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Preface

A six-monthdesignstudyfor a futurehighenergy hadroncollider wasinitiatedby theFermilabdirectorin October2000.The
requestwasto studyastagedapproachwherea largecircumferencetunnelis built thatinitially wouldhousea low field ( � 2 T)
colliderwith center-of-massenergy greaterthan30 TeV anda peak(initial) luminosityof

�������
cm�
	 s��� . Thetunnelwasto be

scoped,however, to supporta futureupgradeto a center-of-massenergy greaterthan150TeV with a peakluminosityof����������
cm�
	 sec��� usinghigh field ( � 10T) superconductingmagnettechnology.

In a collaborationwith BrookhavenNationalLaboratoryandLawrenceBerkeley NationalLaboratory, a reportof theDesign
Studywasproducedby Fermilabin June2001.1 TheDesignStudyfocusedon aStage1,

�������
TeV collider usinga 2-in-1

transmissionline magnetandleadsto a Stage2, ����� � � ������� TeV colliderusing10 T Nb� Snmagnettechnology.
Thearticlethatfollows is a compilationof acceleratorphysicsdesignsandcomputationalresultswhich contributedto the
DesignStudy. Many of theparametersfoundin this reportevolvedduringthestudy, andthusslightdifferencesbetweenthis
text andtheDesignStudyreportcanbefound.Thepresenttext, however, presentsthemajoracceleratorphysicsissuesof the
Very LargeHadronCollider asexaminedby theDesignStudycollaborationandprovidesabasisfor discussionandfurther
studiesof VLHC acceleratorparametersanddesignphilosophies.

StevePeggsandMike Syphers,editors.

1P.J.Limon, et al., “DesignStudyfor aStagedVeryLargeHadronCollider,” Fermilab-TM-2149,June2001.
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1 MACHINE LAYOUTS

1.1 Two Colliders in One Tunnel

Thedesireof theDesignStudy[1] is to generatea low field (approximately2 T) colliderdesignin a tunnelwhich alsocanbe
usedfor a futurehighfield (approximately10 T) collider. While thesecondcollider is far in thefuture,oneneedsto anticipate
its requirementsasbestonecanbeforelaying out thecomponentsof thefirst machinesincethey ultimatelymustresidein
sametunnel.This entailsanticipatingthegeometricrequirements,beamopticsrequirements,andphysicalspacerequirements
for futuretechnicalequipment– muchof whichmaynot beknown yet. In theparagraphsthatfollow, wediscusssomeof the
issuesthatwereinvolvedwith thedesignsanddescribepartof thedesignstrategy followedfor makingsomeof thechoicesfor
this study. Furtheropticaldetailscanbefoundin this chapter, in thefollowing chapter, andelsewhere[2].

