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1 Beam-Delivery Overview

The beamdelivery systemis the part of a linear collider following the main linac. It
typically consistsof a collimation system,a final focus,anda beam-beamcollision
point locatedinsidea particle-physicsdetector. Also the beamexit line requiredfor
thedisposalof thespentbeamis oftensubsumedundertheterm‘beamdelivery’. See
Fig. 1.

In addition,somewherefurtherupstream,theremight bea beamswitchyardfrom
which the beamscan be sent to several different interactionpoints, and possiblya
bendingsection(‘big bend’)whichprovidesacrossingangleandchangesthedirection
of thebeamline aftercollimation,soasto preventthecollimationdebrisfrom reaching
thedetector.
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Figure1: Schematicof thebeamdeliverysystemfor a linearcollider.

Table 1 lists typical beamand interaction-pointparametersof variousproposed
linearcolliderprojects.Thenumbersachievedat theSLCareincludedfor comparison.

2 Collimation System

2.1 Halo Particles

If a beamparticlepassesthefinal quadrupolesin front of thecollision point at a large
transverseamplitudeit cancausebackgroundin thephysicsdetector, eitherby emitting
synchrotronradiationor by beinglostonalimiting aperture.Thesynchrotronradiation
hitting the innerapertureof thequadrupolesor a mask,canbesingly or doublyback-
scatteredinto a sensitive part of the detector. Lost particlesinduceelectro-magnetic
showers. Both sourcesof backgroundare undesirable.The commonprocedureof
avoiding suchbackgroundis to collimatethebeamsboth in transverse(betatron)am-
plitudesandin energy upstreamof thefinal-focusentrancein a dedicatedcollimation
system.
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Table1: Beamandinteraction-pointparametersfor variousproposedlinear colliders
comparedwith thoseof the SLC. Note that somenumbersmay have changedsince
publication,andthat,e.g., TESLA now contemplatesanalternativeparametersetwith
higherluminosity. [ 2 TheSLCspotsizesquotedreferto the1998averagevalues.]

Parameter Symbol SLC TESLA NLC CLIC

C.m.energy [TeV] E 0.1 0.5 1 3
Luminosity[ 354�687 cm9;: s9=< ] > 0.0002 0.84 1.3 10
Repetitionrate[Hz] ?5@BADC 120 4 120 100
Bunchcharge[ 354E<BF ] GIH 3.7 1.8 1.0 0.4
Bunches/rfpulse JKH 1 2260 95 154
Bunchseparation[ns] LMH — 354 2.8/1.4 0.67
Av. beampower [MW] N H 0.04 13 9 14.8
Bunchlength[mm] OQP 1 0.5 0.12 0.03
Hor. emittance[ R m] SUTWV 50 12 4.5 0.68
Vert.emittance[ R m] SUTWX 8 0.03 0.1 0.02
Hor. beta[mm] Y[ZV 2.8 25 12 8
Vert. beta[mm] Y[ZX 1.5 0.5 0.15 0.15
Hor. spotsize[nm] O=ZV 17002 783 235 43
Vert. spotsize[nm] O=ZX 9002 5.5 4 1.0
Upsilon \ ]_^`354E9a6 0.02 0.3 8.1
Pinchenhancement bdc 2.0 1.6 1.45 2.24
Beamstrahlung e8f [%] 0.06 1.0 10 31
Photonsper gh9 (gji ) GIk 1 0.9 1.4 2.3

2.2 Functions of Collimation System

In additionto removing thelarge-amplitudeor off-energy ‘halo’ particles,thecollima-
tion systemshouldfulfill severalotherfunctions,namely:

l The collimatorsshouldprotectthe downstreambeamlinecomponentsagainst
mis-steeredbeamsin caseof asubsystemfailure,andideally survive theimpact
of a full bunchtrain.

l Thecollimatorwake fieldsshouldnot significantlyamplify a trajectorychange
or blow up thebeamsize.

l Thecollimationshouldbesufficiently faraway from thecollisionpoint to allow
for asuppressionof thenumberof muonsgeneratedby thecollimation.

2.3 Collimator Survival

Oneof thegreatestchallengesin thedesignof thecollimatonsystemis therequirement
that the systemshouldsurvive the impactof a full bunchtrain. (For TESLA it only
needsto survive a few bunches,asthe pulselengthis so long that later bunchescan
be eitherstoppedin the dampingring or sentthrougha bypassline directly onto the
dump.)Collimatorsurvival wasalreadyadifficult challengeat theSLC;seeFig. 3.
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Figure2: Beamlossin thefinal quadrupolesor synchrotronradiationemittedby halo
particlesmaycauseunwantedbackgroundin thedetector.

Figure3: Pictureof a damagedSLC collimator. The20-R m thick gold coatingon top
of aTi alloy wascompletelyablatedby beamimpact.Thegroovesformedby thebeam
extendedwell into theTi substrate.Theroughsurfaceof thedamagedcollimatorsgave
riseto severewake-fieldeffects.(CourtesyF.-J.Decker)
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Figure 4: Schematicof a conventionalcollimation systemconsistingof a seriesof
spoilersfollowedby absorbers.The sizeof the spoilersandabsorbersis 0.25–1and
20 radiationlengths,respectively. Collimationis performedin bothbetatronphasesas
indicated.

Theconventionalapproachof dealingwith this problemis to build a dualsystem
consistingof shortspoilers(i.e., of 0.25–1radiationlengths)followeddownstreamby
long (10–20radiationlengths)absorbers.This is illustratedin Fig. 4.

In thespoiler, thebeamparticlesundergo multiple scattering.Thehorizontaland
verticalrmsscatteringanglesare

� Fd� 3����`g�������
�� F
� (1)

where � is thespeedof light, � theparticlemomentum,� the thicknessof thespoiler,
and

� F its radiationlength.Sincethespoileris at a locationwith largebetafunctions,
andsincethebeamemittanceis small, thermsangle

� F is muchlargerthantheinitial
beamdivergence T8�5Y .

Supposean absorberis placeda distance> downstreamof the spoiler. A beam
hitting thisabsorber(whichfirst musthavepassedthroughthespoiler)will haveasize
of about � OhV�O Xa���8�� B¡¢@£�¤AD@ � > : � :F¦¥ (2)

Choosingthe distance> large enough,it is possibleto obtaina beamsizeof a few
squaremillimeters,adequateto guaranteeabsorbersurvival.

It turnsout thatthesurvival of thespoilersis moredifficult to guarantee.Although
thespoilersaresufficiently thin thatno full electro-magneticshower candevelop,the
spoilerscan still be damagedby surfacefracture, if the local temperatureincreases
beyondanacceptablelimit.

Thetemperatureincreaseis

L¨§ª© 3«­¬ L�®L°¯ � (3)

where
«­¬

is theheatcapacity, and L�® theenergy depositedby thebeaminto a massL¨¯ .
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Thetemperaturechangewill leadto achangein thelengthof thematerialvia

L �� ©²±EL°§ (4)

where ± is thethermalexpansioncoefficient. Thechangein lengthin turn is relatedto
a tensionvia Hooke’s law:

O³©µ´ L �� ©µ´°±¶L¨§·©µ´d± 3« ¬ L�®L°¯ ¥ (5)

Here ´ is theelasticor Young’smodule.Thesurfacewithstandsabeamimpactif

O¹¸ºO�»½¼�¾ � (6)

where O »½¼�¾ denotestheultimatetensilestrengthof thematerialin question.
In orderto expresstheenergy depositionin termsof thebeamparticlesandbeam

size.weonly considertheenergy transferby ionization,characterizedby theparameter
‘
�D¿ ®À� ¿�Á � ’, andfind L�®

L¨¯ ©
�D¿ ®À� ¿�Á � G H J HÂ ]ÄÃÀO V OhX ¥ (7)

CombiningEqs.(5), (6), and(7), wefinally obtain

� O V OQX �ÆÅ 3
]ÇÃ

¿ ®Â ¿�Á GÈHÉJKH ´d±« ¬ 3
O »½¼¶¾ ¥ (8)

As anexample,assumingthematerialpropertiesof copper, ±Ê©Ë3 ¥
Ì ^Í354 9aÎ K 9=< ,´Ï©Ð35]�4 GPa,

« ¬ ©Ë4 ¥
Ñ�Ò�Ó

Jg9Ô< K 9=< , ¿ ®À� � Â ¿�Á � � 3 ¥ �Õ� MeV cm: /g, and OhÖØ×EÙÚ©Ñ 4Õ4 MPa,we find � O V OhX � <ÜÛ¢:°Ý ]�4Õ4[R=Þ ßÕà Y Vaá X Ý 3 Ó 4Õ4ãâQÞ �
where,in the last step,we considerednormalizedemittancesof SäT V ©·4 ¥

å�Ò R m andSäTDXM©æ4 ¥ 4E3äR m at 1.5-TeV beamenergy. Beta-functionsof 1000sof km imply a long
systemandtight tolerances.

Ouraboveestimateis still somewhatoptimistic,sincewehaveignoredtheonsetof
theshower insidethespoiler, which will enlargetheactualenergy deposition,aswell
astheheatingof thecollimatorsurfaceby beamimagecurrents.

2.4 Muons

If haloparticlesarescrapedoff atthecollimators,anew sourceof backgroundis gener-
ated:muons.Aboutonemuonis createdper 354�7 lostelectrons(mainlyby theso-called
Bethe-Heitlerprocess).Themuonsarehighly energeticandonly weakly interactwith
matter. If no furthermeasuresaretaken,many muonswill propagateinsidethetunnel
almostparallelto thebeamandpassthroughthedetector. Theharshmuonbackground
wasoneof the unexpectedsurprisesduring the early daysof SLC operation. In an
attemptto renderthis muonbackgroundacceptable,severalsetsof new collimatorsas
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well asmuontoroidswereinstalledat theendof thelinac, in theSLC arcs,andin the
final focus.

