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1 Beam-Delivery Overview

The beamdelivery systemis the part of a linear collider following the mainlinac. It

typically consistsof a collimation system,a final focus, and a beam-beancollision

point locatedinside a particle-physicsletector Also the beamexit line requiredfor

thedisposalof the spentbeamis often subsumedindertheterm ‘beamdelivery’. See
Fig. 1.

In addition,someavherefurther upstreamtheremight be a beamswitchyardfrom
which the beamscan be sentto several differentinteractionpoints, and possibly a
bendingsection(‘big bend’)which providesa crossingangleandchangeshedirection
of thebeamline aftercollimation,soasto preventthecollimationdebrisfrom reaching
thedetector
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Figurel: Schematiof the beamdelivery systemfor alinearcollider.

Table 1 lists typical beamand interaction-pointparameter®f variousproposed
linearcollider projects.Thenumbersachiezedatthe SLC areincludedfor comparison.

2 Collimation System
2.1 Halo Particles

If abeamparticlepasseshefinal quadrupolesn front of the collision point atalarge
trans\erseamplitudeit cancauseébackgroundn thephysicsdetectoyeitherby emitting
synchrotrorradiationor by beinglostonalimiting aperture Thesynchrotrorradiation
hitting theinnerapertureof the quadrupole®r a mask,canbe singly or doubly back-
scatterednto a sensitve part of the detector Lost particlesinduceelectro-magnetic
shaowers. Both sourcesof backgroundare undesirable. The commonprocedureof
avoiding suchbackgrounds to collimatethe beamsbothin trans\erse(betatron)am-
plitudesandin enegy upstreanof thefinal-focusentrancen a dedicateccollimation
system.



Table1: Beamandinteraction-pointparametergor variousproposedinear colliders
comparedwith thoseof the SLC. Note that somenumbersmay have changedsince
publication,andthat,e.g., TESLA now contemplatesnalternatve parametesetwith

higherluminosity. [f The SLC spotsizesquotedreferto the 1998averagevalues.]

| Parameter Symbol SLC TESLA NLC CLIC |

C.m.enegy[TeV] E 0.1 0.5 1 3

Luminosity[103* cm~2 s71] L 0.0002 0.84 1.3 10

Repetitionrate[Hz] frep 120 4 120 100
Bunchchage[101Y] Ny 3.7 1.8 1.0 0.4
Bunches/rfpulse ny 1 2260 95 154
Bunchseparatiorins] Ay — 354 28/1.4 0.67
Av. beampower [MW] b, 0.04 13 9 14.8
Bunchlength[mm] o 1 0.5 0.12 0.03
Hor. emittance um] Yéq 50 12 4.5 0.68
Vert.emittancd um] vey 8 0.03 0.1 0.02
Hor. beta|mm] Jo 2.8 25 12 8

Vert. beta[mm] . 15 0.5 0.15 0.15
Hor. spotsize[nm] o 1700 783 235 43

Vert. spotsize[nm] o} 900" 55 4 1.0
Upsilon T 2x1073  0.02 0.3 8.1
Pinchenhancement Hp 2.0 1.6 1.45 2.24
Beamstrahlung 0B [%0] 0.06 1.0 10 31

Photongpere™ (et) N, 1 0.9 1.4 2.3

2.2 Functions of Collimation System

In additionto removing the large-amplitudeor off-eneigy ‘halo’ particles the collima-
tion systemshouldfulfill severalotherfunctions,namely:

e The collimators should protectthe downstreambeamlinecomponentsagainst
mis-steeredbeamsdn caseof a subsystenfiailure,andideally survive theimpact
of afull bunchtrain.

e The collimator wake fields shouldnot significantlyamplify a trajectorychange
or blow upthebeamsize.

e Thecollimationshouldbe sufficiently far away from the collision pointto allow
for asuppressionf the numberof muonsgeneratedy the collimation.

2.3 Coallimator Survival

Oneof thegreatesthallenges$n thedesignof thecollimatonsystemis therequirement
thatthe systemshouldsurvive theimpactof a full bunchtrain. (For TESLA it only
needsto survive a few bunches,asthe pulselengthis solong thatlater bunchescan
be eitherstoppedin the dampingring or sentthrougha bypassdine directly onto the
dump.)Collimatorsurvival wasalreadya difficult challengeatthe SLC; seeFig. 3.
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Figure2: Beamlossin thefinal quadrupole®r synchrotrorradiationemittedby halo
particlesmay causeunwantedbackgroundn the detector
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Figure3: Pictureof a damagedLC collimator. The 20-um thick gold coatingon top
of aTi alloy wascompletelyablatedby beamimpact. Thegroovesformedby thebeam
extendedwell into the Ti substrateTheroughsurfaceof thedamagedollimatorsgave
riseto severewake-field effects. (CourtesyF.-J. Decler)
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Figure 4: Schematicof a corventionalcollimation systemconsistingof a seriesof
spoilersfollowed by absorbers.The size of the spoilersandabsorberss 0.25-1and
20 radiationlengths respectrely. Collimationis performedn bothbetatronphasess
indicated.

The corventionalapproactof dealingwith this problemis to build a dualsystem
consistingof shortspoilers(i.e., of 0.25—1radiationlengths)followed downstreamby
long (10—20radiationlengths)absorbersThis is illustratedin Fig. 4.

In the spoiler, the beamparticlesundego multiple scattering.The horizontaland
verticalrmsscatteringanglesare

(14 MeV/c B
o~ () ®

wherec is the speedof light, p the particlemomentum s the thicknessof the spoiler,
and X its radiationlength. Sincethe spoileris atalocationwith large betafunctions,
andsincethe beamemittanceis small,thermsangled, is muchlargerthantheinitial
beamdivergence,/e/3.

Supposean absorbelis placeda distancel, downstreamof the spoilet A beam
hitting this absorbefwhich first musthave passedhroughthe spoiler)will have asize
of about

(Uwgy)absorber ~ L208 . (2)

Choosingthe distanceL large enoughiit is possibleto obtaina beamsize of a few
squaranmillimeters,adequatéo guarante@bsorbesurvival.

It turnsoutthatthesurvival of the spoilersis moredifficult to guaranteeAlthough
the spoilersare sufficiently thin thatno full electro-magnetishaver candevelop,the
spoilerscanstill be damagedoy surfacefracture,if the local temperaturdncreases
beyondanacceptabldimit.

Thetemperaturéncreaseds

1 A
AT = —— 3
CyAm 3)
whereC,, is the heatcapacity and A€ the enegy depositeddy the beaminto a mass
Am.



Thetemperaturehangewill leadto achangen thelengthof the materialvia

A
2% GAT (4)
S
whereq is thethermalexpansioncoeficient. The changen lengthin turnis relatedto

atensionvia Hooke’s law:

As 1 A&
=FE|— ) =FaAT = Fa——.
o (5) @ anAm (5)

HereE is theelasticor Young's module.The surfacewithstandsa beamimpactif
o < oyTs , (6)

whereoyTs denoteghe ultimatetensilestrengthof the materialin question.

In orderto expressthe enegy depositionin termsof the beamparticlesandbeam
size.weonly consideitheenengy transferby ionization,characterizethy theparameter
‘(d€/dz)’, andfind

AL (d€/dx)Neny @

Am perozoy
CombiningEgs.(5), (6), and(7), we finally obtain

1 d€ Fa 1
- — | — ) Nynp— . 8
(o Uy) > 2 <p d:z;) o1t Cp ouTs (8)

As anexample,assuminghe materialpropertiesof coppera = 1.7 x 1075 K1,
E = 120 GPa,C,, = 0.385 Jg K1, d€/(p dr) ~ 1.44 MeV cm?/g, andoyrs =
300 MPa, wefind

(0,0,)Y%>200 um  or B, > 1500 km,

where,in the last step,we considerechormalizedemittanceof ve,, = 0.68 um and
~vey = 0.01 um at 1.5-TeV beamenepgy. Beta-functionsof 1000sof km imply along
systemandtight tolerances.