1.1.1 Footprint Issues

For theDesignStudyit hasbeenenvisionedthattheLow Field (LF) ring will becomprisedof long,combinedfunction
magnets– thebendingof thecentraltrajectoryandthefocusingof theparticlebeamwill beperformedusinggradientmagnets
with a centralfield strengthon theorderof 2 T. TheHigh Field (HF) ring will useseparatedfunctionmagnets– dipole
magnetsfor bendingthecentraltrajectoryandquadrupolemagnetsfor focusing.Sinceover75 percentof thecircumference
will bemadeupof bendingmagnets,thedesignof thestandardbendingmodulesin thearcsof bothcollidersmustbe
performedsimultaneously. Both ringsmusthavethesameaverageradiusof curvaturesothatthey follow eachother. The
samecell length– thedistanceoverwhich thebendingandfocusingcharacteristicsrepeatthemselves– is usedfor bothrings.
AlthoughtheLF andHF will usedifferentlengthbendingmagnetsthearcsof thetwo colliderswill follow eachotherwith
minimal relative transverseoffsetsby maintainingthesameaverageradiusof curvature.
Onecomplicationof thegeometrycomesaboutat thetransitionregionsbetweenbendingandnon-bendingportionsof the
accelerators.Specialopticalmodules– DispersionSuppressors(DS)– areusedto bring theorbitsof off-momentumparticles
to coincidewith eachotherin thelongstraightsections.SincetheLF andHF designshavedifferentfocusingcharacteristics,
thedispersionsuppressorsmustalsobedesignedsimultaneouslyto ensurethattheLF andHF orbitsline up appropriately
whenenteringthelongstraightsectionsfor theInteractionRegions(IR) andUtility Regions(UT).
While thesizeof thearcsis determinedprimarily by thelow magneticfield of thefirst stagecollider, thelengthsof themajor
straightsectionsaredeterminedprimarily by thehigh magneticrigidity of thebeamin thesecondstagecollider. The
interactionregionsmustbemadelongenoughto accommodatetrajectoryandopticsmanipulationsof high energy proton
beamsusingreasonableguessesfor sizesof futurehigh energy, high luminositydetectors.Theutility straightsectionregions
mustbemadelongenoughto providespacefor extractinga veryhighenergy protonbeamtowardabeamdumpandfor beam
scrapingandbeaminstrumentationat highenergy. All of thesefunctionswill berequiredfor theLF collideraswell, of
course,but thetechnologiesusedfor injection,extraction,acceleration,andsoforth will besimilar for thetwo rings.Thus,the
requirementsof theHF designwill setthescalefor thestraightsections.
During thedesignof thetwo colliders,“virtual survey monuments”areusedto ensurethatgeometricdifferencesbetweentheir
footprintsaresmallandtolerable.These“markers”areplacedatstrategic locationsin thelayoutof eachring – interaction
points,beginningof arcs,etc.– andat eachdesigniterationthegeometriesof theringsarecheckedto ensurethatthese
markershavenot moved.Thismethodguaranteesthatthetwo acceleratorsline up at thedesiredlocations.

1.1.2 Optics Issues

In additionto thegeometriclayoutof thetwo rings,many otheropticalpropertiesmustalsobesimultaneouslydecided.The
low field ring usesgradientmagnetsin thearcsof thecollider, while thehigh field ring usesquadrupoleFODOcells.For
simplicity of instrumentation,powerdistribution,cableruns,etc.,it is desirablefor themaximumbeamsizelocationsin the
HF arcto correspondwith thosein theLF arc.Traditionaly, dispersionsuppressorregionsaremadeusing“missingmagnet”
scenarios.Thefractionof bendingmagnetsto leaveout dependsuponthephaseadvancepercell. In combinedfunction
lattices,suchasin theLF design,thebendingmagnetsalsoprovide focusing,sothis tacticmustbemodified.While combined
functiondesignsof dispersionsuppressorshavebeenperformedin thepast(e.g.,FermilabRecycler), thechoiceof cell phase
advanceandcell lengthsmustbesettleduponfor bothringsto ensureaconsistentdispersionsuppressordesign.(Obviously,
this is anissuefor bothopticsandgeometryaswell.) This is anotherreasonthatit waschosento give thetwo collidersequal
cell lengthsandequalbetatronphaseadvancespercell.
Eachcollider, LF andHF, is madeof two separate,but linked,accelerators.Thechoicemustbemadeasto whetheradjacent
magnetshave thesameor oppositefocusingcharacteristicwith respecteachotherfor thebeamtraveling throughthem.This
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affectsthematchingof sectionsgoinginto andoutof straightsections,aswell asthedesignof thebeamtransfersystem
joining theLF andHF rings.Thedecisionmustbemadein coordinationwith themagnetdesigneffort.
Finally, themagnetchoicefor theLF collider is ahorizontallyseparatedtwo-in-oneiron dominatedmagnet.To ensurethatthe
two beamtrajectorieshavethesamepathlength,thebeamswill needto becrossedseveraltimesaboutthecircumference.
Spaceandopticaldesignsmustbeincorporatedinto thelayoutto accommodatethis feature.Thetwo beamsof thehighfield
colliderarenaturallyseparatedvertically in thecommoncoil arcmagnets.

