conversely,the regionswhereA[31t’ is largee.g. thetrip
lets in the IRs will contributethe mostto the secondorderchromaticity.The aboveexpression
also exhibits the variationof 2 with the global tune. Sincethe first order 13 wavedivergesat
integerandhalf-integertunes,2 will be amplifiedas v0 approaches0 or 0.5 andwill be a min
imum at v0=O.25.

4 BETA WAVE AND CHROMATICITY DUE TO IR TRIPLETS
The perturbationto theperiodic [3 function from chromaticerrors in the IR quadscanbe

calculatedasa powerseriesinS.

A[3s - A[3çs A[3s
5253 41

- ,s

where[3s is the unperturbed[3 function.Let

Q[3. E J Kf3ds
ithiriplet

The first orderchangeduesolely to the IR triplets is,

A[3"s 1
13 s = 2sinix .L Q1[31cosE2R5-R01 4.2

0 0$aj

where is thephaseadvancefrom the point s to the it/i triplet. i=1 !abelsthe first triplet after
thepoint of observations whengoing alongthe ring in a specifieddirection.

From earlierconsiderationswe haveseenthat the first order [3 waveandhencethe second
orderchromaticityfrom the JR quadsis minimizedwhenthephaseadvancebetweenthe IPs
is an oddmultiple of m/2. In what follows we will assumethis choiceof phaseadvance.

[3wavewithin the triplets

Wesplit the regionbetweenthe 1st and4th triplets into 3 regions.Letsdenotethepointof
observationand R51bethephaseadvancefrom the 1st triplet to this point.



Region!: betweenthe 1st and2nd triplets 0< j151 <it

Bs = 2Sifl0
{Q1B1cos [21s51-1L0] + [Q2p2-Q3p3+Q1ft4] cos [2Iti ‘o] }

4.3

Region!!:betweenthe 2nd and3rdtriplets it c j.t < 8.Sit

Bs = 25jfl0
1p1 ÷ Q2p2 cos [21L51-1s0] - 33 ÷ Q4B4 cos [21t51 + ] }

4.4

RegionIll betweenthe 3rdand4th triplets 8.Sit< J.t .c9.Sit

ps = 2siflhL
÷ Q2P2-23B3] cos [2F151-it ] -Q4g4cos[,ii + }

4.5

[3waveoutside the triplets

Letsbeanarbitrarypoint outsidethe regionboundedby the4 triplets andJIj5 bethephase
advancefrom this point to the 1st triplet. The changein [3 to first order inS is

_____

1

B s = 2sth0 Q1B1 ÷ - 33 + Q4g4] cos 4.6

Tune shift

Similarly we considerthe tune shift due to the chromatic error of the 4 JR triplets only.
ignoringthe effect of otherquadrupolesandsextupoles.Then to 2nd orderin themomentum
deviation5, thephaseshift due to these4 thplets is

All = to÷a4tç52+Qo3 4.7

where

A
=

1=1

Aj4’
= 4.1 E ± Q1frQ[3.[cosJi-cos2jt..-J

01= 1j-i+1

cotjs Ai42 4.8

is thephaseadvancefrom the ith triplet to the jth triplet and V0 = 1j2it is theglobal
tune of the ring. The first order chromaticity is independentof phaseadvancesbetweenthe



triplets. However the secondorder chromaticity dependscrucially on the relative phase
advancesbetweenthe triplets. If the phaseadvancebetweenthe IPsis 2n+1 it/2, thenthe rel
ative phaseadvanceshavethe following values,

Rnit. I.t31=2n+1t/2 I.141=2n+3it/2
= 2n-lit/2 li42 = 2n+lit/2

J.t43 = it

With thesevalues,thesecondordercontributionreducesto

Ap.ç = AllçQ+Ql[3l+Q2[32÷QB[33÷Q4[34 4.9

whereAj.L2QC is the contributionfrom termssecondorder in the quad strengths,

cotg

= 2 [11 ÷ 2 33 ÷ 44 - 11 ÷ ÷ + Q4B4 2]

4.10

The large [3 functionsin the triplets ensuresthatAR2QC completelydominatestheconthbu
tion to AR2c. -

4.1 Different configurations of IPs
A Two IPs with equal3

In thechosendesignwe haverepetitivesymmetryacrossthe two IRs. Here this symmetry
implies