Ouraboveestimatés still somevhatoptimistic,sincewe have ignoredthe onsetof
the shawver insidethe spoiler which will enlagethe actualenegy depositionaswell
asthe heatingof the collimator surfaceby beamimagecurrents.

24 Muons

If haloparticlesarescrapedff atthecollimators,anew sourceof backgrounds gener
ated:muons.Aboutonemuonis createdper10* lostelectrongmainly by theso-called
Bethe-Heitlemprocess) The muonsarehighly enegeticandonly weaklyinteractwith
matter If nofurthermeasurearetaken,many muonswill propagatensidethetunnel
almostparallelto the beamandpasshroughthe detector Theharshmuonbackground
was one of the unexpectedsurprisesduring the early daysof SLC operation. In an
attemptto renderthis muonbackgroundacceptableseveral setsof new collimatorsas



well asmuontoroidswereinstalledat the endof thelinac, in the SLC arcs,andin the
final focus.

Usually, alarge distancebetweencollimationanddetectoreduceghe numberof
muonsreachingthe latter The muonscanalsobe slowed dowvn anddeflectedby in-
stalling 10sof metersof ‘tunnelfillers’, weighing1000sof tonsandcomprisingmag-
netizedtoroids, in which the muonssimultaneousljose enegy andare bent. These
tunnelfillers potentiallyreducethe muonbackgroundoy oneor two ordersof magni-
tude.

Thelargestuncertaintyin our estimate®f muonbackgroundor afuturecollideris
theincompleteknowledgeof thebeamhalo. While roughanalyticalestimatesuggest
thatthe unavoidablehalo, e.g., dueto gasscatteringcould be negligibly small, at the
SLC often up to several percentof the beamhadto be collimated. The sourceof
the SLC halo wasnot understood.If at a future collider, 0.1% of the beammustbe
collimated,the numberof primarymuonswill behuge.

Figure5 shows the simulationof a supersymmetrieventin CLIC togetherwith
muonbackgroundraversingthe detector(1650tracks).If ahaloof 10~3 (beamfrac-
tion)is collimated thenumberf muontracksperbunchtrainwouldbe15timeshigher
thanshown.

2.5 Downstream Sources of Beam Halo

Therearetwo primary sourcef beamhalowhich cannotbe avoided,andwhich may
re-generatbaloafterthebeamhasalreadybeencollimated:(1) beam-gadremsstrahlung,
and(2) Comptonscatteringon black-bodyradiation.

The crosssectionfor bremsstrahlung,e., inelasticscatteringoff the residualgas,
with arelative enegy losslargerthans,,, is

Obrems ~ —?riazz Ind,, In (%) 9)
whereZ is theatomicnumberof the gascomponentq thefine structureconstantand
r. theclassicaklectronradius.Notethatthis crosssectionis independenof thebeam
enepy, andthus, unlike elasticscattering remainsimportantat the highestenegies.
For 6, = 1%, and Ny (or CO), onehasonrems ~ 6 barn. Assumingl ntorr CO
pressuretroomtemperaturethe moleculardensityis pco ~ 3 x 1013 m=3,

The total crosssectionfor scatteringon thermalphotonsis closeto the Thomson
crosssectionoy, ~ 87r2/3 ~ 0.7 barn. At roomtemperaturethe densityof photons
is aboutp, ~ 5 x 101 m=3.

Thefractionof beamparticlesscatteredveradistancel is

whereo is the crosssection(e.g., equalto oy ems OF o) andp the density(equalto
pco Of p,).

Onefindsthatl ntorr CO pressurés roughlyequialentto theeffectof thethermal
photonsat room temperature Typically several hundredscatteringeventsmay occur



Simulation of e+te- — H i - Xg U Xg L event
with muon background traversing the detector (M.Battaglia)
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Statistics (165@) of this run such, that-background
still to be multiplied with factor 15 to simlate full batch
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Figure5: Simulationof aneventete™ — fii — xouxou togethemwith 1650back-
groundmuontrackstraversingthe detector (CourtesyM. BattagliaandH. Burkhardt)
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Figure 6: lllustration of a trans\ersewake field excited by a leadingparticle, which
deflectsthetail particle.

perbunchtrain in a few-km long beamdelivery system.A large partof the scattered
particlescanbeinterceptedy secondancollimatorsin thefinal focus.

2.6 Collimator Wake Fields

Sincethe beamsizesare small, the collimator gapstendto be small aswell. As a
consequenca beamwhich is not perfectly centeredn sucha collimator can excite
a strongwake field by which it is further deflectedfrom the axis. Suchwake-field
inducedijitter amplificationwasa seriousproblematthe SLC.

Figure6 illustratestheconcepbf atrans\ersewake field andit introduceshewake
functionW (z) whichdescribeshestrengthof thetranswersewake forceatadistance:
behindthe source.Leadingparticleswhich areoffsetgeneraten electricor magnetic
field which deflectsthe following particles.In a geometrywith cylindrical symmetry
the strengthof the deflectiondependsonly on the longitudinal distancebetweenthe
two particlesandit varieslinearly with the offsetof the leadingparticle,whereast is
independentf the positionof the deflectedparticle.

Assumingthatthe beamoffset Ay is constantalongthe bunch,the deflectionof a
beamslice at position z is obtainedby integratingthe wake field generatedy all the
leadingslices(with 2’ > z):

N O BLCRE (11)

wherep(z) denotesghe normalizedchage distribution alongthe bunch ([ dz p(z) =
1).

Thecentroiddeflectionof thebeamis obtainedby averagingthewake-fielddeflec-
tion overthelongitudinalbeamdistribution:

<Ay >= /_OO p(2)Ay' (2)dz . (12)

In additionto the centroiddeflection the wake field will alsoincreasehe beamdiver-
genceandhencethe projectedbeamemittance which canbe calculatedby averaging
thesquareof Ay’(z) (andsubtractingrom this the squaredaverage).In thefollowing

10



wewill alwaysreferto thecentroiddeflectionof oneentirebunch,droppingtheangular
braclets.

At acollimatorgap,thereexist two typesof wake fields: (1) thosearisingfrom the
finite resistvity of thechamberand(2) thosearisingfrom the changen geometryi.e.,
from a variationin aperture.To minimize the secondgeometricwake field, a typical
collimatoris taperedasillustratedin Fig. 7.

Figure7: Schematiof a taperedcollimator. If the beampasseff-center it will be
deflectedby thecollimatorwake field.

The centralflat part of the collimator only givesrise to a resistve wake. The
deflectionof the bunchcentroidin a round collimator with radiusg anda flat length
Lris

Ayl = 0.816 LpeTe %\/)\UZ Ay (13)
79z g
whereAy is the offsetfrom the pipe centerand A\[m] = p[Qm]/(1207) is referredto
astheresistive depth(p is theresistvity in unitsof Qm).
We note that the longitudinal resitive-wall impedance(the Fourier transformin
time of the point-sourcevake field) canbe estimatedas

C
ZH - %Rsurf (14)

whereR,.,¢ is the surfaceimpedancen units Q per squaremeter(andthisin turnis
equalto (1 + i)p/ds with p theresistvity andd, the skin depth). Sincethetrans\erse
impedancas relatedto thelongitudinalvia

o QCZH

ZL - 5 ) (15)
g2 w

11



thisresultsin the1/¢° dependencef thetrans\ersewake field, which we have quoted
in Eq. (13).

Considemow a collimator which is taperedon eithersideundera shallov angle
0 (0 < 1). Thetapermay extendover a length L1 (on eitherside) after which the
beampipe reacheghe nominalapertureb. We assumehatb > g. Thewake field of
the taper(addingboth outgoingandincomingside)is the sumof a geometricanda
resistve part:

ONyre (1 2b 1
Ayl = 816Lr—/A0. | A 1
T e, (ZﬁgLT +OBI6Lry 5 VAT > Y (16)

The resistve part canbe obtainedby integratingthe formula (13) over a lengthwith
varyingradius,the geometriovake wasderivedby K. Yokoya.