1.1.3 Design Approach

To allow for latticeandcomponentdesignsto progresssimultaneouslyfor boththeLF andHF colliders,a generallayout
composedof basicmoduleswasdeveloped.As indicatedin Figure1, eachcollider is madeup of two majorarcswhich
connecttwo clustersof straightsections.Theclusterscontainspacefor two nearbyinteractionregionssurroundedby two
utility regionswhich areusedfor injectionandextraction,acceleratingcavities,etc.Shorterbendingregions(DM, DM8) are
locatedbetweeneachIR andUT region to allow collisiondebrisandmuonvectorsto missthedownstreamdetectorandutility
enclosures.At theoutset,only oneclusterregion– locatedat or neartheFermilabsite– will beequippedwith full IR andUT
optics.Theotherclusterregionwill havethesamestraightsectionlengths,but optically will consistof simpler, FODO-type
moduleswhereapplicable,with theexceptionof a specialstraightsectiondesignto accommodatefuturebeamtransfers
betweentheLF andHF accelerators.Moredetaileddescriptionsof thelatticescanbefoundin Chapters2 and3.

��� �! ��"�# $&% ��"(')�*" $&% ��"�# �! �*�

+-, .0/!, # , .!1-, 20,310,42-, .!10, # , .0/!, +-,
5
6879-# /!, 5:6879-# /;,

# /!,
Figure1: Schematiclayoutof collidermodules.Thefigureis not to scale,emphasizingthestraightsectionfunctions.

Historically, thehalf cell lengthof highenergy synchrotronshasscaledroughlywith thesquarerootof energy. Thespacefor
injection/extractiondevicesandthespacefor final focusingat theInteractionPoints(IPs)scaleroughlyequivalently. Thus,it
wasdecidedto makeeachof thespecialmodulesof thecollider– interactionregions,utility regions,dispersionsuppressors–
to haveoverall lengthsequalto anintegernumberof standardarchalf-cells,a designfeaturealsoadoptedfor theSSCproject.
By scalingtheTevatronhalf cell lengthto theLF energy, thedistancebetweenquadrupolesin thearcsof thenew colliders
wouldbeapproximately135m. TheHF ring couldprobablytoleratelongercells,but strongerfocusingwill beadoptedto be
consistentwith theLF ring. Theexactlengthof thestandardcell will bedeterminedby thechosenbunchspacing.To ensure
thatbuncheswill collide at any detectorin thedesign,regardlessof whatmodulesexist betweeninteractionpoints,thering
modulelengthsaredesignedin unitsof thebunchspacing.
Dispersionsuppressormodulesareadoptedfollowing theSSCdesign,whichwasalsolaterusedin theFermilabMain
Injector. A cell phaseadvanceof 90 degreeshasbeenchosen,for which adispersionsuppressorcanbemadeusingfour
specialcells,each3/4 thelengthof a standardcell andeachcontaining2/3 thebendingof a standardcell. Thesemodules
reducetheperiodicarcdispersionfunctionto zeroat theoutputof four suchcells.Theshortbendingregionsbetween
interactionregionsandutility regionswill becomposedof back-to-backdispersionsuppressormodules.If additionalbending
is requiredin theseregions,it canbegeneratedby insertingstandardhalf cellsbetweentheDS modules.
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1.1.4 Tunnel Considerations

A configurationwith two ringsin onetunnelcertainlyplacesdemandson tunneldiameter. TheFermilabMain Ring and
Tevatronsynchrotronsoccupiedasingle10 ft diametertunnel.TheLEPtunnelatCERNwasdesignedfor two rings(thoughit
will only haveone)andhasa 12 ft diameter. TheSSCdesign,which hadtwo separatesingle-cold-massmagnets,oneabove
theother, useda 12 ft diametertunnel.For this design,wewill assumea12 ft diametertunnelaswell.
TheLF ring is envisionedto lie nearthefloor of the12 ft diametertunnel.TheHF ring will havemagnetsof largercross
section,andthuswill belocatedon magnetstandsabovetheLF ring wherethetunnelis wider. A cartoonview of thetunnel
crosssectionis shown in Figure2. TheHF magnetdesignusestwo verticallyseparatedbeams.Themid-pointof thehighfield
beamswill beabout1 m abovethemid-pointof thetwo low field beams.

Figure2: Cartoondrawing of the tunnelcrosssectionin theVLHC collider arc,showing the low field ring with horizontally
separatedbeamsbelow thehighfield ring with verticallyseparatedbeams.