Q3 [3 = Qi [3 and04134= Q2 {3
In this configuration.the [3 wavein the threeregionswithin the triplets is

______

= Q1[31sin2li51 I

= Q1[31 ÷ Q2[32 sin2js1 H

= Q2[32sin2ll51 III 4.11

and thebetawaveoutsidethetriplets is

A[3fs

[3s
= 0 4.12

Figure3 showsthe first orderchromaticbetawavefrom the triplets in this configuration.
The differentcontributionsto thephaseshift are

= -Q1[31-i-Q2[3 -

= 0 4.13
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Figure 3 : 1st order Chromatic ft beatfrom the triplets CaseA



The vanishing& AI.L%Q is a consequenceof the fact that the [3 wave is zero outsidethe
thplets.Hencethe entiresecondorderphaseshift arisesfrom the first orderphaseshift

Ai.4’ = Q1[31 +Q2[32 4.14:

Forthis caseAp is independentof the global tunev0

B Two unequalIPs with different 3
Considerthe first IP at [3=0.25 and the secondIP at [3=O.50. With repetitivesymmetry,

this implies

Q33 l/2Q1 [31andQ4[34=l/2Q2[32

Within thetriplets, the chromatic[3waveis

______

1 1
=

Bs = 25ifl0
Q151+Q2B2{cos2i1-,L-cos2s1+j} -

is[3s
1 ll 1

p s = 2sinrL {--- cos2u 1-ii + Q2P2 [cos 2u51-L0-cos 2tL ÷1 I

4.15
for regionsI, II and III respectively.The first orderchangein [3at an arbitrarypoint s out

side thethpletsis

A[3s 1
= 4sinl.L0 ÷ Q2[32 cos2P-15-l0 4.16

The propagationof the first order chromaticbetawave from the triplets into the arcs is
shownin Figure4. The phaseshift dueto the triplets is, up to secondorder,

=

-cot4t 3
ARc

= 32
4.17

C Only oneIPeffectively
[3*

= 0.25mat the first IP and
[3*=

3m at the secondIP . Then
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Q3 13 = 1/32 Q1 and Q = 1/32 Q2 132

Insidetheregionboundedby thetriplets, the chromatic13 wavefor regionsI. H andHI is

Cs3 4 1 31

= 2Sifl11
{o11[cos 21L 1-u0--cos 2 +sJ + Q2s2cos2ps1÷

jØCs

ns = 2Sifljt 11 ÷ Q22 { cos 2,t-u0 - cos + }

Cs

= 2 Siflji
Q1P1cos2L-t0 + Q252 [cos2Ii31-L0 - cos +

4.18
andoutsidethe thplets

_____

=
Q + Q22 COS 2R13-R0 4.19

which is nearlytwice as largeasthe waveat the samepoint with thetwo unequalIPs consid
eredin CaseB. This is evidentin Figures.

The phaseshifts are

- 4S1Vj 22

= -[ 332
+ + Q11 ÷ 4.20

The coniribution AI1%Q. of secondorder in the quad strengths,in this caseis about3.75
times largerthanin the case with two unequalIi’s.

Thesethreecasesshowthat if the fl’s are2n+11t12 apait in phaseadvance,thenthe tripletsat
one H’ wholly or partially cancelthecontributionto the secondorderchromaticityfrom thetrip
letsat the otherIP. For all cases,exceptthe first with equallybalancedIPs, thesecondorderchro
masicitywill be significantlyamplifiedas v0 -> 0.5.

In the following table,we evaluatethetuneshift dueto thethpletsin the threeconfigurations
andattwo choicesof tunes.Thetuneshift is,

= + _ aRço+ Ap.ç52



CASE Si S2 c2
Avat

55*14
vat

5=5*1

v0=O.285 v0=O.4 v0=O.285 v0=O.4

A equal IPs
=O.25
=O.5O

-154.0
-77.0

+154.0
+77.0

+154.0
+77.0

-0.07696
-0.03848

-0.07696
-0.03848

B unequalIPs
=O.25,=O.5 -115.5 +1156.4 +6524.8 -0.05746 -0.05612

C oneB’
=O.25,13=8.O -79.4 ÷3977.5 +24132.6 -0.03871 -0.03367

Table2: 1ineshift dueto the triplets

The total tuneshift is dominatedby the linear contributionin any configuration.Removing
the linear tune shift is relatively simple, so our concernis with minimizing the higher order
contributions.Clearly thelargest2nd orderchromaticityoccursfor caseC atv0=O.4.