Usually, a largedistancebetweencollimationanddetectorreducesthenumberof
muonsreachingthe latter. The muonscanalsobe slowed down anddeflectedby in-
stalling10sof metersof ‘tunnel fillers’, weighing1000sof tonsandcomprisingmag-
netizedtoroids, in which the muonssimultaneouslyloseenergy andarebent. These
tunnelfillers potentiallyreducethemuonbackgroundby oneor two ordersof magni-
tude.

Thelargestuncertaintyin ourestimatesof muonbackgroundfor afuturecollider is
theincompleteknowledgeof thebeamhalo.While roughanalyticalestimatessuggest
that theunavoidablehalo,e.g., dueto gasscattering,couldbenegligibly small,at the
SLC often up to several percentof the beamhad to be collimated. The sourceof
the SLC halo wasnot understood.If at a future collider, 0.1%of the beammustbe
collimated,thenumberof primarymuonswill behuge.

Figure5 shows the simulationof a supersymmetricevent in CLIC togetherwith
muonbackgroundtraversingthedetector(1650tracks).If a haloof 354E9;6 (beamfrac-
tion) is collimated,thenumberof muontracksperbunchtrainwouldbe15timeshigher
thanshown.

2.5 Downstream Sources of Beam Halo

Therearetwo primarysourcesof beamhalowhich cannotbeavoided,andwhich may
re-generatehaloafterthebeamhasalreadybeencollimated:(1)beam-gasbremsstrahlung,
and(2) Comptonscatteringon black-bodyradiation.

Thecrosssectionfor bremsstrahlung,i.e., inelasticscatteringoff theresidualgas,
with a relativeenergy losslargerthan e8ç is

O �j@£ADèä  � � 3
å
Ñêé :ë ±Ôì :Øíïî e8ç íðî 3 Ò�Ñ

ì <ñÛò6 (9)

where ì is theatomicnumberof thegascomponent,± thefinestructureconstant,andé ë theclassicalelectronradius.Notethatthis crosssectionis independentof thebeam
energy, andthus,unlike elasticscattering,remainsimportantat the highestenergies.
For e8çó©ô3�õ , and G : (or

«¦ö
), onehas O ��@£ADèä  � å

barn. Assuming1 ntorr
«¦ö

pressureat roomtemperature,themoleculardensityis Â;÷Ôø � Ñ ^ù3�4 <B6 m 9;6 .
The total crosssectionfor scatteringon thermalphotonsis closeto theThomson

crosssectionOÕú£û � Ò Ã é :ë � Ñ � 4 ¥
Ì

barn.At roomtemperature,thedensityof photons
is aboutÂ k � Ó ^ù3�4 <£7 m 9a6 .

Thefractionof beamparticlesscatteredovera distance> is

L¹G
G ©²O Â > (10)

where O is the crosssection(e.g., equalto O ��@£ADèä  or OÕú£û ) and Â thedensity(equaltoÂ�÷=ø or Â k ).
Onefindsthat1 ntorr

«¦ö
pressureis roughlyequivalentto theeffectof thethermal

photonsat room temperature.Typically severalhundredscatteringeventsmay occur
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Simulation of e+e- → µ µ → χ0 µ χ0 µ  event 
with muon  background traversing the  detector   (M.Battaglia)

ClicPhys4/evt_mu_smu.eps

2 
m

et
er

Statistics (1650 µ) of this run such, that µ-background 
still to be multiplied with factor 15 to simlate full batch

~ ~

Figure5: Simulationof aneventei e9ýüÿþRÈþRºü � F R�� F R togetherwith 1650back-
groundmuontrackstraversingthedetector. (CourtesyM. BattagliaandH. Burkhardt)
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Figure6: Illustration of a transversewake field excited by a leadingparticle,which
deflectsthetail particle.

perbunchtrain in a few-km long beamdelivery system.A largepartof thescattered
particlescanbeinterceptedby secondarycollimatorsin thefinal focus.

2.6 Collimator Wake Fields

Sincethe beamsizesare small, the collimator gapstend to be small aswell. As a
consequencea beamwhich is not perfectlycenteredin sucha collimator canexcite
a strongwake field by which it is further deflectedfrom the axis. Suchwake-field
inducedjitter amplificationwasaseriousproblemat theSLC.

Figure6 illustratestheconceptof atransversewakefield andit introducesthewake
function � ��� � whichdescribesthestrengthof thetransversewakeforceatadistance

�
behindthesource.Leadingparticleswhich areoffsetgenerateanelectricor magnetic
field which deflectsthefollowing particles.In a geometrywith cylindrical symmetry,
the strengthof the deflectiondependsonly on the longitudinaldistancebetweenthe
two particlesandit varieslinearly with theoffsetof the leadingparticle,whereasit is
independentof thepositionof thedeflectedparticle.

Assumingthatthebeamoffset L�� is constantalongthebunch,thedeflectionof a
beamsliceat position

�
is obtainedby integratingthewake field generatedby all the

leadingslices(with
��� Å � ):
L�� � ��� � ©º� é ë GIHòL �S

!
P � �"� � � � � Â ��� � � ¿#� � (11)

whereÂ ��� � denotesthenormalizedchargedistribution alongthebunch(
¿$� Â ��� � ©3 ).

Thecentroiddeflectionof thebeamis obtainedby averagingthewake-fielddeflec-
tion over thelongitudinalbeamdistribution:

¸ L � � Å © !
9 ! Â

��� � L�� � �"� � ¿#� ¥ (12)

In additionto thecentroiddeflection,thewake field will alsoincreasethebeamdiver-
genceandhencetheprojectedbeamemittance,which canbecalculatedby averaging
thesquareof L�� � �"� � (andsubtractingfrom this thesquaredaverage).In thefollowing
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wewill alwaysreferto thecentroiddeflectionof oneentirebunch,droppingtheangular
brackets.

At acollimatorgap,thereexist two typesof wakefields: (1) thosearisingfrom the
finite resistivity of thechamber, and(2) thosearisingfrom thechangein geometry, i.e.,
from a variationin aperture.To minimize thesecond,geometricwake field, a typical
collimatoris taperedasillustratedin Fig. 7.

% &

'( ) * + ,∆
 -

. /

0

Figure7: Schematicof a taperedcollimator. If the beampassesoff-center, it will be
deflectedby thecollimatorwake field.

The centralflat part of the collimator only gives rise to a resistive wake. The
deflectionof the bunchcentroidin a roundcollimator with radius1 anda flat length>32 is

L�� �2 ©ý4 ¥ Ò 3 å > 2 G H é ëSUOQP
]1 6 4 O P L�� (13)

whereL�� is theoffsetfrom thepipecenter, and 465 Þ87:9 Â 5 ; Þ87Ü�
� 35]�4ÄÃ � is referredto

astheresistivedepth(Â is theresistivity in unitsof ; m).
We note that the longitudinal resitive-wall impedance(the Fourier transformin

timeof thepoint-sourcewakefield) canbeestimatedas

ì=<><�© «
]ÇÃ�1@?  BAj@BC (14)

where?  DA�@BC is the surfaceimpedancein units ; persquaremeter(andthis in turn is
equalto

� 3FEHG � Â ��eJI with Â theresistivity and eKI theskin depth).Sincethetransverse
impedanceis relatedto thelongitudinalvia

ìMLµ© ]��1 : ìN<><O � (15)

11



this resultsin the 3Ç�P1a6 dependenceof thetransversewakefield, whichwehavequoted
in Eq. (13).

Considernow a collimator which is taperedon eithersideundera shallow angle�
(
�RQ 3 ). The tapermay extendover a length > × (on eitherside)after which the

beampipereachesthenominalapertureS . We assumethat SUTV1 . Thewake field of
the taper(addingboth outgoingandincomingside) is the sumof a geometricanda
resistivepart:

L�� �× © ]¶G H é ë
SäO P

3
]XW Ã ]YS1½> × EÍ4 ¥ Ò 3 å >U× 3SZ1 : 4 OhP L�� (16)

The resistive part canbe obtainedby integratingthe formula (13) over a lengthwith
varyingradius,thegeometricwake wasderivedby K. Yokoya.

Finally, thetotaldeflectionby thecollimatorwakefield is thesumof thecontribu-
tionsfrom theflat partandfrom thetaper:

L�� � © L�� �× E`L � �2 ¥ (17)

Thedeflectioncanbeminimizedby (1) optimizingthelengthof thetaper, (2) selecting
thematerial,(3) choosinganoptimumvaluefor thegap1 .

Note that all the expressionsabove refer to round collimators, for which exact
expressionsof the wake fields areavailable(exceptperhapsfor a rigorousproof that
onecanlinearly addthe geometricandtheresistive wake fields for the taperedpart).
On theotherhand,for flat rectangularcollimatorsthetheoryhasbeenmoreuncertain.
A few yearsagothecalculatedwake fieldsfor flat taperedcollimatorsvariedbetween
zeroandinfinity. In themeantime,awake-fieldtestfacility hascomeunderoperationat
SLAC, andnew experimentaldataappearto beconvergingagainstupdatedtheoretical
predictions.

2.7 Collimation Optics

Thecollimationsystemsfor mostcollider designsarebasedon a simplelinearoptics
consistingof FODOcells.For theenergy collimationalsobendingmagnetsareneeded
in orderto generatedispersion.Thesedispersive regionscansimultaneouslybe used
for chromaticcorrectionby meansof sextupolemagnets.Pairsof sextupolesseparated
by a phaseadvanceof 180[ (‘ ��� transformation’)areparticularlypopular, sincethey
leadto anautomaticcancellationof geometricaberrations.This is illustratedin Fig. 8.
We will discussthe ��� transformationin Section3.3.