Finally, thetotal deflectionby the collimatorwake field is the sumof the contribu-
tionsfrom theflat partandfrom thetaper:

Ay = Ay + Ay . a7

Thedeflectioncanbe minimizedby (1) optimizingthelengthof thetaper (2) selecting
thematerial,(3) choosinganoptimumvaluefor thegapg.

Note that all the expressionsabove refer to round collimators, for which exact
expression®f the wake fields are available (exceptperhapgor a rigorousproof that
onecanlinearly addthe geometricandthe resistive wake fields for the taperedpart).
Ontheotherhand for flat rectangularcollimatorsthe theoryhasbeenmoreuncertain.
A few yearsagothe calculatedwake fieldsfor flat taperedcollimatorsvariedbetween
zeroandinfinity. In themeantimeawake-fieldtestfacility hascomeunderoperatiorat
SLAC, andnew experimentaldataappeato be cornverging againstupdatedheoretical
predictions.

2.7 Collimation Optics

The collimation systemdor mostcollider designsarebasedon a simplelinear optics
consistingof FODOcells. For theenengy collimationalsobendingmagnetareneeded
in orderto generatealispersion.Thesedispersve regionscansimultaneoushbe used
for chromaticcorrectionby meanf sextupolemagnetsPairsof sextupolesseparated
by a phaseadwanceof 180° (* —I transformation’are particularlypopular sincethey
leadto anautomaticcancellatiorof geometricaberrationsThis is illustratedin Fig. 8.
Wewill discusghe —1I transformatiorin Section3.3.

For alinear collimation system the collimator gapis givenby the rms beamsize
o atthe spoilerandthedesiredcollimationdepthn (in unitsof ¢), eg., in thevertical

plane:
gy = NyOspoiler,y = Ny \/ By,spoilerGy - (18)

In additionto the purely linear collimation systemgust describedyarioustypes
of nonlinearsystemshave beenexplored. The nonlinearschemesffer a numberof
potentialadvantagesasthey could(a) blow upthebeamsizeatthespoilet (b) increase
the collimator gap andreducethe wake-field effects, (c) fold in the beamtails at the

12
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Figure8: Schematimf collimation optics. Enegy spoilersand chromaticcorrection
sextupolescanbe placedat the high-dieprsiorpoints. The — I transformatiorensures
thatgeometricaberrationgrom the sextupolescancel,andalsothat enegy errorsdo
not corvert into betatronoscillationsvia the collimator wake fields. Dispersionalso
helpsfor betatroncollimationsinceit increaseshe beamsize.

final doubletwhich allows collimationat alargernumberof o andthusalsoopensup
theaperturepr (d) shorterthe overall lengthof the collimationsystem.

As anillustrationof apossibleadvantageconsideanonlinearverticalcollimation
usinga skew sextupole. The deflectionimpartedby a skew sextupoleto a particleat
verticalamplitudey;..: (@ssumingerohorizonaloffset)is

K 5

Ay/ = 77ysext (19)

andthe particlepositionat a downstreanspoileris yspoiter ~ R3sAy’, WhereRgy is
thetranspormatrix elemenfrom theskew sextupoleto thespoiler Collimationatn, o
is achievedif the collimatorgapis choseras

_ R3y K
2

o RauK;

(nyoy)® = 5 nzﬁ%sextey. (20)

If thevaluesof R34 and K aresufiiciently high, the collimatorgapcanpotentiallybe
muchlargerthanthelinearvalue(18). In addition,the betafunctionatthespoilerdoes
not directly enterin Eq. (20). Hence by choosinga smallbetafunction atthe spoiler,
thewake-field effectsof the collimatorscanbe mademuchsmallerin suchanonlinear
scheme.

13



3 Final Focus
3.1 Purpose

The purposeof the final focussystemis to demagnifythe beamsby a factorof 100—
300down to afew tensor hundredof nanometersiorizontallyanda few nanometers
vertically at theinteractionpoint, wherethe beamscollide.

Importantdesignissuesarethelinearandnonlinearoptics,theperformancdimita-
tionsarisingfrom higherorderaberrationandfrom synchrotrorradiationin dipole or
quadrupolemagnetsthe toleranceson magnetposition stability and power-corverter
drifts, andthe luminosity tuning strateyy.

3.2 Chromatic Correction

The unprecedentedligh luminosity of future linear collidersimplies an extremely
smallbeamsize,which requiresboth smallemittanceandsmallbetafunctions.

The small betafunctionsat the collision point arerealizedby focusingthe beam
with a doubletof two strongquadrupolemagnetdocateda few metersupstream(the
doubletensureghatthe beamis focusedin bothtranswerseplanesmakinguseof the
strongfocusingprinciple). The normalizedfocusingstrengthof a quadrupolef, (in
unitsof m—2), depend®nthe particlemomentumas

BT — eBT (2 1)

o= 0B T apo £9)

where Br is the poletip field, a the pole-tipradius,Bp = p/e the magneticrigidity
of the particle,p, thedesignmomentumandd = (p — po)/po therelatve momentum
deviation. Typical valuesfor the final quadrupoleare Br/a ~ 300-500 T/m and
k, =~ 0.1-0.3 m~2. Sincethe focusingstrengthis enegy dependentparticleswith
slightly differentenegieswill befocusedatdifferentdistancedehindthequadrupole.
Thisis illustratedin Fig. 9.

The changein focal lengthwith particleenepy is calledthe chromaticityof the
final focus. It canbe computedasanintegral overthefinal quadrupoles

LC
6= == [ sty Ru(s? = - [dsio)ky (o 22)
Y Y

whereR3, is the(3,4)transporimatrix elementgrom positions to thelP whichrelates
an an angulardeflectionAy’ at s to a positionshift Ay* = RzyAy’ atthe IP. The
approximaterelationshipis valid sincethe final doubletis about90° away from the
interactionpoint. The quantity Z; is calledthe chromaticlength,andin the vertical
plane,it canbelimited to be only slightly largerthanthe free lengthfrom the exit of
thefinal (vertically focusing)quadrupoleo the IP. In thefield free region aroundthe

collision pointthe betafunctionevolvesas
2

6@=W+%- (23)

14



Figure9: Schematiof achromatidens,wherethefocallengthdepend®ntheparticle
eneny.

Since* is small,the IP chromaticityof a linear collider is huge,usuallyoneor two
ordersof magnituddargerthanthe maximumchromaticitiegealizedin storageings..
If the chromaticityis not correctedthe vertical spotsize at the interactionpoint

becomes
oy~ 0y o/ 1+ E203 (24)

whereo, , (= \/B;€,) is theideallinear designspotsize and ,mms the rms enegy
spread.Sincetypically ¢ ~ 30 000 andos ~ 0.28%, the chromaticity if uncorrected,
wouldincreasehe IP spotsizeby afactorof £, o5 ~ 100!

Therefore chromaticcorrectionis indispensableAs in a storagering, this correc-
tion is performedby placingsextupolesat locationswith nonzeradispersion.

Thenormalizedstrengthof a sextupolein unitsof m—3 is definedas

1 02 287
s Bp asz(r) 0 - (Bp)azi (25)

where a denotesthe pole-tip radius, Br the pole tip field at the radiusa, and Bp
(= p/e) the magneticrigidity of the beam. Theintegratedsextupolestrengthis given
by K, = Ik, wherel, isthelengthof thesextupole. Similarly, theintegratedstrength
of thequadrupolds definedas K, = I,k,, wherel, is thequadrupoldength.