The total chromaticityof an JRincludesconthbutionsfrom theiriplets, the quadrupolesin
the M= -I sectionandthevariablestrengthquadrupolesin the tuning section.Weconcennted
on theinpiets in this sectionbecauseat collision thecontributionof the triplets is about76%,
that of theM= -I sectionabout19% and theremainingis due to the tuning section.At injec
tion, where higher order chromaticity is not an issue, all three sections contribute about
equallyto thechromaticitywhichis nowdominatedby thecontributionsfrom thearc quadru
poles.

S THEORY OF 2nd ORDER CHROMATICITY CORRECTION

Ouraim is to correctthe2nd orderchromaticityof theInteractionRegions.We assumethat
the linear chromaticity is correctedfor. We startwith two facts derivedin the previoussec
lions.

a The 2ndorderchromaticityis drivenby the 1st orderchromaticbetawave, and
b Thebetawavepropagatesat twicethe betatronfrequency.
The4 triplets at the two H’s conthbutethemostto the2nd orderchromaticit

I

$ q .j
- It It

Figure6: Thetriplets at thetwo U’s

Sincethethplets on eithersideof an IP areit apartin phase,thechromaticbetawavespro
ducedby them add in phase.Hencewe can combinethe two triplets into a compositelensat



eachIP.
ST1 ST2

Figure 7 EffectiveSuperthpletsat eachIP

The betawavesproducedby the two supertriplets are exactly out of phasein the region
outsidethetriplets, If the two supertriplets havethe samestrengthi.e. ST1 ST2

ST1

‘p

a
Figure 8 : ExactCancellationwith EqualIRs

thenno betawavegushesout from the IRs and the 2nd orderchromaticityis a minimum.
Now turn off oneof the IRs with linear chromaticitystill corrected.The chromaticbeta

wave from theremainingIR now flows uncorrectedinto the arcs.

ST1

Figure 9 : Beta wave with 1 IR

Here we have drawn only the beta wave propagating out from the superthplet ST1 and not

the periodic 1st order beta wave in the ring. How do we stop this beta wave from ST1 from

going all around the ring?

Put another source of chromatic beta waves e.g. a sextupole m/2 from the IP to interfere

destructively with the waves produced by ST1 i.e to do the same as the missing 5T2

The SX 1 sextupole produces a beta wave with the opposite phase. Hence the 2nd order

chromaticity should be a minimum. However there is an unwanted side effect. The SX1 sextu

pole introduces linear chromaticity into the ring.

S
ST2

sx1 ST1

FiguTe 10: Cancellingthebetawavefrom 1 IR



Put anothersextupoleSX2 to cancelthelinearchromaricitydueto SX1.

ST1

SX2 SX1

7t12

Figure 11: Correctionof 1stand 2nd orderchromaticitywith 2 sextupoles

Thebetafunctionsandthedispersionat the locationsofSXI and3X2 arethe same.
Zerolinear chromaticity -> SX1 + SX2 =0. Sincethesetwo sextupolesarem/2 apartand

their strengthshavetheoppositesigns,their betawavesaddin phase. -

Otherdetails:

The betawave hasto be correctedin eachplane. This requires 2 sextupolesSX1F and
SX2F to correctfor the 1st and2nd orderchromaticity in the horizontalplaneprimarily and
sextupolesSX1 D and SX2D to correctfor theeffectsin theverticalplaneprimarily. For each
sextupoleto be at theproper phasewith respectto the IP requiresa specificchoice of phase
advanceacrosseachJR.

Only 1 sextupolein eachfamily would requiretoo large a strengthfor eachsextupole.With
24 membersin a family, the requiredstrengthwould be underthemaximumallowedstrength
for eachsextupole.12 of theseare placedat theedgeof theNorth Arc adjacentto the cluster
and theother12 at the edgeof the SouthArc.

To haveeachmemberin a family produce a beta wave in phase with theothermembersof
the family, theremustbe a phaseadvanceof it betweenthemembersof a family. This hasthe
additional advantageof removingthe secondordergeometricalaberrations[2].This is easily
achievedif the phaseadvanceacrosseachcell is 9?.