1.2 Footprint and Optical Modules

Table1 lists thefundamentalparametersof theVLHC footprint,asusedin theDesignStudy[1]. In thetransitionfrom Stage1
to Stage2 operation,theexperimentswill remaincenteredon thesameinteractionpoints.(At thesametime it is envisaged
thatthey will beupgradedto takeup morespacealongthebeamline, increasingthedistancefrom theIP to thefirst magnet,<;=

, from 20 to 30 m.) It is thereforenecessaryto allow for a bypassto keepthelow field ring beamswell clearof the
experiments. Thismustbedonewithoutchangingthetotal low field ring circumference.Figure3 is a cartoonshowing the
layoutof theinteractionandutility regionson theFermilabsite,includingabypasswith anapproximatelengthof 8 km.
Figure4 shows,to scale,thesamelayoutof theon-siteopticalmodules,without thebypass,but includingtheexactlocationof
the2 interactionpoints(IPs). Injectionfrom theTevatronis away from the2 IPs,sincetheVLHC is about100metersbelow
thegroundsurface.Oneof thetwo abortlinesperring is shown, missingtheneighboringIP by about40meters.A common
abortdumpareais possiblefor thefour beams,approximately100metersfrom thehorizontalcrossingpoint “X” of thelow
field ring. Figure4 alsoshows thatthemuonplumeemanationfrom oneIP missestheotherexperimentby approximately70
meters.
Both low field andhigh field ring latticesareconstructedfrom opticalmodulesplacedendto endlike legoblocks.Each
opticalmodule– anarc,dispersionsuppressor, interactionregionstraight,et cetera– hasanoverall lengthwhich is aninteger
multiple of

<;>@?
, thearchalf cell length.Low andhighfield moduleswith thesamefunctioncanbequitedifferentin

implementation.For example,thelow field archalf cell contains2 combinedfunctionbendingmagnets,while thehighfield
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Circumference,A 233.037 km
Averagearcradius,B 35.0 km
Numberof interactionpoints 2
Half cell length,

<;>C?
135.486 m

Half cell bendangle,D >@? 3.875 mrad
Half cell count 1720
Half cell harmonic,E0F 24
Bunchspacing(53.1MHz), G�H 5.645 m

18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 deg
Revolution frequency 1.286 kHz
Revolutionperiod, I .778 ms
Harmonicnumber, J 371520
RF frequency ( K � ��LM� � ) 478.0 MHz

Table1: Fundamentallatticeparameterscommonto bothlow andhighfield rings.

archalf cell contains7 puredipoles.Nonetheless,opticalmodulesin bothlow field andhighfield ringsalwayshave thesame
overall lengthandthesamebendingangle.For example,in bothlow andhighfield ringsa dispersionSuppressormoduleis 3< >@?

long,constructedfrom 4 dispersionssuppressorhalf cellsof length3/4
< >@?

, eachwith 2/3 of thebendingof a regulararc
half cell.
Table2 lists thesequenceof opticalmodulesin theregionon theFermilabsiteregion in detail,andintroducesshortaliases
suchas“IR” for theInteractionRegionmodules,“DM” for theDispersionModulesand“IA” for theInjection/Abortstraight.
Thefootprintgeometryfor theoff-site regionhalf wayaroundtheVLHC is identical.Thesetwo regionsareseparatedby
identicalarcs.
Oneadvantageof modularconstructionis thatlow andhigh field latticesareguaranteedto havealmostidenticalfootprints,
andthereforeto fit in thesametunnel,solongascorrespondinglow andhighfield modulesareplacedon top of eachother.
Figure5 shows thetransverseoffsetof thehigh field ring relative to thelow field ring. Themaximumdeviation is only about
6 mm,easilyallowing onering to beplacedon top of theotherat all locationsin theVLHC tunnel.