We assumdor simplicity thata sextupoleis placednearthefinal quadrupolenag-
net. Thedeflectionggeneratedby thesetwo magnetsare

A = —Baoyps) -

2 2
s 2+ Dy8)? — ¢?) (26)

2+
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Ay = fj& y+ 1[555 (z + Dad)y , (27)
wherewe have includeda horizontaldispersion.In eitherequationthefirst termde-
scribesthe effect of the quadrupoleandthe secondthat of the sextupole. Expanding
1/(1 4 6) ~ (1 — ¢) andcollectingall termslinearin x4 (the coeficientof x4 corre-
spondsto the chromaticityé,. ), we find thatthe chromaticityis exactly zeroin both
planesf

KsD,=K,. (28)

However, the sextupolesintroduceundesirablenonlinearterms,suchasa vertical de-
flectionwhichis proportionatto the productzy, or ahorizontaldeflectionproportional
to 22 andy?.

We next estimategheimportanceof thesenonlineaiterms.Theintegratedquadrupole
strengthis roughly equalto the inversefocal length of the final doublet,i.e., K, ~
1/f = 1/1* (herel* is thefreelengthbetweerthe exit of thelastquadrupoleandthe
IP).

Theverticaldeflectiondueto the nonlineargeometriderm(c zy) is

Ay ~ Kyry ~ ;Tyl : (29)

Thisresultsin a positionchangeatthe IP of about
Ay~ IPAyY ~ 2L 30
y v ~p (30)

To obtainthe correspondindgncreaseof the IP spotsizewe mustintegratethe square
of this expressiorover the beamdistribution, andget Aoy, = /< Ay* 2 >. We also
find it corvenientto normalizetheresultto thenominallP spotsize:

Aoy Owq0yq  VPeaal® 31)
ok Do} BiDy

Y

whereo,, , ando,, , arethermsbeamsizesatthequadrupoleandg, , is theassociated
horizontalbetafunction. The quantitieswith anasteriskalwaysreferto the IP.

As anexample, we inserttypical NLC parameterss,, , ~ 20 km, e, ~ 3 x 1072
m,l* =2m, D, ~0.05m, 3; ~ 100 um, which gives

Aoy,
—= ~100. (32)
g
Yy

Hence the chromaticcorrectionwith singlesextupolesincreaseshelP beamsizeby a
factorof 100dueto thegeometricaberrationshatit induces!in otherwords,by adding
asingle(or two) sextupole(s)at a dispersve locationwe have correctedhe chromatic
blow up of the spotsizes,but the prize to be paidfor this is a geometricblow up by
alsoafactorof 100. Thuswe needto addfurther sextupolesto canceltheseadditional
aberrationsThe accurag of the cancellationsnustbe of the orderof 102, implying
tight tolerance®n the opticsbetweerthe sextupolesandits stability.

16



To cancelthe large geometricaberrationstypically two pairs of sextupolesare
used for horizontalandverticalchromaticcorrectionrespectiely. Thesextupolepairs
areplaceceithernearthefinal quadrupolesr amultiple of 7 in betatron-phasadvance
away from them. The top pictureof Fig. 10 illustratesthe basiclayout of a classical
final-focussystemwith modularchromaticcorrectionsection,the bottom picturethe
morecompactadwanceddesign.

Figurell shavs a sextupolemagnetgreenandroundnearthecenter)in thechro-
matic correctionsectionof the SLC final focus. The small metalroofs arepart of an
early SLC upgradeandprotectthe magnetsagainswaterdripping from the ceiling.
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Figure 10: Schematiaepresentatiorf a corventionalmodular(top) and advanced
compacffinal-focussystem(bottom). The beammovesfrom right to left. Top picture:

the beampasseshe chromaticcorrectionsectionandthena final demagnifierbefore

it reacheghe interactionpoint. Only one pair of sextupolesis shavn. A similar set
of sextupolesandbendingmagnetsvould belocatedfurtherto theright. This scheme
wasinventedoy K. Brown. Wire scanner$ocatednearthetwo sextupoles asindicated,
canmeasurghe enegy-positioncorrelationwithin the bunch;seehomevork problem

2. Bottom picture: the beamtraversestwo geometricsextupoles,a dipole section,
andthenthefinal doubletwith aninterleaved pair of chromatic-correctiosextupoles,
beforeit reacheshelP. All 4 sextupolesareshavn. This compacsystemwasinvented
by P. Raimondi.
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Figurell: Photograptof the chromaticcorrectionsectionin the SLC final focus.
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3.3 — Transformation

An elegantway to eliminatethe geometricaberrationggeneratediy the chromatic-
correctionsextupolesis to placethemin pairsseparatedbya  transformation.This
schemavasinventedby K. Brown. It is employedin the collimationsystemandin the
final focus (possiblyslightly modifiedin advanceddesignswhereinsteadof a , a
‘pseudo ' with Ri5 = R34 = 0 is usedwith similar benefits).

The linear beamtransportin a single-passystemis often expressedy a (6 x 6)
matrix relatingtheinitial (subscript) andfinal (subscriptf) phase-spaceoordinates:

T Ry Ry Riz Riy Ris Ry T

x R21 Ras Raz Roy Ras Ro x

Yy _ | Ba1 Rs» Rsz Rsys Rss Rs Yy (33)
Yy’ Ry Ryp Ruz Ry Rys Ry Yy’ '

z Rs1 Rsa Rsz3 Rsy Rss Rs z

0 Ri R, Rs Ry Rs R b)

%

In generalwe can expressthe position of a particle or of the beamcentroidas
the sum of betatronoscillation, = , dispersionD and higherorder dispersion,D
(k= ,..),as

r=x +D +) D ~r +D . (34)

Oftenthe higherorderdispersionterms(D  with & > ) areignored,aswe will do
in thefollowing analysis.

As alreadymentioned,in a corventionalfinal focus,two pairsof sextupolesare
usedfor chromaticcorrection,one pair for the horizontalplane,andthe otherfor the
vertical plane. We now consideronesuchpair in moredetail. We assumehatat the

location of the first sextupole the dispersionis finite, D; = , but that the slope of
dispersioris zero,D; = , andthatthereareno vertical bendingmagnetsarywhere,
henceR = andR = . The( ) submatricesn the verticalandhorizontal

plane betweerthetwo sextupolesarecommonlychoseras  (minusidentity) trans-
formations first suggstedy K. Brown. Thefull R matrix betweerthetwo sextupoles
forming a pairthenhastheform

R
R

(35)
R

We write theinitial positionof aparticleonadispersvetrajectoryas ; i+D;,
andthe correspondindinal positionas + D . FromEgs.(33)and(35)it
followsthat ; andthatthe dispersiorat the secondsextupoleis

D Di+R (36)
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Thisillustratesthatwithout bendingmagnetdi.e., with R ) thedispersiormprop-
agatesexactly like a betatronoscillation. If thereare bendingmagnetsbetweenthe
initial andfinal positions,in generathe matrix elemenis notzero,i.e,, R ,
and,in particular the strengthof the bendingmagnetdetweerthe sextupolescanbe
adjustedsothat R D;, whenceD D;. In addition, it is possibleto design
the opticssuchthat R , andhenceD, D’ . Thelastnonzeroelement,
R , describeghe changen pathlengthfor differentmomentundeviations. It is the
analogueof the momentumcompactionfactorin a storagering. Usually, R in the
final focusis sosmall,thatits effect canbeignored.

We are now in a positionto formulatethe idea behindthe transform. For
simplicity we considerthe horizontalplaneonly. We assumehat the sextupolesare
thin, sothattheir effect may be representedby a single nonlineardeflection,andwe
denotetheirintegratedstrengthdy K, andK, .

As before,the dispersionat the first sextupoleis takento be D; andtheslope
to bezero D . We denotethe particle coordinatejust prior to the first sextupole
by ; +D; (here = ), theassociatedrajectoryslopeby /, andthe
relative momentumdeviation by . Behindthefirst sextupolethe slopeof the particle
trajectorybecomes

! LK " K, K D; -K; D, (37)
In additionto the initial slope,we hererecognizethreenonlineardependenciemtro-
ducedby thethin sextupole. Thetermproportionalto  represents geometricaber
ration andthe componenguadraticin  a secondorderdispersie term. The mixed
productproportionalto is the chromaticterm,which we wantto generaten order
to compensat¢he chromaticityof thefinal-focusquadrupoles.