For a linearcollimationsystem,thecollimatorgapis givenby the rmsbeamsizeO at thespoilerandthedesiredcollimationdepthJ (in unitsof O ), e.g., in thevertical
plane: 1 X ©ýJ X O  £C¤¡K\ ] AD@ á X ©ÊJ X Y X á  £C¤¡^\ ] AD@ T X ¥ (18)

In additionto the purely linear collimation systemsjust described,varioustypes
of nonlinearsystemshave beenexplored. The nonlinearschemesoffer a numberof
potentialadvantages,asthey could(a)blow upthebeamsizeatthespoiler, (b) increase
the collimator gapandreducethe wake-field effects,(c) fold in the beamtails at the
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Figure8: Schematicof collimation optics. Energy spoilersandchromaticcorrection
sextupolescanbeplacedat thehigh-dieprsionpoints.The ��� transformationensures
thatgeometricaberrationsfrom the sextupolescancel,andalsothat energy errorsdo
not convert into betatronoscillationsvia the collimator wake fields. Dispersionalso
helpsfor betatroncollimationsinceit increasesthebeamsize.

final doubletwhich allows collimationat a largernumberof O andthusalsoopensup
theaperture,or (d) shortentheoverall lengthof thecollimationsystem.

As anillustrationof apossibleadvantage,consideranonlinearverticalcollimation
usinga skew sextupole. The deflectionimpartedby a skew sextupoleto a particleat
verticalamplitude� I ë Vf� (assumingzerohorizonaloffset)is

L � � ©º��� I] � :I ë Vf� (19)

andtheparticlepositionat a downstreamspoileris � I ¬J�K�s� ë"� ���Æ6¢7 L � � , where �Æ6¢7 is
thetransportmatrixelementfrom theskew sextupoleto thespoiler. Collimationat J X O
is achievedif thecollimatorgapis chosenas

1¹© ��687 � I]
� J X O Xa� : © ��687 � I] J : X Y X á  £A�� ú T X ¥ (20)

If thevaluesof �Æ6¢7 and � I aresufficiently high, thecollimatorgapcanpotentiallybe
muchlargerthanthelinearvalue(18). In addition,thebetafunctionat thespoilerdoes
not directly enterin Eq. (20). Hence,by choosinga smallbetafunctionat thespoiler,
thewake-fieldeffectsof thecollimatorscanbemademuchsmaller, in suchanonlinear
scheme.
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3 Final Focus

3.1 Purpose

Thepurposeof the final focussystemis to demagnifythe beamsby a factorof 100–
300down to a few tensor hundredsof nanometershorizontallyanda few nanometers
verticallyat theinteractionpoint,wherethebeamscollide.

Importantdesignissuesarethelinearandnonlinearoptics,theperformancelimita-
tionsarisingfrom higher-orderaberrationsandfrom synchrotronradiationin dipoleor
quadrupolemagnets,the toleranceson magnetpositionstability andpower-converter
drifts, andtheluminositytuningstrategy.

3.2 Chromatic Correction

The unprecedentedlyhigh luminosity of future linear colliders implies an extremely
smallbeamsize,which requiresbothsmallemittancesandsmallbetafunctions.

The small betafunctionsat the collision point arerealizedby focusingthe beam
with a doubletof two strongquadrupolemagnetslocateda few metersupstream(the
doubletensuresthat thebeamis focusedin both transverseplanes,makinguseof the
strongfocusingprinciple). The normalizedfocusingstrengthof a quadrupole,��� (in
unitsof m 9;: ), dependson theparticlemomentumas

� � © � ×� � � Â � © ��� ×�j� F � 3FE e � (21)

where � × is thepole tip field, � thepole-tip radius, � Â 9 � � � the magneticrigidity
of theparticle,� F thedesignmomentum,and e 9 � � � � F � � � F therelativemomentum
deviation. Typical valuesfor the final quadrupoleare � × � � � Ñ 4Õ4 –

Ó 4�4 T/m and� � � 4 ¥ 3 –4 ¥
Ñ

m 9;: . Sincethe focusingstrengthis energy dependent,particleswith
slightly differentenergieswill befocusedatdifferentdistancesbehindthequadrupole.
This is illustratedin Fig. 9.

The changein focal lengthwith particleenergy is calledthe chromaticityof the
final focus.It canbecomputedasanintegralover thefinal quadrupoles

¡ X�9 >£¢X
Y ZX ©²�

3
Y ZX

¿ � � � � � � � 687 � � � : � � ¿ � Y � � � � � � � � (22)

where�Æ6¢7 is the(3,4)transportmatrixelementsfrom position � to theIP whichrelates
an an angulardeflectionL�� � at � to a positionshift L �ÔZù© � 6¢7 L�� � at the IP. The
approximaterelationshipis valid sincethe final doubletis about90[ away from the
interactionpoint. The quantity >3¢X is calledthe chromaticlength,andin the vertical
plane,it canbe limited to beonly slightly larger thanthe free lengthfrom theexit of
thefinal (vertically focusing)quadrupoleto the IP. In thefield free region aroundthe
collisionpoint thebetafunctionevolvesas

Y � � � ©ýY Z E � :
Y Z ¥ (23)

14



¤¦¥V¤¦§

¨¦©V¨¦ª

«¦¬V«¦­

Figure9: Schematicof achromaticlens,wherethefocal lengthdependsontheparticle
energy.

SinceY[Z is small, the IP chromaticityof a linearcollider is huge,usuallyoneor two
ordersof magnitudelargerthanthemaximumchromaticitiesrealizedin storagerings..

If the chromaticityis not correctedthe vertical spotsizeat the interactionpoint
becomes

O ZX � O ZX á F 3®E ¡ :X O :¯ (24)

where O=ZX á F ( © Y ZX TWX ) is the ideal linear designspotsizeand eò@£èä  the rms energy
spread.Sincetypically

¡ � Ñ 4I4�4�4 and O ¯ � 4 ¥ ] Ò õ , thechromaticity, if uncorrected,
would increasetheIP spotsizeby a factorof

¡ XhO ¯ � 354�4 !
Therefore,chromaticcorrectionis indispensable.As in a storagering, this correc-

tion is performedby placingsextupolesat locationswith nonzerodispersion.
Thenormalizedstrengthof asextupolein unitsof m 9;6 is definedas

��IÈ© 3
� Â ° :°

Á
: �

� Á � V�± F ©
] � ×�
� Â � � : � (25)

where � denotesthe pole-tip radius, � × the pole tip field at the radius � , and � Â( © � � � ) themagneticrigidity of thebeam.Theintegratedsextupolestrengthis given
by � II©³²}I���I , where²}I is thelengthof thesextupole.Similarly, theintegratedstrength
of thequadrupoleis definedas � �¦©´²}����� , where ²}� is thequadrupolelength.

We assumefor simplicity thatasextupoleis placednearthefinal quadrupolemag-
net.Thedeflectionsgeneratedby thesetwo magnetsare

L Á � © �µ� �3NE e
�ïÁ E·¶dVae � � � I] � 3®E e �

� Á E¸¶¦Vae � : �H� : (26)
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L�� � © � �3®E e �¹E � I3®E e
�ïÁ E·¶dVQe � � � (27)

wherewe have includeda horizontaldispersion.In eitherequation,thefirst termde-
scribesthe effect of the quadrupoleandthe secondthatof the sextupole. Expanding3Ä� � 3FE e � � � 3 �Úe � andcollectingall termslinear in

Á e (thecoefficient of
Á e corre-

spondsto thechromaticity
¡ Vaá X ), we find that thechromaticityis exactly zeroin both

planesif

� I ¶dV�© � � ¥ (28)

However, thesextupolesintroduceundesirablenonlinearterms,suchasa verticalde-
flectionwhich is proportionalto theproduct

Á � , or ahorizontaldeflectionproportional
to
Á : and� : .

Wenext estimatetheimportanceof thesenonlinearterms.Theintegratedquadrupole
strengthis roughly equalto the inversefocal lengthof the final doublet,i.e., � � �3Ä�Õ?ù© 3Ä��²ÉZ (here ²ñZ is thefree lengthbetweentheexit of the lastquadrupoleandthe
IP).

Theverticaldeflectiondueto thenonlineargeometricterm( º Á � ) is

L�� � � � I
Á � �

Á �¶dV»² Z ¥ (29)

This resultsin a positionchangeat theIP of about

L � Z � ² Z L�� � �
Á �¶ V ¥ (30)

To obtainthecorrespondingincreaseof the IP spotsizewe mustintegratethesquare
of this expressionover thebeamdistribution, andget L O=ZX © ¸ L�� Z¶: Å . We also
find it convenientto normalizetheresultto thenominalIP spotsize:

L O=ZX
O ZX � OQVQá �ÇO X á �¶dV;O ZX � YØVQá �¤TWV»²ÉZ

Y ZX ¶dV � (31)

whereO X á � and OhVaá � arethermsbeamsizesatthequadrupole,andY Vaá � is theassociated
horizontalbetafunction.Thequantitieswith anasteriskalwaysreferto theIP.

As anexample,we inserttypicalNLC parameters:YØVQá � � ]�4 km, TDV � Ñ ^ 3�4 9=<B:
m, ²ÉZ © ] m, ¶ V � 4 ¥ 4 Ó m, Y[ZX � 3�4Õ4 R m, whichgives

L O ZX
O ZX � 354�4 ¥ (32)

Hence,thechromaticcorrectionwith singlesextupolesincreasestheIP beamsizeby a
factorof 100dueto thegeometricaberrationsthatit induces!In otherwords,by adding
a single(or two) sextupole(s)at a dispersive locationwe have correctedthechromatic
blow up of the spotsizes,but the prize to be paid for this is a geometricblow up by
alsoa factorof 100.Thuswe needto addfurthersextupolesto canceltheseadditional
aberrations.Theaccuracy of thecancellationsmustbeof theorderof 3�4 9;6 , implying
tight toleranceson theopticsbetweenthesextupolesandits stability.
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To cancelthe large geometricaberrations,typically two pairs of sextupolesare
used,for horizontalandverticalchromaticcorrection,respectively. Thesextupolepairs
areplacedeithernearthefinal quadrupolesoramultipleof Ã in betatron-phaseadvance
away from them. The top pictureof Fig. 10 illustratesthe basiclayout of a classical
final-focussystemwith modularchromaticcorrectionsection,the bottompicturethe
morecompactadvanceddesign.