1.2.1 Half cell length

Theaveragebendingradiusof thearcsis madeascloseaspossibleto thegoalvalueof BONPLQ� km by adjustingthetotal
equivalentnumberof (bending)arccellsin eachring. Eachof the4 shorthalf cellsin eachdispersionsuppressorhas2/3 the
bendingof anarchalf cell. Thus,the20 dispersionsuppressors(on eithersideof 10 straights)havea totalbendingequivalent

Dispersion
Module, 6

Dispersion
Module, 6

Injection/Abort
straight, 10

Injection/Abort
straight, 10

Dispersion
Module, 8

Dispersion
Module, 8

Interaction Region
straight, 12

Interaction Region
straight, 12

Horizontal
crossing, 2

Lengths (eg "6") are in units of the arc half cell length

Figure3: Interactionandutility regionson the Fermilabsite, including a bypassto transportlow field ring beamspastthe
experimentsin Stage2 operation.
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to 160/3archalf cells. If thereare ]^NP����_ archalf cellsin eachhalf of theVLHC, thenthebendperhalf cell isD >@? N a` ]cb �Cd���e L N4LM� �����gf h�ikj�l�m (1)

andtheaveragearcbendradiusis BnN <!>@?D >@?oN4L�_:� K dM� f p�h�m (2)

Is thenominalarchalf cell lengthof
<;>@? N � LQ�M� _�� d � m closeto anoptimum?Whatotherlengthsarepossible?

MODULE ALIAS
< e <;>C?

COMMENT

DispersionSuppressor DS 3
Injection/Abortstraight IA 10
DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12
DispersionModule DM 6
Crossing“straight” X 2
DispersionModule DM 6
InteractionRegion IR 12
DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight IA 10
DispersionSuppressor DS 3

Utility total 80
Arc 780
GRAND TOTAL 1720 2 arcsplus2 utilities

Table2: Sequenceof opticalmodulesin theon-siteclusterregion. Thereis anotherregion of identicalfootprint geometryon
thefarsideof thering. Thetwo clustersareseparatedby two arcs,each780half cellslong.

E0F <;>C?
[m] COMMON FACTORS

18 101.6149 2*3*3 2 3 6 9 18
20 112.9054 2*2*5 2 4 5 10 20
22 124.1959 2*11 2 1122
24 135.4865 2*2*2*3 2 3 4 6 8 12 24
26 146.7770 2*13 2 1326
28 158.0676 2*2*7 2 4 7 14 28
30 169.3581 2*3*5 2 3 5 6 1015 30
32 180.6486 2*2*2*2*2 2 4 8 16 32
34 191.9392 2*17 2 1734

Table3: Potentialarchalf cell harmonicsandlengths.Thebunchspacingcantrivially bemultiplied from its nominalvalueby
any of thecommonfactorsof the“half cell harmonicfactor”, E0F .
An importantadvantageof modulardesignis theability to independentlymodify oneparticularmodulewithoutadjustingany
othermodules.For example,it is possibleto increaseor decreasethelengthof a modulein quantaof

<;>C?
while (almost)

trivially maintainingopticalmatchingconditions.Suchlengthmodificationswill not disturbthebunchspacing– or the
injectionschemeor theRFsystem,etcetera– if thearchalf cell lengthis anintegertimestheminimumallowedbunch
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spacing.In this casethetotal circumferenceis guaranteedto correspondto anintegernumberof evenlyspacedbunches.The
(minimum)bunchspacingG H is takento beone53.1MHz RFwavelengthin theTevatronG�HqN4r:s �ut Mv����Q��`���Q� L NO��� d _���hxwzy�wzik{ (3)

Thisguaranteesthatthefilling schemesfrom theTevatronwill berelatively simple.Thebunchtimespacingof about18.8ns
is not unreasonablychallengingto theexperiments.
Thusthehalf cell lengthis <!>@? N3E0F�G H (4)

Thebunchspacingcantrivially beincreased(for exampleduringcommissioning)by any of thecommonfactorsof the“half
cell harmonicnumber” E F . Table3 showsall theevenvaluesof E F in thehalf cell lengthrangefrom 100metersto 200
meters.Thevalueof E F N  _ waschosenfor bothlow andhighfield ringsin theDesignStudy[1], correspondingto a half
cell lengthof

<!>@? N � L���� _Q� d � meters.
Thishalf cell lengthis shortenoughto keepthenaturalhorizontalemittancedueto synchrotronradiationin thehighfield ring,|k}�~k� N � � � _�� m, muchsmallerthanthehorizontalemittance|k��� � � �� � m which mustbemaintained(by heating)to avoid
beam-beamlimits in thestore.Figure6 shows thecubicdependenceof thenaturalemittanceon thehalf cell lengthunderthe
reasonableapproximationof apurelyFODOcell latticewith thin quadrupolesand100%dipolepackingfraction[3, 4].
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Figure6: Naturalemittancefrom synchrotronradiationversusarchalf cell lengthin thehighfield ring.