Applying the  transform,Eq. (35), with R andR D;, we obtain
theparticlecoordinatesandslopegust prior to the secondsextupole:

D; +R + D, (38)

+-K; (39)

Insertingagain ; + D; andapplyingthe kick from the secondquadrupole,
K, ,weobtain

For equal sextupole strengths, K, K, = K, the geometricaberrationsand
the second-ordedispersiontermscancelexactly, andall thatis left is the chromatic
component:

+ Ks Dy (41)

Theimportantconclusionisthata  pair of sextupoles asconsideredhere,generates
only chromaticityandno otherlow-orderaberrationsThis conclusionstill holdstrue
if the vertical motion is alsoincludedin the analysis. Of course,in reality the
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transformis not perfect,but itself varieswith the momentumdeviation. This gives
rise to higherorderchromo-geometri@aberrationsyhich ultimately limit the enegy
bandwidthof thefinal-focussystem.

Thereis aninterestingaspecof dispersiorin alinearcollider. In circularaccelera-
torsdispersioris normallymeasuredby samplingoff-eneigy orbitswith beam-position
monitors.In linearcolliders,however, varyingtheenegy atsomepointin thebeamline
andobservingthe inducedchangen orbit measureshe R matrix elementbetween
the point of enegy changeandthe BPMs downstream.In generalthis is not equalto
the enegy-positioncorrelationwithin the bunch,asfirst pointedout by P Emma.The
enegy-positioncorrelationin the bunchis aresultof changesn theindividual particle
enegies,—dudo accelerationsynchrotrorradiationor wake fields,—andsubsequent
enepgy-dependenpathlengthsall alongthe beamline, whereaghe R measurement
probesthe effect of achangan acceleratiorat oneparticularlocationonly.

3.4 PerformanceLimitations

Usuallythebeamhasasignificantenegy spreadwhichis introducedo provide ‘BNS
damping’againstheeffect of trans\ersewake fieldsin thelinac. A typicalrmsenegy
spreads 0.3%at the entranceof thefinal focus,andthefinal-focusmomentunband-
width mustbe correspondinglyarge, of the orderof 1%. A larger bandwidthwould
helpto furtherstabilizethe beamin thelinac.

The momentumbandwidthof a final focusis commonlylimited by fourth-order
optical aberrationswvhich arise becausehe transformationsand phaseadvances
betweenelementsare no longerideal for off-enegy particles,sincethe focusing of
all quadrupoless chromatic. In principle, the bandwidthcanbe increasedy adding
further nonlinearelementsat dispersve locations,suchas additional (‘Brinkmann’)
sextupoles,octupoles,or decapoles.In practice,the alignmenttoleranceson these
elementsand operationaldifficulties might limit the achievable bandwidth. Most of
theaberrationslecreaséor increasinglispersion However, alargerdispersionimplies
strongetbendinganglegor alongersystem)anda growing importanceof synchrotron
radiation.

Namely aswe have indicatedabove, the dispersionat the chromatic-correction
sextupolesis generatedy bendingmagnetsandwe are facedwith the undesirable
situationthatwe needbendingmagnetsatthe highestenegy of thelinearcollider.

Synchrotronradiationin the dipole magnetdntroducesandenegy spreadwhich
affectsboththehorizontalandverticalplane.The additionalenegy spreadacquiredn
adipoleof length! andbendingangle is

go— T (42)
where is the Comptonwavelengthof theelectrons.
In the horizontalplane,the synchrotrorradiationcause®mittancegrowth similar

to the effect of quantumfluctuationon the horizontalemittancen a storagering. The
additionalcontribution to the horizontallP spotsizeandIP divergences

/ (43)
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Figure12: Schematiof a corventionalfinal focusandits primarylimitations.

/ (44)

(45)

where m GeV the inversebendingradius, and
the( ,6) matrix elementirom location tothelP.

In either plane, the spot size is affectedalso by a chromaticeffect, that is the
synchrotrorradiationintroducesa changen the particleenegy which (e.g., afterthe
sextupole magnets)is not chromaticallycorrectedand which changeshe particle’s
focal lengthafterthefinal doublet. This effect canbe estimatedrom the chromaticity

of thefinal doublet:

— (46)

/ (47)

is theenegy spreadnducedby the lastblock of bendingmagnetsin a corventioncal
final focusthe upstreambendingmagnetstendto also contribute an additional50%
to the spotsizeincrease. In a compactfinal focusthe effect is reducedby a factor
of ~, but it is not zero, sinceeven herean enegy changesomavherealongthe
dipoleis notfully chromaticcorrectedbut only to the extentthatthedispersiomat the
sextupoleis generatediownstreanof thelocationof photonemission).

A similar chromaticspotsizeincreasecanarisefrom longitudinalwake fields or
spacechage forceswhich also may changethe enegy distribution of the bunch be-
tweenthechromatic-correctiosextupolesor dipolesandthefinal doublet.

Figure 12 is a schematichighlighting somemajor limitations to the final-focus
performancesynchrotrorradiationandthetolerance®n magnetmotion.

where
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3.5 Tolerances

Sincethe beamsat the collision point are so small, and sincewe make useof strong
sextupolesto cancelthe chromaticityandgeometricaberrationsvith a high precision
the performanceof the final focusopticsis sensitve to mary forms of perturbations.
The calculationof tolerancess tedious,but they constitutea crucialingredientto the
viability of a collider, andin thefollowing we presentfew examplecalculations.

Thefirst typeof errorswhich areimportantarethoserelatedto changesn the par
ticle trajectory i.e., dueto quadrupolepositionjitter. A vibrating quadrupoledeflects
thebeamsothatit changests transwersepositionat the collision point, andmay miss
the opposingbeam(Fig. 13 a). Usuallythetolerancesretighterin the vertical plane,
dueto the smallervertical spotsize. The changein IP positiondueto a changein a
verticalquadrupolepositionby s

— va (48)

where is the integratednormalizedquadrupolestrength(  the length of

thequadrupole)and the betatronphaseadvancebetweerthe quadrupole

andthe IP. The tightesttoleranceis almostalwaysthat for the final doublet,where

anoffsetof  roughly causesanIP displacemenbf equalmagnitudeandhencethe

toleranceon fastvibrationsis lessthana nanometer Note alsothatin the final focus
is agoodapproximatiorfor almostall locations.

All thetoleranceselatedto the IP orbit arefasttolerancessincean IP orbit feed-
backcancorrectthe IP positionafter a few, say6 pulses(correspondingo about20
Hz).

A secondclassof tolerancegefersto the IP spotsize. Correctionsof the IP spot
size canonly be doneevery few minutesor so and hencethesetolerancesnustbe
metover a muchlongertime scale. The mostimportantaberrationsncreasinghe IP
spotsizeareresidual dispersion, waist shift andskew coupling. They areillustratedin
Fig. 13b—d.

Vertical dispersionis generateddy a displacedquadrupole by rolls of bending
magnetsor quadrupolesor by vertical displacementsf sextupoles. For example,a
quadrupoldisplacecby  will increasehelP spotsizevia dispersioras

(49)

wheretwo effectscontritute: thechromaticdependencef the deflectionandthechro-
matic depedenc®f the displacedtrajectory In Eq. (49), is therelative rms en-
ergy spreadand the second-ordetransport-matrixelementwhich describeghe
second-ordecontribution to the shift in vertical interaction-pointbeampositionasa
functionof changesn theinitial slopeor enegy accordingto

(50)
andin our example . Note that

\/ , which alsoenteredn Eq. (48).
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Figure 13: Steeringerrorsandvariouslow-orderaberrationgor which tolerancesare
calculated.