Thesextupoledistributionover 1 betatronwavelengthlooks asfollows.

- lx

- - IIin horizontal

SX2F SX1F SX2F SXIF p

00000000
x

SXID SX2D SX1D SX2I IP
- vertical

phase

Figure 12 SextupoleDistribution

Theentire disthbutionspans6 wavelengthson either sideof the clustec



Imperfections:

The contributionto the betawave in the x planefrom the sextupolesSX1D and SX2D is
notcancelledandsimilarly for the y planeconnibutionsfrom SX1FandSX2F. To seethis, we
representthe betawavesfrom eachsourcein a phasordiagram. The anglebetweenany two
vectorsin this diagramwill be twice the phaseadvancebetweenthe correspondingsources.
Wewill refer to this as a 2w diagram.Let the phasebemeasuredfrom anarbitrarypoint in the
lattice.

JR quadrupoles

SX2F

Figure 13 2qc PhasorDiagramfor the betawaves

SX1F is at izf2 phasefrom ST1while SX2F is atn/2 phasefrom SX1F but hastheopposite
signto SXIF. Hencethe vectorsrepresentingiF and2F areparalleland combineto cancelthe
vector from the IR quads. However SX1D is at m/4 phasefrom SX1F, henceits vector is
orthogonalto SX1F. SX2D is 1t12 away from SX1 D but with theoppositestrengthso its vector
addsin phaseto that of SX1D. The orthogonalcontributionsfrom SXID and SX2D arenot
removedby any sourceandremainasa residualbetawave.The relativeamplitudeof thebeta
wave in thehorizontalplanefrom the I sextupolesis mjfl/Pmax - 1/6 for a FODO cell with
90 degreesphaseadvancepercell.With the schemeoutlinedabove,the secondorderchroma
ticity is thus reduced by a factorof 6.

6 PERFORMANCE OF THE CHROMATICITY CORRECTION
SYSTEM

Wecorrectfor thechromaricityof the coilider ring by placingsextupolesnext to eachqua
drupolein the two arcsof thecollider. This amountsto 392 D and392 F sextupoles.Of these,
96 sextupolesof eachtype areplacedin the 24 cellsat bothendsof eacharc for correctingthe
non-linearchromaticity of both the interaction regions. In all, eight families of sextupoles
labelledSX1F, SX1D SX4F. SX4D areavailable for thenon-linearcorrection.Thesewill
berefenedto asthelocal sextupoles.The families SX1F,SX4F areit/2 mod2m in horizon
tal phaseaway from theNorth IP andSX1D, SX4D arent2 mod2m in verticalphasefrom
this IR The samestatementcan be madefor the families SX2F,SX3Fand SX2D, SX3D
with respectto theSouthJR The 296sextupolesin eachoftwo families SXE SXD correctfor
the linear chromaticityof the total ring including the interactionregions.Thesewill be called
the global sextupoles.

The collider hastwo 1ow-or high luminosity interactionregionson theeastsideof the
ring and two medium-pIRs on the west side. In what follows, thechromaticity of only the
1ow- IRs hasbeencorrectedfor. Consequently,for this report,weuse2x48 local sextupoles

SX2D



and2x344global sextupoles.The optimizationof the non-linearcorectionincludedthemini
mization of the tune shift as a functionof momenwmto the 2nd and 3rd order. It was done
usingthe moduleHARMON in MAD [3].

We haveseenin earlier sectionsthat thesecondorder chromaticity is largest when the
fractionalpart of the global tuneis closeto 0.5 and oneof the interactionregionsin a clusteris
tuned to collision optics while the other is tuned to injection optics. For brevity, we will
presentresults for this "worst" caseonly. The tunes in the two planes are chosento be
0.435,0.415.An important advantageof correcting this configuration is that the phase
advancesbetweenthe IPs becomesirrelevantandwedo not needto rely on thechromaticcan
cellation of one IR by another.This is importantin practicesincethe detectorsat thetwo IPs
will possibly be operatingat different luminositiesand the phaseadvancebetweenH’s may
not bean odd multiple of mfl.