Figure11showsasextupolemagnet(greenandroundnearthecenter)in thechro-
matic correctionsectionof theSLC final focus. The smallmetalroofsarepartof an
earlySLCupgradeandprotectthemagnetsagainstwaterdrippingfrom theceiling.
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Figure 10: Schematicrepresentationof a conventionalmodular(top) and advanced
compactfinal-focussystem(bottom).Thebeammovesfrom right to left. Top picture:
thebeampassesthechromaticcorrectionsectionandthena final demagnifier, before
it reachesthe interactionpoint. Only onepair of sextupolesis shown. A similar set
of sextupolesandbendingmagnetswould belocatedfurtherto theright. This scheme
wasinventedby K. Brown. Wire scannerslocatednearthetwo sextupoles,asindicated,
canmeasuretheenergy-positioncorrelationwithin thebunch;seehomework problem
2. Bottom picture: the beamtraversestwo geometricsextupoles,a dipole section,
andthenthefinal doubletwith aninterleavedpair of chromatic-correctionsextupoles,
beforeit reachestheIP. All 4 sextupolesareshown. Thiscompactsystemwasinvented
by P. Raimondi.
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Figure11: Photographof thechromaticcorrectionsectionin theSLCfinal focus.
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3.3 M Transformation

An elegantway to eliminatethe geometricaberrationsgeneratedby the chromatic-
correctionsextupolesis to placethemin pairsseparatedby a NPO transformation.This
schemewasinventedby K. Brown. It is employedin thecollimationsystemandin the
final focus(possiblyslightly modifiedin advanceddesigns,whereinsteadof a NPO , a
‘pseudoNPO ’ with � <B: © � 687 © 4 is usedwith similarbenefits).

The linearbeamtransportin a single-passsystemis oftenexpressedby a (
å ^ å )

matrix relatingtheinitial (subscriptG ) andfinal (subscript? ) phase-spacecoordinates:ÁÁX�
�� ��
e Q

©
� <8< � <B: � <£6 � <£7 � <BÎ � <SR�Æ:Ä< ��:8: �Æ:¢6 �Æ:¢7 �Æ:8Î ��:TR�Æ6Ä< ��68: �Æ6¢6 �Æ6¢7 �Æ68Î ��6TR�Æ7Ä< ��78: �Æ7¢6 �Æ7¢7 �Æ78Î ��7TR�ÆÎÄ< ��Î8: �ÆÎ¢6 �ÆÎ¢7 �ÆÎ8Î ��ÎTR�URÄ< �PR8: �UR¢6 �UR¢7 �UR8Î �PRTR

ÁÁX�
�� ��
e �

¥ (33)

In generalwe can expressthe position of a particle or of the beamcentroidas
the sumof betatronoscillation,

ÁWV
, dispersion¶ andhigherorderdispersion,¶YX[Z]\

( � ©_^ � ¥ð¥ï¥ ), as Á © Á V E·¶a`NE
Zcbed

¶ X[Z]\ ` Z � Á V E¸¶f` ¥ (34)

Oftenthehigher-orderdispersionterms( ¶YX[Z]\ with � Ý ^ ) areignored,aswe will do
in thefollowing analysis.

As alreadymentioned,in a conventionalfinal focus, two pairsof sextupolesare
usedfor chromaticcorrection,onepair for the horizontalplane,andtheotherfor the
verticalplane. We now consideronesuchpair in moredetail. We assumethatat the
locationof the first sextupole the dispersionis finite, ¶ �hg©ji , but that the slopeof
dispersionis zero, ¶ �� ©ki , andthat thereareno verticalbendingmagnetsanywhere,
hence�Pl R ©mi and �Pn R ©mi . The (̂poq^ ) submatricesin theverticalandhorizontal
plane,betweenthetwo sextupoles,arecommonlychosenas NPO (minusidentity) trans-
formations,first suggstedby K. Brown. Thefull � matrix betweenthetwo sextupoles
forminga pair thenhastheform

Nsr i i i i �utSRi Nsr i i i � d Ri i Nsr i i ii i i Nsrvi ii i i i r �Uw Ri i i i i r
x (35)

Wewrite theinitial positionof aparticleonadispersivetrajectoryasy �{z y V | � E ¶ � ` ,
andthecorrespondingfinal positionas y Q z y V | Q E ¶ Q ` . FromEqs.(33) and(35) it
followsthat y V | Q z NPy V | � andthatthedispersionat thesecondsextupoleis

¶ Q z N ¶ � E �ut}R x (36)
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This illustratesthatwithout bendingmagnets(i.e., with �ut}R z i ) thedispersionprop-
agatesexactly like a betatronoscillation. If therearebendingmagnetsbetweenthe
initial andfinal positions,in generalthe ~�rc����� matrixelementis notzero,i.e., � tSR gz i ,
and,in particular, thestrengthsof thebendingmagnetsbetweenthesextupolescanbe
adjustedso that � tSR z ^Y¶ � , whence¶ Q z ¶ � . In addition,it is possibleto design
the opticssuchthat � d R z i , andhence¶ �� z ¶ �Q z i . The last nonzeroelement,�Uw R , describesthechangein pathlengthfor differentmomentumdeviations. It is the
analogueof the momentumcompactionfactorin a storagering. Usually, � w R in the
final focusis sosmall,thatits effect canbeignored.

We are now in a position to formulatethe idea behindthe NPO transform. For
simplicity we considerthe horizontalplaneonly. We assumethat the sextupolesare
thin, so that their effect may be representedby a singlenonlineardeflection,andwe
denotetheir integratedstrengthsby � I | t and � I | d .As before,thedispersionat thefirst sextupoleis takento be ¶ � gz i andtheslope
to bezero ¶ �� z i . We denotethe particlecoordinatejust prior to the first sextupole
by y ��z y V E³¶ � ` (here y V 9�y V | � ), the associatedtrajectoryslopeby y � � , andthe
relative momentumdeviation by ` . Behindthefirst sextupoletheslopeof theparticle
trajectorybecomes

y � t z y
� � N r^ � I | t y d � z y

�� N r^ � I | t y d V N � I | t y
V ¶ � `�N r^ � I | t ¶ d� ` d x (37)

In additionto the initial slope,we hererecognizethreenonlineardependenciesintro-
ducedby thethin sextupole.Thetermproportionalto y d V representsa geometricaber-
ration andthe componentquadraticin ` a secondorderdispersive term. The mixed
productproportionalto y V ` is thechromaticterm,which we wantto generatein order
to compensatethechromaticityof thefinal-focusquadrupoles.

Applying the NPO transform,Eq. (35), with � d R z i and �ut}R z ^Y¶ � , we obtain
theparticlecoordinatesandslopesjust prior to thesecondsextupole:

y d z NPy V N ¶ � `®E � tSR ` z NPy V E·¶ � ` (38)

y��d z NPy��
V E r^ � I | t y d � x (39)

Insertingagain y � z y V E ¶ � ` andapplying the kick from the secondquadrupole,� y � z � I | d y dd , we obtain

y �d z NPy � V E r^ � I | t ~�y d V E�^�y
V ¶ � `NE·¶ d� ` d ��N r^ � I | d ~�y d V Nh^�y

V ¶ � `NE·¶ d� ` d � x (40)

For equalsextupole strengths,� I | t z � I | d 9 � I , the geometricaberrationsand
the second-orderdispersiontermscancelexactly, andall that is left is the chromatic
component: y��d z NPy��V Ep^ � I�y

V ¶ � ` x (41)

Theimportantconclusionis thata NPO pairof sextupoles,asconsideredhere,generates
only chromaticityandno otherlow-orderaberrations.This conclusionstill holdstrue
if the vertical motion is also includedin the analysis. Of course,in reality the NPO
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transformis not perfect,but itself varieswith the momentumdeviation. This gives
rise to higher-orderchromo-geometricaberrations,which ultimately limit the energy
bandwidthof thefinal-focussystem.

Thereis aninterestingaspectof dispersionin alinearcollider. In circularaccelera-
torsdispersionis normallymeasuredby samplingoff-energyorbitswith beam-position
monitors.In linearcolliders,however, varyingtheenergyatsomepointin thebeamline
andobservingthe inducedchangein orbit measuresthe � t}R matrix elementbetween
thepoint of energy changeandtheBPMsdownstream.In generalthis is not equalto
theenergy-positioncorrelationwithin thebunch,asfirst pointedout by P. Emma.The
energy-positioncorrelationin thebunchis a resultof changesin theindividualparticle
energies,—dueto acceleration,synchrotronradiationor wake fields,—andsubsequent
energy-dependentpathlengthsall alongthebeamline, whereasthe �ut}R measurement
probestheeffectof achangein accelerationat oneparticularlocationonly.

3.4 Performance Limitations

Usuallythebeamhasasignificantenergy spread,which is introducedto provide‘BNS
damping’againsttheeffectof transversewakefieldsin thelinac. A typical rmsenergy
spreadis 0.3%at theentranceof thefinal focus,andthefinal-focusmomentumband-
width mustbe correspondinglylarge,of the orderof 1%. A largerbandwidthwould
helpto furtherstabilizethebeamin thelinac.

The momentumbandwidthof a final focusis commonlylimited by fourth-order
optical aberrationswhich arisebecausethe NPO transformationsandphaseadvances
betweenelementsare no longer ideal for off-energy particles,sincethe focusingof
all quadrupolesis chromatic. In principle, the bandwidthcanbe increasedby adding
further nonlinearelementsat dispersive locations,suchas additional(‘Brinkmann’)
sextupoles,octupoles,or decapoles.In practice,the alignmenttoleranceson these
elementsandoperationaldifficulties might limit the achievablebandwidth. Most of
theaberrationsdecreasefor increasingdispersion.However, alargerdispersionimplies
strongerbendingangles(or a longersystem)andagrowing importanceof synchrotron
radiation.