A waistshift at the collision point arisesif the sextupoleis horizontallydisplaced
(or if upstreamguadrupolesare displacedso asto steerthe beamhorizontally at the
sextupole). The changen local gradientdueto a horizontaloffsetat the sextupole

is andthis causes changen theverticalandhorizontallP positionsby
(51)
(52)
andthe correspondingelative changesn theP spotsize
— (53)
— (54)

where and denotethe betafunctionsat the locationof the sextupole. We can
identify theassociatedbngitudinalshift in the IP waistpositionas

(55)

A similar waist shift is inducedby a changein the strengthof a quadrupole
(simplyreplace by to obtaintheeffect).

Skew couplingfinally arisesfrom rolls of the quadrupolemagnetsor vertical dis-
placemenbf sextupolesor from trajectoryerrorsthatcausea vertical orbit offsetin the
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sextupoles.As anexamplethe beamsizeincreaselueto a vertical sextupoledisplace-
mentby is
(56)

where  isthematrixelemenfromthesextupoletothelP, isthehorizontalbeam
size at the sextupole magnet,and the integratednormalizedsextupole strength.
Similarly aquadrupolalisplacement which steerdhebeamverticalthroughadown-
streamsextupoleby will blow up thespotsizeby

(57)

We mentionin passinghatthetolerancesndbandwidthlimitationscanbederived
moreelegantly usinga descriptionbasedon Lie algebrawhich wasintroducedto the
field of linear collidersby J. Irwin, following the pioneeringwork by A. Dragt. For
example theLie generatodescribinga sextupoleof integratedstrength  atlocation

would be

— (58)

andthe coordinates and canbe transformedo the interactionpoint using the
inversetransportmatrix

(59)
(60)

As asecondexampleof theLie algebradescriptiongxpressedn IP coordinates waist
shiftby correspondso thegenerator

- (61)
Applying theLie operator to by utilizing Poissorbracketsoneindeed

has
- )

This is the equationfor a waist shift by the distance . For a thoroughintroductionto
theLie-algebraapproachye referto the excellentarticle by J. Irwin.

3.6 Final Quadrupole

Theverticalbetafunctionatthe centerof thefinal quadrupolés about
— (63)

where isthelengthof thequadrupoleTheintegratedquadrupolestrengthis equalto
theinversefocal length,which moreaccuratelythan shouldbewritten as

(64)
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0516 - 0.617
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0.010 - 0.111

Figure14: Crosssectionof a final focusingquadrupolewith gradient468 T/m for the
permanenmagnemateriaWVACOMAX 225HRSm Co , ascomputedor a16-sector
magnety ROXIE (Courtesy:M. Aleksa,S. Russenschuck)

The chromaticityof thefinal quadrupoles thenequalto
(65)

Henceit is advantageouso reducethelengthof thefinal quadrupolewhichis equiva-
lentto maximizingthe gradient

— (66)

where isthepole-tipradius, thepole-tipfield, and themagneticigidity.

An appealingsolution for the final quadrupoleis a designbasedon permanent
magnets. For small aperturesthesecan achierse the highestpossiblegradients sur
passingsuperconductingind iron-dominatedapproaches Figure 14 showvs a design
for thefinal quadrupolen CLIC which would achiese a gradientof 468 T/m with a
pole-tipradiusof 3.3mm.

3.7 Oide Effect

Synchrotrorradiationinside thefinal quadrupoledbecomesmportantat higherbeam
enegies.

For simplicity we first ignorethe horizontalmotion andthe horizontalbeamsize.
Suppose photonof enegy is emittedat position . The changen the IP position
for theemitting particlewill be

— (67)
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where isthenominalenegy, andthefunction  depend®ntheparticletrajectory
Thespreadn the spotfor anensemblef particleswill begivenby

/]
(NS

where is the probability of emitting a photonwith enegy . Thelastintegral
canbeperformedseeM. Sandskandgives

/ (—) S (69)
where B andthelocal bendingradiusis
— (70)

The functionin Eq. (67) canbe expressedy

/ (71)

InsertingEgs.(70) and(71)into (68) we obtain

/ (72)

and,by averagingover a vertical Gaussiardistributionin  , thisbecomes

__ / (73)

We canseethatthe Oide effect becomesvorsewith increasingoeamenepgy andwith
increasinglivergencesettingalowerlimit ontheachiezablebetafunction(or anupper
limit ontheacceptablalivergence).

An approximatexpressiorincludingthehorizontalbeamsizewasderivedby J. Ir-

win:
/ v
(74)

The additionalcontritution from  canbe maderelatively small by decreasinghe
strengthof the horizontallyfocusingquadrupole.For a 3-TeV CLIC the spot-sizein-
creasalueto the Oide effectis about30%.

The probability of radiatingphotonss comparabldo 1 and,hencethechangesn
thermsspotsizecalculatecabove tendto overestimatéhe actuallossin luminosity.
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Figure 15: During the bunchcollision,e ande arestronglybentandemit beam-
strahlungphotonswhich cancorvertinto pairs.

4 Collisionsand Luminosity

4.1 Luminosity

AssumingGaussiarunchdistributionsandignoringthevariationof beamsizesduring
collision, e.g., dueto the houmglasseffect (depthof focus)or dueto beam-beanforces
(pinchenhancementjheluminosity of alinearcollider canbewritten as

(75)

where denotegherepetitionrateat which beamandrf aresentthroughthelinac,
the numberof bunchesperrf pulse, thenumberof particlesperbunch, the
rmshorizontalbeamsize,and thermsverticalbeamsizeattheinteractionpoint.

4.2 Beam-Beam Effects

During collision, individual electronsor positronsemit synchrotronradiationin the
strongfield of the opposingbeam asis illustratedin Fig. 15.

This radiationis calledbeamstrahlungTo presere anadequatenegy spectrum
of theluminosity, thenumberof beamstrahlunghotonsemittedperelectron, , must
belimited to avalueof theorderof one.Consideringhis constraintandassumindlat

beamaswith , following arecipeby R. Brinkmannwe canre-expresgheabove
luminosityformulaas

()— -
where is theclassicaklectronradius, thewall-plug power,  thefinal beam

enegy, and the corversionefficiengy of wall-plug power into averagebeampower

). The beameneny is fixed by the physicsrequirementsand

thewall plug power is limited by economicreasons.Hence,thereareonly two free

parametershat canbe optimizedfor maximumluminosity: the corversionefficiency
andthe verticalspotsize
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At the SLC theparameter wasmuchsmallerthan1%. For all future projectsit is
raisedto roughly 10%, for example,by increasinghe numberof bunchesperrf pulse
from 1 to about100,andby improving the efficiency of all rf components.

The vertical spotsizeis the secondfree parameter In all proposeddesignsit is
morethan100timessmallerthanat the SLC. Suchtiny spotsizesare achiezed both
by muchreducedemittancesndby interaction-poinbetafunctionsthataresqueezed
down to aboutl00 m, asshovnin Tablel.

Let us take a closerlook at beamstrahlung. The typical enegy of the beam-
strahlungphotonsis characterizedy the parameter . This is equalto two thirds
of theclassicakritical enegy dividedby thebeamenegy

— (77)

where denoteghefine structureconstant.For synchrotrorradiationemittedfrom a
dipole magnetthe critical freqeny is - and, usually the enegy of syn-
chrotronradiationphotonsis muchsmallerthanthe beamenegy . Forthe
beamstrahlungmittedduringthebeam-beancollision, this neednotbethecase. Typ-
ical valuesof attheinteractionpointare fortheSLC, fortheNLC, and
almost10for CLIC. If becomesomparabldo 1 or larger, a significantportion of
beamstrahlunghotonscorvertinto real electron-positrorpairsin the strongelectro-
magnetidieldsof thetwo beamsUnfortunatelylinearcollidersat multi-TeV enepies
canhardlyavoid operatingn this regime.