First we look at the chromaticbehaviourwith only the linear chromaticitycorrected.This
will show if a nonlinearchromaticitycorrectionis neededand b serveas a benchmarkby
which to comparethe improvementdueto thenonlinearcorrection.All 392 sextupolesin each
of the 0 and F families areused for the correctionin this case.Figure 14 showsthevariation
ofthe tuneshift with the relativemomentumdeviation5 andFigure 15 showshowthe relative

at the IP varieswith 6. The standarddeviation for the relative momentumspreadin the
beamis approximately6 x105 at20 TeV. Forstableoperationofthe beamwerequirethetune
shift ày c 0.002. We find that thelinear correctionrovidesus with a momentumapertureof
approximately2.5 which is inadequate.The relativevariation in l3 is also large,reaching
10%at 1a. Clearly, higher orderchromaticityconectionis neededundertheseconditions.
Now we.examinetheperformanceof the nonlinearchromaticitycorrectionsystem.The local
sexcupolesstrengthswere limited to be less than0.25 T-m at Jcm. The following tablescom
parethe sirengthsof the sextupolesin the two cases. = 0.25 and 8m, v=123.435,
v=122.415

Sextupolename IntegratedFieldStrgth
T-m at 1cm

GlobalF 0.068

OlobalD -0.136

Table 3: Linear chromaticitycorrectiononly "gIobaI’

Sextupolename IntegratedField Strength
T-rn at 1cm

Global F 0.078

GlobalD -0.155

Local F1,F4 0.168

Local Dl, D4 -0.250

LocalF2,F3 -0.164

Local 02, D3 0.247

Table 4: Linear andnonlinearchromaticitycorrection‘9ocal"



Si o $

4
Beta=O.25nNorth8rnSoith.

4
Tune 123.435 hor. 122.415 vr..

I I I

-4 -3 -2 -1 0 1 2 3 4

-10-s

RelativeMomentum Devialion

Figure 14: Tune Variation with Momentum: Global Linear Correction.

0.5’ * I * I * I I -0.5
Betr 0.25 rn North, 8 in South.

0.4-1 *t 7’ 0.4

0.3- . H -0.3

02 -02

01 -01

>0.0- .

-0.1

-0.2- --0.2

-0.3- . --0.3

-0.4- --0.4
:DBX .

I I --0.5
-4 -3 -2 -1 0 1 2 3 4

*10-
Relative Momentum Deviation

Figure 15: Variation of Beta with Momentum: Global Linear Correction..



*105

___

I I I
. -5

DQX
4

3- . .. ... . ..

2- .

::

4
eta = .25 m NorthEarn

tune = 123.435 hot. 122.415 vir..
* I. * * I *

-4 -3 -2 -1 0 1 2 3 4
* 10

Relative Momentum Deviation

Figure 16: Tune Variation with Momentum:Local NonlinearCorrection.

0.5- . I * I I I * 0.5
lieta = 0.25 in North, S rn South.

I04 0.4

0.3-
. . . . 0.3

0.2 -0,2

4OI 01

DBX DBY----E
-0.5- * I * I * * --0.5

-4 -3 -2 -1 0 1 2 3 4
* 10-’

Relative Momentum Deviation

Figure 17: Variation of BetaS with Momentum: Local Nonlinear Correction.



Wenotethat thestrengthsof Fl andF2 areapproximatelyequalandoppositeandsimilarly
for Dl and D2. This is requiredto cancelthenet linear chromaticityof the local sextupoles.
For the conectionof a single IL only 4 families F1,D1,F2,D2of sextupolesare required.
Whenboth IRs are tuned to collision opticsFl andF4 are allowedto havedifferent strengths
andsotoo for theother pairsof sextupoleswhich havebeenconstrainedto bc equalabove.

Figure 16 showsthe variation of tunewith 5 in the presenceof the local sextupoles.The
tunevariationis flat over 2 and themomentumapertureis increasedto approximately8a,,,
for Av C 0.002. The relative variationshown in Figure 17 is limited to 2.5% at lci,.
Thesearedefinite improvementsin thechromaticbehaviourandmay be adequatefor the sta
ble operationof thecollider. The final checkof thechromaticitycorrectionsystemis to exam
inetheeffectof the local sextupoleson the dynamicaperture.