Namely, aswe have indicatedabove, the dispersionat the chromatic-correction
sextupolesis generatedby bendingmagnets,andwe are facedwith the undesirable
situationthatweneedbendingmagnetsat thehighestenergy of thelinearcollider.

Synchrotronradiationin the dipolemagnetsintroducesandenergy spreadwhich
affectsboththehorizontalandverticalplane.Theadditionalenergy spreadacquiredin
adipoleof length ²�� andbendingangle� is

~ ��� ¯ � d z ���
^���� ����� �

�
�T� w

� l² d� � (42)

where
�� � is theComptonwavelengthof theelectrons.

In thehorizontalplane,thesynchrotronradiationcausesemittancegrowth similar
to theeffect of quantumfluctuationon thehorizontalemittancein a storagering. The
additionalcontribution to thehorizontalIP spotsizeandIP divergenceis

��� d� z �¡ c¢ w £�¤�¥§¦s¥ l ~©¨«ª­¬¯®±°t}R � d � (43)
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Figure12: Schematicof a conventionalfinal focusandits primarylimitations.

��� d�³² z �   ¢ w £�¤�¥§¦s¥ l ~©¨«ª­¬¯®±°d R � d � (44)

(45)

where
�´ µz � x r]�¶oµr]i�·¸tTt md GeV· w , ¦ z rc¹]º the inversebendingradius,and¨ ª­¬¯®±°» R the(¼ ,6) matrix elementfrom location ¤ to theIP.

In either plane, the spot size is affectedalso by a chromaticeffect, that is the
synchrotronradiationintroducesa changein theparticleenergy which (e.g., after the
sextupole magnets)is not chromaticallycorrectedand which changesthe particle’s
focal lengthafterthefinal doublet.This effect canbeestimatedfrom thechromaticity½ � | ¾ of thefinal doublet: ��� � | ¾� � | ¾À¿ ���ÂÁ ½ � | ¾ (46)

where ~ ��� Á � d zÃ�´ �¢ w £�¤�¥§¦s¥ l (47)

is theenergy spreadinducedby thelastblock of bendingmagnets.In a conventioncal
final focus the upstreambendingmagnetstend to alsocontribute an additional50%
to the spotsize increase. In a compactfinal focus the effect is reducedby a factor
of r�¹ � � , but it is not zero,sinceeven herean energy changesomewherealong the
dipoleis not fully chromaticcorrected(but only to theextentthatthedispersionat the
sextupoleis generateddownstreamof thelocationof photonemission).

A similar chromaticspotsizeincreasecanarisefrom longitudinalwake fieldsor
spacecharge forceswhich alsomay changethe energy distribution of the bunchbe-
tweenthechromatic-correctionsextupolesor dipolesandthefinal doublet.

Figure 12 is a schematichighlighting somemajor limitations to the final-focus
performance:synchrotronradiationandthetoleranceson magnetmotion.
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3.5 Tolerances

Sincethe beamsat the collision point areso small, andsincewe make useof strong
sextupolesto cancelthechromaticityandgeometricaberrationswith a high precision
the performanceof the final focusopticsis sensitive to many formsof perturbations.
Thecalculationof tolerancesis tedious,but they constitutea crucial ingredientto the
viability of a collider, andin thefollowing we presenta few examplecalculations.

Thefirst typeof errorswhichareimportantarethoserelatedto changesin thepar-
ticle trajectory, i.e., dueto quadrupolepositionjitter. A vibratingquadrupoledeflects
thebeamsothat it changesits transversepositionat thecollision point,andmaymiss
theopposingbeam(Fig. 13 a). Usuallythetolerancesaretighter in theverticalplane,
dueto the smallervertical spotsize. The changein IP positiondueto a changein a
verticalquadrupolepositionby Ä   is� ÄÆÅ� Å¾

z NPÄ  ³Ç�  È ¾ÂÉÊ¾ ¥�ËÍÌ�Î ~ÐÏ Å¾ NpÏ ¾�|   � ¥ � (48)

where
Ç  ÑzÓÒ� �Ô� 

is the integratednormalizedquadrupolestrength(
Ô� 

the lengthof
thequadrupole),and ~ÐÏuÅ¾ N�Ï ¾Â|   � thebetatronphaseadvancebetweenthequadrupole
and the IP. The tightesttoleranceis almostalways that for the final doublet,where
anoffsetof Ä   roughlycausesan IP displacementof equalmagnitude,andhencethe
toleranceon fastvibrationsis lessthana nanometer. Notealsothat in the final focus¥ÊËTÌ�Î ~�ÏsÅ¾ NpÏ ¾Â|   � ¥ ¿ r is a goodapproximationfor almostall locations.

All thetolerancesrelatedto theIP orbit arefasttolerances,sinceanIP orbit feed-
backcancorrectthe IP positionafter a few, say6 pulses(correspondingto about20
Hz).

A secondclassof tolerancesrefersto the IP spotsize. Correctionsof theIP spot
size can only be doneevery few minutesor so and hencethesetolerancesmust be
metover a muchlongertime scale.Themostimportantaberrationsincreasingthe IP
spotsizeareresidual dispersion, waist shift andskew coupling. They areillustratedin
Fig. 13 b–d.

Vertical dispersionis generatedby a displacedquadrupole,by rolls of bending
magnetsor quadrupoles,or by vertical displacementsof sextupoles. For example,a
quadrupoledisplacedby Ä   will increasetheIP spotsizevia dispersionas

��� Å¾ z Ä  cÇ¯ ³�ÂÁ ¥ ¨ lTn NÖÕ lTn R ¥ (49)

wheretwo effectscontribute: thechromaticdependenceof thedeflectionandthechro-
matic depedenceof the displacedtrajectory. In Eq. (49),

�ÂÁ
is the relative rms en-

ergy spread,and Õ lTn R the second-ordertransport-matrixelementwhich describesthe
second-ordercontribution to the shift in vertical interaction-pointbeampositionasa
functionof changesin theinitial slopeor energy accordingto

� Ä Å z ¨ lTn � Ä×��Ø_¨ l R � `�Ø�Õ lTn R � ` � Ä×��Ø xÙxÚx (50)

and in our example
� Ä � z N Ç¯  Ä   ¹Â~�r�Øm`Û� ¿ N Ç¯  Ä   ~ÍrsNÜ`Û� . Note that ¨ lTn zÈ Å¾ È ¾�|   ËTÌ§Î ~ÐÏuÅ¾ NÖÏ ¾�|   � , which alsoenteredin Eq.(48).
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Figure13: Steeringerrorsandvariouslow-orderaberrationsfor which tolerancesare
calculated.

A waistshift at thecollision point arisesif thesextupoleis horizontallydisplaced
(or if upstreamquadrupolesaredisplacedso asto steerthe beamhorizontallyat the
sextupole).Thechangein local gradientdueto a horizontaloffsetat thesextupole y ª
is ~ Ç ª y ª � andthiscausesa changein theverticalandhorizontalIP positionsby

� Ä Å z N Ç ª y ª Ä ² Å ¨ dlÍn ¿ N Ç ª y ª È ¾�| ª È Å¾ Ä×� Å (51)� y Å z N Ç ª y ª y ² Å ¨ d t d ¿ N Ç ª y ª È � | ª È Å� y�� Å (52)

andthecorrespondingrelativechangesin theIP spotsize��� Å�� Å� � z Ç ª y ª È � | ª (53)�q� Å¾� Å¾ �
z Ç ª y ª È ¾Â| ª � (54)

where
È � | ª and

È ¾�| ª denotethebetafunctionsat thelocationof thesextupole.We can
identify theassociatedlongitudinalshift in theIP waistpositionas

�
� � | ¾ z N Ç ª y ª È � | ¾�| ª È Å� | ¾ x (55)

A similar waist shift is inducedby a changein the strengthof a quadrupole
�qÇ� 

(simply replace
Ç ª y ª by

�qÇ� 
to obtaintheeffect).

Skew couplingfinally arisesfrom rolls of thequadrupolemagnetsor verticaldis-
placementof sextupolesor from trajectoryerrorsthatcauseaverticalorbit offsetin the
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sextupoles.As anexamplethebeamsizeincreasedueto a verticalsextupoledisplace-
mentby Ä ª is �q� ¾ z Ä ª Ç ª � � ¥ ¨ lTn ¥ (56)

wherë lÍn is thematrixelementfrom thesextupoleto theIP,
� � is thehorizontalbeam

size at the sextupole magnet,and
Ç ª the integratednormalizedsextupole strength.

Similarly aquadrupoledisplacementÄ   whichsteersthebeamverticalthroughadown-
streamsextupoleby

� Ä ª z ¨
  ¬¯ªlTn Ä  �Ç¯  will blow up thespotsizeby��� ¾ z Ä   ¥ ¨   ¬¯ªlTn ¥ Ç   Ç ª � � ¥ ¨ ª­¬ ÅlÍn ¥ x (57)

Wementionin passingthatthetolerancesandbandwidthlimitationscanbederived
moreelegantlyusinga descriptionbasedon Lie algebra,which wasintroducedto the
field of linear collidersby J. Irwin, following the pioneeringwork by A. Dragt. For
example,theLie generatordescribingasextupoleof integratedstrength

Ç ª at location¤ would be N�� z N Ç ª� ~�y l ª Nh��y ª Ä dª � (58)

and the coordinatesy ª and Ä ª canbe transformedto the interactionpoint using the
inversetransportmatrix

y ª z ¨ ª©¬ ÅdTd y Å N ¨ ª­¬ Åt d y�� Å ¿ N ¨ ª­¬ Åt d y�� Å (59)

Ä ª z ¨ ª©¬ ÅnTn Ä Å N_¨ ª­¬ ÅlÍn Ä � Å ¿ N ¨ ª­¬ ÅlÍn Ä � Å x (60)

As asecondexampleof theLie algebradescription,expressedin IP coordinatesawaist
shift by

Ô
correspondsto thegenerator

r^ Ô y � Å d x (61)

Applying theLie operator�����¸~ Ô y � Å d ¹Ú^�� to y¡Å by utilizing Poissonbracketsoneindeed
has

y Å�� z ����� r^ Ô y � Å d y Å z y Å N Ô y � Å�� y Å �©y � Å�� z y Å N Ô y � Å x (62)

This is theequationfor a waistshift by thedistance
Ô
. For a thoroughintroductionto

theLie-algebraapproach,we referto theexcellentarticleby J. Irwin.