Besides , thereis a secondparametepof interest,namelythe numberof beam-
strahlungphotonsemittedperelectron.It is

e

The last approximationappliesif  is small. For example,choosing and
, we obtain nm, consistentvith the NLC parameteset.
Notethatby reducingthebunchlength , we canreacha parameteregimewhere
is largeandthe spotsizesmall,but wherewe canstill ensurethat , thanksto

thequantumcorrectionterm— the brackets— of Eq. (78). Thisis sometimeseferred
to asthe quantumsuppressiomf beamstrahlunglt arisesyroughly speakingfrom the
factthatthe electronscannotradiatephotonsof enegy higherthanthe beameneny.
The classicalspectrumof synchrotron-radiatiorphoton enegiesis modified in this
extremequantunregime.

Two further quantitiescharacterizingpeamstrahlungre the averageenegy loss
perelectron,

- — (79)

andthe fractionof luminosity atthe nominalenegy,

—  — ) (80)
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whichdependonlyon . Thevalueof dropsrapidly for increasing , eg.,

for , it is 81%, for only 25%, andfor barely11%.
Introducingthe aspectratio , the numberof beamstrahlungphotons
scalesas andtheluminosity as . Hence,

in orderto maximizetheluminositywhile atthe sametime constraininghe numberof
beamstrahlunghotonsit is bestto operatewith flat beamswvhere

Flat-beanparametertave beenadoptedor all futurelinearcollider designs Var-
ious otherand more exotic methodsof overcomingthe beamstrahlungroblemhave
beenproposedsuchas4-beamcollisions(2 electronbeamscolliding with 2 positron
beamssothatthenetelectricandmagnetidields arezero),plasmawherethe plasma
returncurrentcancelsthe beamfields), and photon-photorcollisions (herethe beam
enegy is corvertedinto photonenegy by Comptonscatteringoff a high-pawverlaser).
Noneof theseadvancedschemesasyet beendemonstratedxperimentally

4.3 Crossing Angle

A crossingangleis usedby NLC, JLC andCLIC to separat¢heincomingandoutgoing
beamsandto provide apassagéor thedisruptedspentbeamsothatit canescapdrom
theinteractionregion. If the crossingangleis sufiiciently large,the spentbeampasses
outsideof thefinal quadrupoldor theincomingbeam.

A large crossingangleis alsoneededo avoid the so-calledmulti-bunchkink in-
stability, wherebyan initial vertical offset betweentwo bunchesis amplified via the
parasiticencounter®n eitherside of the main collision point. If thetwo bunchtrains
enterwith arelative offset , the offsetof thetwo first colliding buncheds equalto
sothat

(81)
Thiswill deflectthefirste bunchvertically by
- (82)
andthefirste bunchby
- (83)
where
(84)

denoteghedisruptionparameterTheseconde bunchwill undegoa parasitic(long-
range)collision with thefirst e bunchatadistance from the primaryIP. The hor-
izontal separatiorof the two buncheshereis andthee bunchis vertically
offsetby . Theseconde bunchthusexperiences verticaldeflectionof

— (85)
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Similarly, we find for theseconde bunch

— (86)

()

More generallyfor the th pair of bunchestheoffsetincreasess

whichincreaseshe offsetatthemain|IP to

(88)

)

We concludethatthekink multi-bunchinstability is weakaslong as

where

(90)

wherein this case  denoteshe numberof bunchesthat interactin the free space
aroundtheinteractionpoint,i.e.,

— (91)

with  designatinghebunchspacingand thefreedistancebetweertheendof the
lastquadrupoleandtheinteractionpoint.

Chenand Yokoya, who alsotake into accountthe beam-beaneffects during the
head-oncollision, developeda slightly modified condition for avoiding a significant
verticaldisplacementlueto the multibunchkink instability, namely

—/- — (92)

Finally, theinteractionpointis normallylocatednsidethestrongmagneticsolenoid
field of the detector If the beampasseghroughthis solenoidundera horizontalan-
gle, it is deflectedvertically. This generatevertical dispersionandalsoinitiatesthe
emissionof synchrotrorradiation. The vertical spotsizeincreasedueto synchrotron
radiationin the body of the solenoidwas computedby J. Irwin similar to the Oide

effect, with theresult
[ () =

A larger effect can arisefrom the fringe field of the solenoid. This is illustratedin
Fig. 16, a simulationexamplefor CLIC, which showvs the dependencef the vertical
blow up on the crossingangle, the solenoidfield and the longitudinal extent of the
fringe.
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Figure16: Simulatedverticalspotsize  atthe CLIC collision pointvs. (left) and
vs. lengthof fringe field (right), consideringsolenoidfieldsof 4 and6 T.

4.4 Crab Cavity

If thebunchesarecollidedwith ahorizontalcrossinganglealargepartof theluminisity
canbelost. Thislosscanroughlybeestimatedas

— — (94)
where is theideal luminosity for head-oncollision and  the luminosity with full
crossingangle . If , it is quite substantial.For CLIC this factoris
about8; hencewitthoutfurtheraction,theluminositywould bealmostlOtimessmaller
thanfor head-orcollisionsof the samebeams.

Oneway to recover the luminosity is to employ crab cavities, first suggestedy
R. Palmer Thesedeflectthe headandtail of the bunchin oppositehorizontaldirection
suchthatafteradistance equalto thatbetweerthecrabcavity andthecollisionpoint,
thetwo bunchesareperfectlyalignedwith respecto eachother(seeFig. 17).
Theeffect of the crabbingshouldbe

— - (95)
Consideringanrf wave (bunchcentempassesaitthe zerocrossing),
thecavity deflectsby anangle
(96)
Thekick is transformednto anoffsetat the collision pointvia
(97)

where is theoptical (1,2) transportmatrix element.Equation(95) thenyields

— — (98)
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Figurel7: Schematiof crabcrossingemploying dipole-modef cavitiesto rotatethe
beamatthe collision point.
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For example,with m and mrad, a voltageof 1 MV would be
requiredat 30 GHz.

Thereis atight toleranceon therelative phasestability of the two crabcavities on
eithersideof the IP. If this phasditters, the collision will no longerbe headon. The
tolerancefor a 2% luminositylossis

— (99)

or
- (100)

Thisamountgo lessthan0.1 andwould betighterstill atlower rf frequencies.

For fun, we cancomparethis with the only otherprojectcontemplatinghe useof
crabcavities, for which actualprototypeshave alreadybeenbuilt, namelythe KEK B
factory Here,the(s.c.) crabcavity frequeny is 500MHz, thecrossingangle
mrad,and m. Thetolerances , muchlooserthanin alinear
collider (althoughin aring collider multi-turn effectsmight accrue).

45 |P Orbit Feedback

Thebeamscanbeheldin collision by a fastfeedbackutilizing the beam-beandeflec-
tion angleasa measureof the beam-beanoffset. The deflectionangleis inferredby
measuringhe orbit attwo (or more)BPMsin front of the IP andtwo (or more)BPMs
afterthelP. Eachsetof two BPMsdefinesaline, for theincomingandoutgoingbeam,
respectiely. Thedifferencen slopebetweerthesetwo lines equalsthe deflectionan-
gle. Electronicor mechanicabffsetsin the BPM readoutsanbeeliminatedby taking
datafor non-collidingbeamgqzerodeflection)asareference.

A typical beam-beandeflectionscanfrom the SLC is shawvn in Fig. 18. Nearthe
origin thecentroiddeflectiondependslmostlinearly onthe centroid-to-centroidffset
as

(101)

where £/ is the corvolutedbeamsize. This is almostthe same

formulaasfor the deflectionof asingleparticle,exceptthatthe single-beanspotsizes
arereplacedby the ‘cap sigmas’(the corvolutedspotsizes). The slopeof the deflec-
tion scannearthe origin measureshe convoluted beamsize, and hasbeenusedfor
estimatinghe luminosity aswell asfor tuning.