7 DYNAMIC AND MOMENTUM APERTURE
The dynamic andmomenwmapertureofthecollider ring in the presenceof the local sex

tupole schemehasbeenstudiedin detail in order to establishtheperformanceas well as the
feasibility of the schemeitself. Sextupoles,as nonlinearelements,canpotentially reducethe
dynamic apertureof the machine,so the behaviourof the collider lattice has beenchecked
with a realistic simulationmodel.For everyconfigurationoftheopticsandsettingof thelocal
sextupolescorrectionschemewe determinedthe dynamic aperture,identified with the largest
amplitudesurviving 1024 turns.Thechoice of the short termdynamicapertureas a figure of
merit is justified by thefact that the main aim is to comparedifferentmachineconfigurations
and not to investigateits long term stability.

The behaviourof differentconfigurationsof the InteractionRegionopticsandof the sextu
poleschemehasbeenstudiedfirst for the ideal lattice, i.e. the first order lattice plus thesextu
poles as the only sourceof nonlinearity. The ideal lattice has then beencomparedwith a
realistic model of the lattice where the effect of errors and their operationalcorrectionsis
takeninto consideration. -

The initial conditions for the increasing amplitudes of the particles tracked have been
selectedas follows:

x=no whereo=ft,c laandfrt,= I mmmrad
y*<y mmmrad

At the beginning of the lattice j-p,- 460m, a,-cz-O andD=O, so that 1.47 *

at 20 TeV.

7.1 Dynamic and momentum aperture of the ideal lattice
The at the collision point of the collider low-beta interaction regions can be tuned

betweenO.25m and 8m. the latter value corresponding to the injection optics; the nominal
value at collision is O.5m. Each interaction region. 2 in the EastCluster and 2 in the WestClus
ter, canbe tunedindependently to a value of in this range. The optical configurations simu
lateci have the injection optics in the West Ousterandseveralcombinationsof 3’ in the East
Cluster. i.e. in the north low beta IR ENLB andin the south low beta IR ESLB. The config
uration studied are labeled as follows:



N50-S50: baselinesymmethcconfiguration, *EsO.5Om. *LB=O.5Om
N25-S25: low *symmetricconfiguration. *jLBso.25m, *LB=O.25m
N25-S50: low *asymmethcconfiguration. ft4LBO.2Sm,*LBo.5om
N25-S800:asymmetricconfiguration. *EB=O.25m.*=8m

As previously discussed,the last configurationwhere oneeastIR is tunedfor maximum
luminosity andtheotheris wnedto the injectionoptics.is expectedto be themostsensitiveto
chromaticeffects. The first configurationis the baselineoptics for the Collider and it is the
leastsensitiveto chromaticeffects.In order to enhancetheeffect of higherorderchromaticity.
the fractional tuneof the lattice for this simulationhasbeenchosenreasonablycloseto the
half integerv=123.435,v=122.415.Studiesof beam-beameffectsalso suggesta working
pointcloseto 0.4.

A N50-
S50

N50-
S50

N25-
S25

N25-
S25

N25-
S50

N25-
S50

N25-
S800

N25-
S800

global local global local global local global local

0.0000 100 70 100 40 100 50 100 50

0.0001 100 70 100 40 100 50 100 50

0.0002 100 70 100 40 100 50 100 50

0.0003 100 70 100 40 100 50 90 50

0.0004 100 70 100 40 100 40 50 50

0.0005 100 70 100 40 30 40 20 50

0.0006 100 70 80 30 70 40 0 50

O.JO7 100 70 70 30 50 40 0 50

0.0008 100 70 50 30 40 40 0 50

0.0009 100 70 0 30 20 40 0 50

O.1O 100 70 0 30 0 40 0 50

0.0011 100 70 0 30 0 40 0 40

O.X12 100 70 0 30 0 40 0 30

OX13 100 70 0 30 0 40 0 30

0.0014 100 70 0 30 0 40 0 30

Table 5: Dynamicand momentum aperture a for the ideal lattice

Table 5 summarizestheresultsfor the ideal lattice: for eachconfigurationdescribedabove,
thedynamicandmomentumaperturefor the lattice with the total linear chromaticitycompen
satedby the sextupoles in the arcs only global, is comparedto one local wherethe linear
andsecondorderchromatic effects arising from the IRs areCOrrectedby the local sextupole
schemeand the linear chromaticityfrom the restof the machineis corrected by the arc sextu
poles.