A strongerlimit to themaximumarchalf cell lengthis theneedto limit thevulnerabilityof thelow andhigh field ringsto
systematicfield harmonicerrorsin thearcbendingmagnets.This is morecritical for thelow field ring, simply becausethe
injectionenergy is anorderof magnitudelower (1 TeV) thanfor thehighfield ring (10 TeV). A crudecalculation[5] shows
thatthesystematicharmonic� } mustobey� }� }� � ��x� � �� } < ��� }�� �����8	>@? ������ 	 | �0� � } �-�����8	 (5)

where� � N ���
mm is thereferenceradius,

��x� � is themaximumallowedtuneshift,
� } is a numericalcoefficient (see

Table4), and � is boththehorizontalbetatronamplitudein unitsof � � andtheconstantmomentumoffsetin unitsof ��� e � .
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Equation5 assumesfully packedFODOcellswith thin quads,andassumesthatthebetatronbeamsizeat anF quadis equalto
themomentumspreadsize[5]. Althoughcrude,Eqn.5 correctlyshows thescalingwith respectto injectionenergy andcell
length.Trackingstudiesarenecessarywhenincreasedaccuracy is required.Figure7 illustrateshow thesensitivity to
systematicharmonicsdependson thehalf cell lengthaccordingto Eqn.5, in thelow andhighfield ringsrespectively.
In conclusion,thecurrentvalueof

<!>@? N � LQ�M� _�� d � m is by no meansfully optimized,not leastbecausewe do not accurately
understandwhatvaluesof systematicmagnetharmonicsmightbeachievedin industrialproductionof thearcbending
magnets.

n Multipole
� }

1 Quadrupole � ��LQL�L
2 Sextupole

 � _ �C
3 Octupole

d ��� �C
4 Decapole

� KM� � �
5 12-pole � d � _QK
6 14-pole

� � � � K
Table4: Lowestorder

� } values,with a phaseadvanceof ¡ ? NPK � degreesperFODOcell.
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Figure7: Maximumallowedsystematicharmonicsat aninjectionenergy of 1 TeV for thelow field ring (TOP)and10 TeV for
thehighfield ring (BOTTOM), versushalf cell length.A maximumtuneshift of

�x� N � � � � is permittedwith anemittanceof| N � ��� [ � m], abetatronamplitudeof 4 � , andaconstantmomentumoffsetof
� ��ek� NP§¨_�� � ek� .
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2 STAGE 1: THE LOW-FIELD RING

Thefirst stagelow-field colliderwill havea top energy of 20 TeV andpeak(initial) luminosityof
�������

cm�
	 sec��� . The
colliderwill usetheTevatronasits injectoroperatingat a transferenergy of 900GeV. For thisstudya transverseemittanceof� ��� ` mm mrad(rms,normalized)is used,which is typical for theFermilabBooster, thoughabouthalf thevalueat the
Tevatronunderrecentnormaloperations.It is anticipatedthatwith furtherRunII experience,theefficiency of emittance
preservationwill increase.Utilizing thepresentaccelerationsystemsof theTevatroninjectorchain,thecollider hasa bunch
spacingof 5.645m (53.1MHz) whichsetsthenumberof availableRFbuckets.With a90%filling fractionto allow for gapsin
thebeamfor variouskicker risetimes,thenumberof protonsperbunchrequiredin theStage1 collider is approximately � dx����� � � , similar to TevatronbunchintensitiesduringpreviousFixedTargetoperations.Usinganinteractionregiondesign
with a � = N � � L m, we arriveat thedesiredinitial luminosity. Table5 lists thegeneralparametersof theStage1 collider.
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Figure8: Evolutionof collider parametersduringa typical store.