Fromalfit of thefull nonlineardeflectioncurveto atheoreticabxpressionpoththe
horizontalandvertical corvolutedspotsizescanbe inferred. Redundantnformation
comesfrom a deflectionscanin the horizontalplane. However, thesesignalsdo not
provide ary informationsaboutwhich of the two beamsis larger andthus shouldbe
corrected.For this reasonat the SLC a laserwire scannewasinstallednearthe IP,
which could measurehe single-beanspotsize. Also the beamstrahlungnduceden-
ergy losswasfoundto besensitve to the single-beansizes e.g., alargerbeampassing
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Figure18: Verticalbeam-beandeflectionscanat low current,demonstrating single-
beamsizeof about410nm.

throughthefield of asmallerbeamlosesmoreenegy, which canbedetectedy BPMs
atdispersve locationsor by dedicate¢photonmonitors.

Fromthe measuredieflectionangle,the separatiorof thetwo beamscanbe com-
putedandthencorrectedon subsequenbeampulsesusingfaststeeringmagnetsThis
is known underthe namelP collision feedback. Figure 19 shaws the simulatedre-
sponseof the SLC collision feedbacko a small stepchangein the beam-beanoffset.
Notethattheerroris almostperfectlycorrectedafterabout40 ms,or 6 pulses.

It is interestingthatthe collision pointfeedbackevencornvergesif theinitial offset
of thetwo beamss muchlargerthanthermsbeamsize,i.e., wherethedeflectionscan
hasa slopeoppositeto thatin the centralregion. Becauséahe feedbackdoesnot know
thatthe offsetis on the otherside of the extremum,the correctionstepsaretoo small
in this caseandit takesalot longerbeforethe beamsarebroughtbackto the head-on
collision. However, thealgorithmis stableandalwayscornvergesto thecorrectsolution
in theend.

4.6 Spot Size Tuning

We have seenthatmagnetmotionin thefinal focussystemcanintroducewaistshifts,
dispersionpr skew couplingatthecollision point. All of thesewill increasehelP spot
size. It is thereforenecessaryo correctand canceltheseaberrationn a time scale
comparabldo thedegradatiortime. This concepts illustratedin Fig. 20.

The optimizationcanbe doneby scanningorthogonakuningknobs,which e.g. ei-
therchangehehorizontalwaistpositionor theverticaldispersiorof onebeametc. The
orthogonalityhelpsto increasehe speedf corvergence.For example,anorthogonal
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Figure19: Simulatedtime responséo a stepchangeof thepost-19965LC IP collision
feedbackCourtesyL. Hendrickson).Topplot shavsthefeedbackalue- themeasured
offset; the bottomplot shavs the changen the corrector(‘actuator’) strengthusedto
steerthebeamdackinto collision.

Figure20: Schematiof tuning effectandspot-sizeincreaséetweertunings.
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horizontalwaistknob of strength  would have the properties
(102)
(103)
(104)
(105)
andanorthogonalverticaldispersiorknobof strength
(106)
(107)
(108)
(109)

How doesoneconstructtuningknob?The problemcanbe castinto amatrix equation
of theform:

(110)

Thesensitvity matrix  could eitherbe obtainedfrom anopticsmodel,or it couldbe
determinecempirically on the machine.For agoodsolution,the numberof adjustable
parametergquadrupolestrengths ) shouldbe larger or equalto the numberof
constraintsSo,unlessonecanexploit someoptical symmetryonemusthave
The matrix equationcanbe solvedfor exampleusinga singularvaluedecomposition,
which is a pawerful tool and simultaneouslyminimizesthe overall magnitudeof the
changesi.e, thesum)_ .

ThesingularvaluedecompositiofSVD) representthematrix  as

(111)

Thecolumnvectorsof the matrix andthe matrix areorthonormal:

(112)
(113)
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where  denotegheunity matrix. Theformal solutionto Eq. (110)is

(114)

wherewe haveintroducedhesymbol  to denotethevectorwith thedesiredoptical
changeon the left sideof Eq. (110). If oneof the s zeroor small (indicatinga
degeneray), its inversemustbe setto zeroin Eq. (114).

In orderto optimize the aberrationsone needsnot only a knob but alsoa signal.
For along time, at the SLC, the aberrationsvere optimizedby minimizing the beam
sizeinferredfrom deflectionscansasa functionof theknobsetting.

For instance the beamsize was measuredor differentvaluesof the horizontal
waist. Thesquareof the measuretheamsizewasplottedversughewaistknobsetting,
andthe resultingcurve fitted to a parabola. The knob wasthensetto the minimum
of the parabolaand subsequentiythe next knob optimized. In total five knobs per
beamwere routinely scannedand optimizedevery few hoursby the SLC operators.
However, it turnedout that the resolutionof the deflectionscanswas poor and the
typically appliedwaist corrections comparableo , weremainly dueto thelarge
measuremergrror.

The deflectionscanswerefinally replacedby anautomaticditherfeedbackwhich
madefast up-davn stepchangego the knob settingsand correlatedthesechanges
with theresponsef fastluminosity signals(eitherbeamstrahlungr radiatedBhabha
events).An exampleis shovn in Fig. 22. Thenew method proposedaindimplemented
by P. RaimondiandL. Hendricksonwasfaster moreaccurateandlessinvasie than
the previous techniquebasedon deflections.In additionit wasfully automatic. The
changen theluminositytuningprocedurendits automatiorwasoneof thekey factors
which pushedup the SLC luminosityin its lasttwo yearsof operation.
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Figure21: Aberrationscansatthe SLC collision point. In total, 10 aberrationsadto

becontrolled:horizontalandverticaldispersiorandwaistposition,aswell ascoupling
from the horizontalinto the vertical plane,for eitherbeam. Theseaberrationsvere
correctedusingdifferentcombinationsof quadrupoleand skew quadrupolemagnets,
whichform orthogonalmultiknobs.Eachmultiknobwasadjustedsoasto optimizethe

IP spotsize,basedn a parabolicfit to thebeamsizes(squaredmeasuredor different
knob values. Until 1997,the beamsizewasinferredfrom the beam-beanteflection
scanswith resultsasshawn in the figure. The errorsweresignificant. In the lasttwo

years,the aberrationsverecontrolledby anautomatic'dither’ feedbackwhich made
up/donvn changeso themultiknobs,anddeterminedheir effectontheluminosityfrom

thecorrelatedvariationof the beamstrahlung-inducezhepgy lossor otherluminosity-

relatedsignals suchasradiative Bhabhaevents.
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Figure22: SLC luminosity optimizationfeedback:responsesf radiatedBhabhalu-
minosity monitor and beamstrahlungletectorto actuatordithering (L. Hendrickson,
P. Raimondi,1997).
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Figure 23: Enegy distribution of the spentbeamfor centre-of-mas&nepies3 TeV
and500GeV, simulatedby D. Schulteusingthe codeGuinea-Pig.

5 Spent Beam

After the collision the beamacquiresa large angularspread.In the caseof CLIC the
particlesemeping at largestanglesare oppositelychaged(coherent)pairs,requiring
afree-spacexit coneof atleast 10 mradaroundthecenterline.

A secondproblemwith the spentbeamis its hugeenegy spread. This enegy
spreadncreasesapidly for higherbeamenepies,asillustratedin Fig. 23. It seemsaun-
likely thata focusingopticscanbefoundfor abeamwith nearly100%enegy spread.
Hence for the CLIC exit beamline we presentlyforeseeonly a simplechicanewhich
separatethe chagesandallows for diagnosticof the spent-beanenegy spread Af-
terthechicanethe chagedparticledebrisandthe beamstrahlunghotonsaredisposed
ontoacommonbeamdump. Thisis illustratedin Fig. 24.

In orderthatthe dumpis not destrgyed by the beamimpactandalsothatthe lat-
ter doesnot generatesignificantacousticwaves, a dump basedon water at a nomi-
nal temperaturel C (zerothermalexpansioncoeficient) was proposedor CLIC by
J.B.Jeanneret.
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Figure24: Schematidayoutof a CLIC exit line which separateshagedandneutral
debriscomponentsisinga chicaneprior to disposalon abeamdump.
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