3.6 Final Quadrupole

Theverticalbetafunctionat thecenterof thefinal quadrupoleis about

È   ¿ È Å Ø rÈ Å ~ Ô Å Ø Ô   ¹Ú^�� d (63)

where
Ô� 

is thelengthof thequadrupole.Theintegratedquadrupolestrengthis equalto
theinversefocal length,whichmoreaccuratelythan r�¹ Ô Å shouldbewrittenas r�¹Â~ Ô Å ØÔ   ¹Ù^�� : Ô� ³Ò�  ¿ rÔ Å Ø Ô   ¹Ú^ x (64)
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Figure14: Crosssectionof a final focusingquadrupolewith gradient468T/m for the
permanentmagnetmaterialVACOMAX 225HRSmd Cot�� , ascomputedfor a16-sector
magnetby ROXIE (Courtesy:M. Aleksa,S.Russenschuck)

Thechromaticityof thefinal quadrupoleis thenequalto

½ ¿ È  �Ò� �Ô�  ¿
Ô Å´Ø Ô   ¹Ú^È Å¾ x (65)

Henceit is advantageousto reducethelengthof thefinal quadrupole,which is equiva-
lent to maximizingthegradient Ò   z �! ~ � º¸�#" (66)

where " is thepole-tipradius,�  thepole-tipfield, and ~ � º¸� themagneticrigidity.
An appealingsolution for the final quadrupoleis a designbasedon permanent

magnets.For small apertures,thesecanachieve the highestpossiblegradients,sur-
passingsuperconductingand iron-dominatedapproaches.Figure14 shows a design
for the final quadrupolein CLIC which would achieve a gradientof 468 T/m with a
pole-tipradiusof 3.3mm.

3.7 Oide Effect

Synchrotronradiationinsidethefinal quadrupolesbecomesimportantat higherbeam
energies.

For simplicity we first ignorethehorizontalmotionandthehorizontalbeamsize.
Supposea photonof energy $ is emittedat position ¤ . Thechangein the IP position
for theemittingparticlewill be

� Ä Å ~ ¤ � z �
%l R ~ ¤ � $¢ (67)
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where
¢

is thenominalenergy, andthefunction �
%l R dependson theparticletrajectory.

Thespreadin thespotfor anensembleof particleswill begivenby

~ � Ä Å � d z £Â¤ £ $�~ � Ä Å ~ ¤ ��� d'& ~($ � ¤ � £ $
z £Â¤ �

%l R ~ ¤ � d £ $ $¢ & ~)$¡� ¤ � £ $ (68)

where& ~($ � ¤ � is theprobabilityof emittinga photonwith energy $ . The last integral
canbeperformed(seeM. Sands)andgives

£ $ $¢ d & ~)$¡� ¤ � z+*-,
�/. �
�
� � w¥ º¸~ ¤ � ¥ l (69)

where
*�,az �Û� ¹Ù^Û��¹ � � ¿ r x �Û^ andthelocalbendingradiusis

r¥ ºW~ ¤ � ¥ z ¥ Ò�  ~ ¤ � ¥§¥ Ä×� Å ¨ lÍn ~ ¤ � ¥ x (70)

The �
%l R ~ ¤ � functionin Eq. (67)canbeexpressedby

�
%l R ~ ¤ � z Ä � Å ª� £�¤ � Ò³  ~ ¤ � �Ê¨ dlTn ~ ¤ � �10¶Ä � Å'213¾ ~ ¤ � x (71)

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

~ � Ä Å � d z+* ,
� � �
�
� � w ~ÐÄ � Å � d £�¤ ~ 2 3¾ ~ ¤ ��� d ¥ Ò�  ~ ¤ � ¥ l ¥ Ä � Å ¥ l ¥ ¨ lÍn ~ ¤ � ¥ l (72)

and,by averagingovera verticalGaussiandistribution in Ä � Å , this becomes

~ ��� Å¾ � d z r]�
� ^54

� Å¾ ² w * , � � �
�
� � w £Â¤ ~ 263¾ ~ ¤ �Í� d ¥ Ò�  ~ ¤ � ¥ l ¥ ¨ lTn ~ ¤ � ¥ l x (73)

We canseethat theOideeffect becomesworsewith increasingbeamenergy andwith
increasingdivergence,settingalowerlimit ontheachievablebetafunction(or anupper
limit on theacceptabledivergence).

An approximateexpressionincludingthehorizontalbeamsizewasderivedby J.Ir-
win:

~ ��� Å¾ � d ¿ r x ^Û^ � � �
�
� � w

� Å¾ ² d £Â¤ 2 3¾ d ¥ Ò�  ¥ l ~�7 � Å d¾ ² ¨ dlTn Ø � Å d� ² ¨ d t d � � Å d¾ ² ¨ dlTn Ø � Å d�³² ¨ d t d x
(74)

The additionalcontribution from
� � canbe maderelatively small by decreasingthe

strengthof thehorizontallyfocusingquadrupole.For a 3-TeV CLIC thespot-sizein-
creasedueto theOideeffect is about30%.

Theprobabilityof radiatingphotonsis comparableto 1 and,hence,thechangesin
thermsspotsizecalculatedabovetendto overestimatetheactuallossin luminosity.
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Figure15: During the bunchcollision, eD ande· arestronglybentandemit beam-
strahlungphotons,which canconvert into pairs.

4 Collisions and Luminosity

4.1 Luminosity

AssumingGaussianbunchdistributionsandignoringthevariationof beamsizesduring
collision,e.g., dueto thehourglasseffect (depthof focus)or dueto beam-beamforces
(pinchenhancement),theluminosityof a linearcollider canbewrittenas

2 zFE'G�H#I & ��Jfd��/4 � Å� � Å¾ (75)

where E G�H#I denotestherepetitionrateat which beamandrf aresentthroughthelinac,
& � the numberof bunchesper rf pulse, J � thenumberof particlesperbunch,

� Å� the
rmshorizontalbeamsize,and

� Å¾ thermsverticalbeamsizeat theinteractionpoint.

4.2 Beam-Beam Effects

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

This radiationis calledbeamstrahlung.To preserve anadequateenergy spectrum
of theluminosity, thenumberof beamstrahlungphotonsemittedperelectron,JLK , must
belimited to a valueof theorderof one.Consideringthis constraintandassumingflat
beamswith

� Å�NM � Å¾ , following arecipeby R.Brinkmannwecanre-expresstheabove
luminosityformulaas

2 ¿ �
�c�

OQPSR-T T¢VU JLKXW� Å¾ (76)

where� � is theclassicalelectronradius,
OYPSR�T T

thewall-plug power,
¢ U

thefinal beam
energy, and W the conversionefficiency of wall-plug power into averagebeampower
(
O U H R-Z z E G�H#I ¢VU J � & � ). Thebeamenergy is fixedby the physicsrequirements,and

the wall plug power is limited by economicreasons.Hence,thereareonly two free
parametersthatcanbeoptimizedfor maximumluminosity: theconversionefficiency

W andtheverticalspotsize
� Å¾ .
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At theSLCtheparameterW wasmuchsmallerthan1%. For all futureprojectsit is
raisedto roughly10%,for example,by increasingthenumberof bunchesperrf pulse
from 1 to about100,andby improving theefficiency of all rf components.

The vertical spotsizeis the secondfree parameter. In all proposeddesigns,it is
morethan100 timessmallerthanat the SLC. Suchtiny spotsizesareachievedboth
by muchreducedemittancesandby interaction-pointbetafunctionsthataresqueezed
down to about100 [ m, asshown in Table1.

Let us take a closer look at beamstrahlung.The typical energy of the beam-
strahlungphotonsis characterizedby the parameter\ . This is equalto two thirds
of theclassicalcritical energy dividedby thebeamenergy

¢VU
,

\ z ^�
�]_^ 3¢VU ¿ �� ��� d� J` ��a ~ � � Ø � ¾ � � (77)

where ` denotesthefine structureconstant.For synchrotronradiationemittedfrom a
dipole magnetthe critical freqency is

^ 3 z ld * � l ¹ º and,usually, the energy of syn-
chrotronradiationphotonsis muchsmallerthanthebeamenergy

�]_^ 3cb ¢ U
. For the

beamstrahlungemittedduringthebeam-beamcollision, thisneednotbethecase.Typ-
ical valuesof \ at theinteractionpointarê¯oYr]i�· l for theSLC, i x � for theNLC, and
almost10 for CLIC. If \ becomescomparableto 1 or larger, a significantportionof
beamstrahlungphotonsconvert into real electron-positronpairsin the strongelectro-
magneticfieldsof thetwo beams.Unfortunately, linearcollidersatmulti-TeV energies
canhardlyavoid operatingin this regime.

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

J�K ¿ �^
` � a
� �
�
�
\ r~�r«Ød\ dfe l � t e�d ¿ ^

` � � J �� � Ø � ¾ x (78)

The last approximationappliesif \ is small. For example,choosingJ z r]i�t
�

and
JLK z r , weobtain ~ � � Ø � ¾ � ¿ ��iÛi nm,consistentwith theNLC parameterset.