The local sextupolescausea significantimprovementof themomentumaperture,in panic-



War for theasymmeu-icopticsconfigurations.This confirmsthe improvementin machineper
formanceexpected,giventhebettertuneversusamplitudeandbetabeatin thepresenceof the
local scheme.The swong local sextupolescausehowevera reductionof thedynamic aperture
on momentum. This effect,together with the strengthrequirementon the local sextupoles,led
us to limit the useof the local systemonly to compensatingthe higher orderchromaticityof
the IRs and to correct the linear chromaticity,caused by both the arcsand the IRs. with the arc
sextupoles.

7.2 Dynamic and momentum aperture of the lattice with errors
The investigation of performanceof the local sextupoleschemedone for the ideal lattice

hasbeen repeatedandextendedto a realistic model of the machinewhere the effectof enors
and their correctionsare accuratelysimulated.This study allows us to establishwhetherthe
benefits of the local schemedemonstratedfor the ideal lattice stifi holds in the presence of
errorsthat could potentially mask the effectivenessof sextupoles,and to investigatemore
thoroughly the issue of lossof dynamic apertureon momentum.

The model used for the simulationand implementedin the code TEAPOT [4] describes
realistically the singleparticle dynamics of the Collider as far as errors and corrections are
concerned.Collective and beam beam effectsare not included in the model. Every relevant
elementin the lattice such as a bend, quadrupole,sextupole,beam position monitor, etc., is
assignedrandomalignment errorsandroll errors; maindipoles andquadrupolesalso have sys
tematic and random field errors associatedwith them, where normalandskew multipolesare
specified up to the order 9. The issueof theerror specificationsfor the Collider is a matter of
continuingstudy andwill not be discussed herein detail: except where otherwise specified,the
assumptionsfor thealignmentand field errorsreflect the so calledCoilider 3B specifications
document[5]. We did not includealignmenterrors in the JR triplets: the triplets are extremely
sensitiveto theseerrorsandthe correctionof their effectson the couiderdynamicsis thetopic
of anongoingindependentstudy. Also, the effectof the crossingangleat theinteractionpoint
is not generallyincluded in the results that follow. Preliminary resultson the effect of the
crossingangleon the baselinecothderopticswill howeverbediscussedat theend.

The operationalcorrectionsnecessaryto operatethe machinewith imperfectionsare also
accuratelydescribedin themodel: theclosedorbit is foundby a steeringalgorithm,the lattice
is retunedto theoriginal fractionaltuneby meansoftrim quadrupolesandthe local compensa
tion ofcoupling is achievedby a setof44 skewquadrupoles,24 ofthem placedin the clusters
and20 in thearcs.

Severalconfigurationshavebeenstudiedwith theabovedescribedset oferrorsandcorrec
tions: N25-S300, N50-S800and the baselinecollider optics N50-S50. We will limit the
detaileddiscussionto the formerone. -

7.3 N25-S800
As alreadyremarked,this optical settinghasbeenstudiedin more detail sinceit represents

a worst casescenarioasfar aschromaticeffectsfrom the IRs areconcerned.The low betaIR
tunedat O.25m conthbutes about 100 units ofchromaticity.We comparedthe following sextu
pole correctionschemes:



Linearchromaticity from arcs and IRs correctedwith the arc sextupolesglobal

localjOO 100 units of linear correctedby the local system,the restby the arc
sextupoles.Thelocal systemminimizesthe 2 and3 order tuneshift with
momentum.

local_50 50 units of linear correctedby the local system,the restby the arc
sextupoles.The local system minimizesthe 2d d 3rd order tune
shift with momentum.

local_O All the linear chromaticity .! is correctedwith the arc sextupoles.The local
systemminimizes the 2nd and3 order tune shift with momentum.

For every correction schemethe dynamic aperture as a function of momentum hasbeen
determined for different error sets.Theresultsare summarized in Figure 1S.a-d.

Figure 18.a describesthe ideal lattice,while in Figure 1&b-d aresummarized the results
for the lattice with errors: they have the samesetof alignment errors but differ in the assign
ment of field errors. When field errors are added to the arc dipolesand quadrupoles, the
dynamic apertureobviously decreases,but there is a clear improvement in the momentum
aperture with the local schemescompared to the global scheme.

i
Figure 1S.aN25-SSOO: ideal lattice

The dynamic apertureof the global schemeon momentumis sUU largerthan for the local
schemes.Theassignmentof field errorsto the 1k quadrupolesFigure 18.c andsuccessively
to the IR triplets Figure 18.d further reducesthe dynamic apertureof the machineas
expectedbut the increasein momentum apertureover the global schemeis verified.