Notethatby reducingthebunchlength
� a

, wecanreachaparameterregimewhere
\ is largeandthespotsizesmall,but wherewecanstill ensurethat JLKhg r , thanksto
thequantumcorrectionterm— thebrackets— of Eq.(78). This is sometimesreferred
to asthequantumsuppressionof beamstrahlung.It arises,roughlyspeaking,from the
fact that the electronscannotradiatephotonsof energy higherthanthe beamenergy.
The classicalspectrumof synchrotron-radiationphotonenergies is modified in this
extremequantumregime.

Two further quantitiescharacterizingbeamstrahlungare the averageenergy loss
perelectron,

`�i ¿ r^ J Kj\ ~�r�Ød\ dfe l ��t eÍd~�r�Ø ~�r x � \u� d�e l � d � (79)

andthefractionof luminosityat thenominalenergy,� 2
2 ¿ r

J dK rlknm ·joqp d � (80)
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which dependsonly on J K . Thevalueof
� 2 ¹ 2 dropsrapidly for increasingJ K , e.g.,

for J K z r , it is 81%,for J K z ^ only 25%,andfor J K z � barely11%.
Introducingthe aspectratio � 0 � ¾ ¹ � � , the numberof beamstrahlungphotons

scalesas JLKsrtJ � ¹Â~ � � ~�r Ø � �Í� andthe luminosityas 2 rtJ ��JLK ~�r Ø � �Ê¹ � . Hence,
in orderto maximizetheluminositywhile at thesametimeconstrainingthenumberof
beamstrahlungphotons,it is bestto operatewith flat beamswhere� b r .

Flat-beamparametershavebeenadoptedfor all futurelinearcolliderdesigns.Var-
ious otherandmoreexotic methodsof overcomingthe beamstrahlungproblemhave
beenproposed,suchas4-beamcollisions(2 electronbeamscolliding with 2 positron
beams,sothatthenetelectricandmagneticfieldsarezero),plasma(wheretheplasma
returncurrentcancelsthe beamfields), andphoton-photoncollisions(herethe beam
energy is convertedinto photonenergy by Comptonscatteringoff a high-powerlaser).
Noneof theseadvancedschemeshasyetbeendemonstratedexperimentally.

4.3 Crossing Angle

A crossingangleis usedby NLC, JLCandCLIC to separatetheincomingandoutgoing
beamsandto provideapassagefor thedisruptedspentbeamsothatit canescapefrom
theinteractionregion. If thecrossingangleis sufficiently large,thespentbeampasses
outsideof thefinal quadrupolefor theincomingbeam.

A largecrossingangleis alsoneededto avoid the so-calledmulti-bunchkink in-
stability, wherebyan initial vertical offset betweentwo bunchesis amplifiedvia the
parasiticencounterson eithersideof themaincollision point. If the two bunchtrains
enterwith a relative offset ` , theoffsetof thetwo first colliding bunchesis equalto ` ,
sothat Ä Åt | D kpÄ Åt | · z ` x (81)

Thiswill deflectthefirst e· bunchverticallyby

� Ä � Åt | · z r^
u ¾� a ` (82)

andthefirst eD bunchby � Ä � Åt | D z k r^
u ¾��a `�� (83)

where u � | ¾ z ^ J � � �
� a

�
� Å� | ¾ ~ � Å� Ø � Å¾ � (84)

denotesthedisruptionparameter. Theseconde· bunchwill undergoaparasitic(long-
range)collision with thefirst eD bunchat a distance2 from theprimary IP. Thehor-
izontal separationof the two buncheshereis £ z 2 � 3 andthe eD bunchis vertically
offsetby

� Ä � Åt | D 2 . Theseconde· bunchthusexperiencesaverticaldeflectionof

� Ä×�d | · ¿ ^ J �c�� £ d
2 � Ä×� Åt | D x (85)
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Similarly, wefind for thesecondeD bunch

� Ä×�d | D ¿ ^ J � �� £ d
2 � Ä×� Åt | · x (86)

which increasestheoffsetat themainIP to

Ä Åd | D kÖÄ Åd | · z `«Ø ~ � Ä �d | D k � Ä �d | · � 2 z `«Ø u � u ¾
� d�� d3 � da ` x (87)

Moregenerally, for the & th pair of bunches,theoffsetincreasesas

Ä Åd | D kpÄ Åd | · z ~Ír�Ø � � � ·¸t ` (88)

where � z u � u ¾ � d�� d3 � da x (89)

We concludethatthekink multi-bunchinstability is weakaslong as

~ & � k rÛ� � z ~ & � k rÛ� � d� u � u ¾� d3 � da b r«� (90)

wherein this case& � denotesthe numberof bunchesthat interactin the free space
aroundtheinteractionpoint, i.e.,

& � z r�Ø ^ Ô Å� � (91)

with
� � designatingthebunchspacingand

Ô Å thefreedistancebetweentheendof the
lastquadrupoleandtheinteractionpoint.

ChenandYokoya, who alsotake into accountthe beam-beameffectsduring the
head-oncollision, developeda slightly modifiedcondition for avoiding a significant
verticaldisplacementdueto themultibunchkink instability, namely

~ & �qk r�� b � d3 � da� d� u � u ¾ r^ Ø
u ¾� x (92)

Finally, theinteractionpointis normallylocatedinsidethestrongmagneticsolenoid
field of the detector. If the beampassesthroughthis solenoidundera horizontalan-
gle, it is deflectedvertically. This generatesvertical dispersionandalsoinitiates the
emissionof synchrotronradiation. Theverticalspotsizeincreasedueto synchrotron
radiationin the body of the solenoidwas computedby J. Irwin similar to the Oide
effect,with theresult��� Å d¾� Å¾

z * ,
� � �
�
� � w� Å d¾ £�¤ ¨ l�v ~ ¤ � d rº¸~ ¤ �

l z r^Ûi
* ,
� � �
�
�� Å d¾

� ª � 3 Ô Å �^ � º
w x (93)

A larger effect can arisefrom the fringe field of the solenoid. This is illustratedin
Fig. 16, a simulationexamplefor CLIC, which shows the dependenceof the vertical
blow up on the crossingangle,the solenoidfield and the longitudinal extent of the
fringe.
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Figure16: Simulatedverticalspotsize
� Å¾ at theCLIC collision point vs. � 3 (left) and

vs. lengthof fringefield (right), consideringsolenoidfieldsof 4 and6 T.

4.4 Crab Cavity

If thebunchesarecollidedwith ahorizontalcrossinganglealargepartof theluminisity
canbelost. This losscanroughlybeestimatedas

2
2
� ¿ r

r�Ø ~�w�xzy_{d y}| � d
(94)

where 2
�

is the ideal luminosity for head-oncollision and 2 the luminositywith full
crossingangle � 3 . If � 3 � a ¹Â~}^ � � ��~ r , it is quitesubstantial.For CLIC this factoris
about8; hencewitthoutfurtheraction,theluminositywouldbealmost10timessmaller
thanfor head-oncollisionsof thesamebeams.

Oneway to recover the luminosity is to employ crabcavities, first suggestedby
R. Palmer. Thesedeflecttheheadandtail of thebunchin oppositehorizontaldirection
suchthatafteradistance2 equalto thatbetweenthecrabcavity andthecollisionpoint,
thetwo bunchesareperfectlyalignedwith respectto eachother(seeFig. 17).

Theeffectof thecrabbingshouldbe
� y¡Å�Y� z � 3^ x (95)

Consideringanrf wave � G�� z � Z�R�� ËÍÌ�Î Ò G�� � (bunchcenterpassesat thezerocrossing),
thecavity deflectsby anangle

� y�� ¿ m�� Z�R-� Ò G��¢ � x (96)

Thekick is transformedinto anoffsetat thecollision point via

� y Å z ¨ t d � y�� � (97)

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

� 3^ z ¨ t d m��
Z�R-� Ò G��¢ (98)
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Figure17: Schematicof crabcrossing,employing dipole-moderf cavities to rotatethe
beamat thecollision point.
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For example,with ¨ ¿ ^ � m and � 3 z ^Ûi mrad,a voltageof 1 MV would be
requiredat 30 GHz.

Thereis a tight toleranceon therelativephasestability of thetwo crabcavities on
eithersideof the IP. If this phasejitters, thecollision will no longerbeheadon. The
tolerancefor a 2%luminositylossis

����� � � �� � 3 (99)

or ��� G�� � Ò G�� � � �� � 3 x (100)

This amountsto lessthan0.1� andwouldbetighterstill at lower rf frequencies.
For fun, we cancomparethis with theonly otherprojectcontemplatingtheuseof

crabcavities, for which actualprototypeshave alreadybeenbuilt, namelytheKEK B
factory. Here,the(s.c.)crabcavity frequency is 500MHz, thecrossingangle � 3 z r�r
mrad,and

� � z ^Ûi�i�[ m. The toleranceis
��� G�� �t� � , muchlooserthanin a linear

collider (althoughin a ring collidermulti-turneffectsmight accrue).

4.5 IP Orbit Feedback

Thebeamscanbeheldin collision by a fastfeedbackutilizing thebeam-beamdeflec-
tion angleasa measureof the beam-beamoffset. Thedeflectionangleis inferredby
measuringtheorbit at two (or more)BPMsin front of theIP andtwo (or more)BPMs
aftertheIP. Eachsetof two BPMsdefinesa line, for theincomingandoutgoingbeam,
respectively. Thedifferencein slopebetweenthesetwo linesequalsthedeflectionan-
gle. Electronicor mechanicaloffsetsin theBPM readoutscanbeeliminatedby taking
datafor non-collidingbeams(zerodeflection)asa reference.

A typical beam-beamdeflectionscanfrom theSLC is shown in Fig. 18. Nearthe
origin thecentroiddeflectiondependsalmostlinearlyonthecentroid-to-centroidoffset
as � � Ä ��� z ^ J � � ��

� Å¾ ~ � Å� Ø � Å¾ �
� � Ä � (101)

where
� � | ¾ 0 � �#� d� | ¾ Ø � ��� d� | ¾ is theconvolutedbeamsize. This is almostthesame

formulaasfor thedeflectionof asingleparticle,exceptthatthesingle-beamspotsizes
arereplacedby the ‘cap sigmas’(theconvolutedspotsizes).Theslopeof thedeflec-
tion scannearthe origin measuresthe convolutedbeamsize,andhasbeenusedfor
estimatingtheluminosityaswell asfor tuning.