1
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Figure 18.b N25-S800: field errors in arcs

tsp/p * 1O

Figure 18.cN25-S800:field errors in arc andIR quadsnot in triplets

Furthermore, the reductionof aperture for Ap/p=O of the local schemesversustheglobal
one is no longer present,becausethe effectof the field errorsin the JR quadrupples dominates
thedynamicson momentum. Latticeperformancein the presenceof errorsled us to selectthe
local_O schemeas the most effective way of correctingthe chromaticeffectsof the JR. The
locaLOschemeis alsopreferred becauseofthe minimum strength ofthe local sextupoles.
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The dynamic aperturefor this optics,without crossingangleandassumingthe standard3B
specificationsfor the IR quadrupoles, is describedin Fig.19. The global sextupolecorrection
schemeis used here since the optical symmetry makesthis optics lesssensitive to chromatic
effects.

A horizontal vertical crossing angleof 135 jirad betweenthe two beamsat interaction
points is achievedwith a system of4 horizontal vertical kickers per JR The residualhorizon
tal vertical dispersionproduced by the system is matchedwith a set of6 normalskewqua
drupolesper U’. The effectof the crossing angleis to makethebeampassoff axis throughthe
triplets, increasing the effect of the higherorder multipoles in the quadrupoles. For a crossing
angleof 135 lAnd the maximum closedorbit offset in the triplets is 5 mm: this effecthasbeen
simulatedand the reduction of the apenure at collision found to be at the 1-2 sigma level.

The multipoles assumedso far for the triplets have beenderivedfrom the specificationsfor
the 40mm aperturearc quacirupoles by appropriately rescaling the values to an aperture of
50mm in the JR quadrupoles.A study is now in progress towards the exactdeterminationof
the field quality requiredfor the IR tiplets. in particularthe higherordermultipoles responsi
ble for aperture reductions. Preliminary results show that the systematic b5 multipole in the
triplets, the &st multipole allowedby symmetry in a quadrupole. hasa significanteffecton the
aperture. Lowering b5 from 0.534 * 10 at 1cm to 0.1 * 10 increasesthe dynamic aper
ture by 3-4 sigma. A typical value for the dynamic aperture at collision, taking into consider
ation the crossingangle andthe b5 multipole is 12 sigma.

8 Summary
Our schemefor correcting the nonlinearchromaticityof eachIR consistsof placingsextu

poles in 4 families in the regularcells adjacentto the IRsandspreadout over 6 betatron wave
lengths into the arcs on eachside of a cluster. These‘local’ sextupolescorrectprimarily for the
secondandto a lesserextent thethird orderchromaticity of the IRs while contributing netzero
linear chromaticity. The linear chromaticity ofthe entirecouider ring is removedby two fami
lies of sextupolesin the remaining cellsin the arcs.

We have tested the above scheme with different configurations of IRs. It improves the
chromatic and dynamic behaviour for every configuration studied. Even for the worst case
with one IP at =O.25mand the other at =8m. the tune shift with momentum datashow
that the nonlinear correction schemeincreasethe momentum aperture more than three times.
This increasedmomentumapertureis obtainedat the expenseof a slight reduction in the
dynamic aperturefor particleson momentum, when no field errors in the magnets are
included. When we adda realistic setof errors, speciallythe field errors in the JR triplets, the
local sextupolesdo not affect the dynamic apertureon momentum.
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Figure 18.d N25-SSOO:field errors in arcs, fit quadsand triplets

7.4 Effect of the crossing angleand field quality in the IR triplets.
As previously remarked,the former results about the collider dynamic apertureat top

energydo not takeinto considerationthe effect ofthecrossingangleandassumethe 3B spec
ifications for the field quality in the JR quadrupoles.Both assumptionshave importantconse
quencesasfar astheeffectof the IR iriplets quadrupoleson the dynamicsis concerned.Work
is presentlyin progressthat specifically addressesIR triplet issues:somepreliminaryresults
wiil besummarizedherefor theN50-S5Obaselineopticsconfiguration.
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