Fromafit of thefull nonlineardeflectioncurveto atheoreticalexpression,boththe
horizontalandverticalconvolutedspotsizescanbe inferred. Redundantinformation
comesfrom a deflectionscanin the horizontalplane. However, thesesignalsdo not
provide any informationsaboutwhich of the two beamsis larger andthusshouldbe
corrected.For this reason,at the SLC a laserwire scannerwasinstallednearthe IP,
which couldmeasurethesingle-beamspotsize. Also thebeamstrahlunginduceden-
ergy losswasfoundto besensitive to thesingle-beamsizes,e.g., a largerbeampassing
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Figure18: Verticalbeam-beamdeflectionscanat low current,demonstratinga single-
beamsizeof about410nm.

throughthefield of asmallerbeamlosesmoreenergy, whichcanbedetectedby BPMs
atdispersive locationsor by dedicatedphotonmonitors.

Fromthemeasureddeflectionangle,theseparationof thetwo beamscanbecom-
putedandthencorrectedon subsequentbeampulsesusingfaststeeringmagnets.This
is known underthe nameIP collision feedback. Figure 19 shows the simulatedre-
sponseof theSLC collision feedbackto a smallstepchangein thebeam-beamoffset.
Notethattheerroris almostperfectlycorrectedafterabout40 ms,or 6 pulses.

It is interestingthatthecollisionpoint feedbackevenconvergesif theinitial offset
of thetwo beamsis muchlargerthanthermsbeamsize,i.e., wherethedeflectionscan
hasa slopeoppositeto thatin thecentralregion. Becausethefeedbackdoesnot know
that theoffset is on theothersideof theextremum,thecorrectionstepsaretoo small
in this case,andit takesa lot longerbeforethebeamsarebroughtbackto thehead-on
collision. However, thealgorithmis stableandalwaysconvergesto thecorrectsolution
in theend.

4.6 Spot Size Tuning

We have seenthatmagnetmotionin thefinal focussystemcanintroducewaistshifts,
dispersion,or skew couplingat thecollisionpoint. All of thesewill increasetheIP spot
size. It is thereforenecessaryto correctandcanceltheseaberrationson a time scale
comparableto thedegradationtime. Thisconceptis illustratedin Fig. 20.

Theoptimizationcanbedoneby scanningorthogonaltuningknobs,whiche.g. ei-
therchangethehorizontalwaistpositionor theverticaldispersionof onebeametc.The
orthogonalityhelpsto increasethespeedof convergence.For example,anorthogonal
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Figure19: Simulatedtimeresponseto astepchangeof thepost-1996SLCIP collision
feedback(CourtesyL. Hendrickson).Topplot showsthefeedbackvalue- themeasured
offset; thebottomplot shows thechangein thecorrector(‘actuator’)strengthusedto
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Figure20: Schematicof tuningeffectandspot-sizeincreasebetweentunings.
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horizontalwaistknobof strength
Ô � wouldhave theproperties� y Å z k Ô � y � Å (102)� y � Å z  

(103)� Ä Å z  
(104)� Ä � Å z   � (105)

andanorthogonalverticaldispersionknobof strength
u Å¾� y Å z  

(106)� y � Å z  
(107)� Ä Å z u Å¾�¡ (108)� Ä � Å z   x (109)

How doesoneconstructatuningknob?Theproblemcanbecastinto amatrixequation
of theform:�¯È �� ` �� [ �� u �� u ��� È ¾� ` ¾� [ ¾� u ¾� u �¾xÙxÚx ª£¢Æª¥¤

z � tTt � t�¦ xÚxÙx � t§o� ¦�t � ¦�¦ xÚxÙx � ¦foxÚxÙx xÚxÙx
�!¨ t �!¨ ¦ xÚxÙx �!¨ o

��Ç t��Ç
¦xÙxÚx�qÇ
o

x (110)

Thesensitivity matrix © couldeitherbeobtainedfrom anopticsmodel,or it couldbe
determinedempiricallyon themachine.For a goodsolution,thenumberof adjustable
parameters(quadrupolestrengths

�qÇ » ) shouldbe larger or equalto the numberof
constraints.So,unlessonecanexploit someopticalsymmetryonemusthave J ~«ª .
Thematrix equationcanbesolvedfor exampleusinga singular-valuedecomposition,
which is a powerful tool andsimultaneouslyminimizesthe overall magnitudeof the
changes,i.e., thesum

�qÇ ¦» .
Thesingularvaluedecomposition(SVD) representsthematrix © as

© z­¬¯®
� t   xÚxÙx  
  �

¦ xÚxÙx  
xÚxÙx xÚxÙx    xÚxÙx �

o

®�°²±
(111)

Thecolumnvectorsof the ª o J matrix
¬

andthe J o J matrix
°

areorthonormal:
¬N±³®�¬ z ´

o (112)° ± ®�° z ´
o (113)
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wheré o denotestheunity J o J matrix. Theformal solutionto Eq. (110)is

µ·¶ z © ·¸t µ È z¸°¯® rc¹ � t   xÙxÚx  
  r�¹ � ¦ xÙxÚx  

xÙxÚx xÙxÚx    xÙxÚx rc¹ � o
®�¬ ± � (114)

wherewehaveintroducedthesymbol
µ È

to denotethevectorwith thedesiredoptical
changeson the left sideof Eq. (110). If oneof the

� » is zeroor small (indicatinga
degeneracy), its inversemustbesetto zeroin Eq. (114).

In orderto optimizethe aberrationsoneneedsnot only a knob but alsoa signal.
For a long time, at the SLC, theaberrationswereoptimizedby minimizing thebeam
sizeinferredfrom deflectionscansasa functionof theknobsetting.

For instance,the beamsizewas measuredfor differentvaluesof the horizontal
waist.Thesquareof themeasuredbeamsizewasplottedversusthewaistknobsetting,
andthe resultingcurve fitted to a parabola.The knob wasthenset to the minimum
of the parabolaand subsequentlythe next knob optimized. In total five knobsper
beamwereroutinely scannedandoptimizedevery few hoursby the SLC operators.
However, it turnedout that the resolutionof the deflectionscanswas poor and the
typically appliedwaist corrections,comparableto

È Å� | ¾ , weremainly dueto the large
measurementerror.

Thedeflectionscanswerefinally replacedby anautomaticditherfeedbackwhich
madefast up-down stepchangesto the knob settingsand correlatedthesechanges
with theresponseof fastluminositysignals(eitherbeamstrahlungor radiatedBhabha
events).An exampleis shown in Fig. 22. Thenew method,proposedandimplemented
by P. RaimondiandL. Hendrickson,wasfaster, moreaccurate,andlessinvasive than
the previous techniquebasedon deflections.In additionit wasfully automatic.The
changein theluminositytuningprocedureandits automationwasoneof thekey factors
whichpushedup theSLC luminosityin its lasttwo yearsof operation.
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Figure21: Aberrationscansat theSLC collision point. In total, 10 aberrationshadto
becontrolled:horizontalandverticaldispersionandwaistposition,aswell ascoupling
from the horizontalinto the vertical plane,for eitherbeam. Theseaberrationswere
correctedusingdifferentcombinationsof quadrupoleandskew quadrupolemagnets,
which form orthogonalmultiknobs.Eachmultiknobwasadjustedsoasto optimizethe
IP spotsize,basedonaparabolicfit to thebeamsizes(squared)measuredfor different
knob values.Until 1997,the beamsizewasinferredfrom the beam-beamdeflection
scans,with resultsasshown in thefigure. Theerrorsweresignificant. In the last two
years,theaberrationswerecontrolledby anautomatic‘dither’ feedback,which made
up/downchangesto themultiknobs,anddeterminedtheireffectontheluminosityfrom
thecorrelatedvariationof thebeamstrahlung-inducedenergy lossor otherluminosity-
relatedsignals,suchasradiativeBhabhaevents.
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Figure22: SLC luminosity optimizationfeedback:responsesof radiatedBhabhalu-
minosity monitor andbeamstrahlungdetectorto actuatordithering(L. Hendrickson,
P. Raimondi,1997).
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Figure23: Energy distribution of the spentbeamfor centre-of-massenergies3 TeV
and500GeV, simulatedby D. SchulteusingthecodeGuinea-Pig.

5 Spent Beam

After thecollision thebeamacquiresa largeangularspread.In thecaseof CLIC the
particlesemerging at largestanglesareoppositelycharged(coherent)pairs,requiring
a free-spaceexit coneof at least ¹ 10 mradaroundthecenterline.

A secondproblemwith the spentbeamis its hugeenergy spread. This energy
spreadincreasesrapidly for higherbeamenergies,asillustratedin Fig.23. It seemsun-
likely thata focusingopticscanbefoundfor a beamwith nearly100%energy spread.
Hence,for theCLIC exit beamline wepresentlyforeseeonly a simplechicane,which
separatesthechargesandallows for diagnosticsof thespent-beamenergy spread.Af-
ter thechicanethechargedparticledebrisandthebeamstrahlungphotonsaredisposed
ontoa commonbeamdump.This is illustratedin Fig. 24.

In orderthat the dumpis not destroyedby thebeamimpactandalsothat the lat-
ter doesnot generatesignificantacousticwaves,a dumpbasedon waterat a nomi-
nal temperature4 � C (zerothermalexpansioncoefficient) wasproposedfor CLIC by
J.B.Jeanneret.
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Figure24: Schematiclayoutof a CLIC exit line which separateschargedandneutral
debriscomponentsusinga chicaneprior to disposalon a beamdump.
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