Typical storeparameterevolution is depictedin Figure8. Thefigureshows theprotonbunchintensityandluminosity
decreasingdueto collisions.Theverticalemittancealsodecreasesslightly dueto synchrotronradiationdampingwhichoccurs
with a dampingtime of about100hr. Dueto theuseof gradientmagnetsin theStage1 collider thehorizontalemittance
actuallywill beanti-damped, andwill increaseat approximatelythesamerate.Thisshouldnot beproblematicsincestore
timeswill bemuchlessthan100hours.While horizontaldampingcanberestoredby adjustingthelengthsandstrengthsof
thegradientmagnets,therequiredchangesin bendradiusfor theF andD magnetsareapproximately§ ��� %.
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Storageenergy 20 TeV
Peakluminosity

��� ��� ¿ h �
	 { ���
Numberof interactionpoints 2
Circumference 233.037 km
Arc averageradius 35.0 km
Packingfraction 89 %
Injectionenergy 0.9 TeV

Transversenormalizedemittance,rms(H&V, inject) 1.5 � m
Initial bunchintensity 2.6

�*��� � �
Numberof bunches(90%fill fraction) 37152
Total protonsperbeam 9.5

�*��� � �
Averagebeamcurrent 195 mA
Storedenergy perbeamat collision 3.0 GJ

Bendfield atstorage 2.0 T
Bendmagnetgradient 9.0 T/m
Maximumarcbeta 411 m
Maximumarcdispersion 1.56 m
Phaseadvancepercell 90.0 deg
Betatrontunes(H, V) 218.419,218.425
Transitiongamma 192.1
Max RMSarcbeamsize(inject) 1.2 mm

Bunchspacing(53.1MHz) 5.645 m
18.8 nsec

Bunchlength 30 mm
Longitudinalemittance,rms(inject) 0.4 eV-s
RF voltageat storage 50 MV
Fill time 60 min
Accelerationtime 1000 sec

Beamsize(rms)at IP (storage) 4.6 � m
Total crossingangle(10� separationin drift space) 153 � rad
Distancefrom IP to first magnet 21 m� = at IP (H & V) 30 cm
Maximuminteractionspercrossing 20
Debrispowerat IP (eachdirection) 3 kW

SYNCHCROTRON RADIATION AT STORE
Energy lossperturn perparticle 38 keV
Radiationdampingtime ( À � ) 100 hr

(anti-dampingin H plane)

Table5: Nominalstoreparametersfor thelow field collider.

12



2.1 Lattice

Thebulk of thelatticeis characterizedby its constructionfrom just threeopticalbuilding blocks- arc,dispersionsuppressing,
andstraight-sectioncells.Unlike theHF ring, theLF ring arcandsuppressorcellsareconstructedfrom combinedfunction
magnets.Parametersdescribingthesestandardmodulesappearin Table6. (TheLF andHF ring geometriesaredetailed
elsewhere).Thearcandsuppressorcellshavespaceallocatedatmaximum-� sitesfor 4 correctionelements.Additional
correctorspaceis availableat thequarter-cell locations( � � N �
Á ) for lumpedcorrectionof systematicmultipoles.[6]

Cell Type Cell Length(m) MagnetType L Â ~kÃ }�ÄÅ�ÇÆ ? (m) # / cell B (T) B’ (T/m)
Arc 270.973 GF / GD 65.75 4 1.966 § 9.278

Suppressor 203.230 GSF/ GSD 48.81 4 1.766 § 16.687
Straight 270.973 QF / QD 6.10 4 0 § 69.333

Table 6: Cell and magnetparametersat 20 TeV in the standardLF optical units. With 90È of phaseadvanceper cell,� Â ~ � = 411m, and É�Â ~ � = 1.56m.

Figure9 illustratesthelatticefunctionsat injectionthroughthesingleclusterof specializedstraightsectionsin thering. Two
utility straights,eachof whichmustaccommodate900GeV injectionfrom theTevatronplusabortof 20 TeV beamsare
shown. Thebeamscollide with a horizontalcrossingangleat two interactionpointswhere� Â ~ � = 30 cm. In a specialcell,
midwaybetweentheIPs,thebeamsaremadeto crossoverbetweentheinnerandouterhorizontalapertures.Diametrically
opposedin thering, a mirror of thiscell is installedto ensureidenticalpathlengthsfor thetwo circulatingbeams.

Figure9: Injectionlatticefunctionsthroughtheclusterregion containingtheinteractionregions,utility straights,anda single
cell (center)wherethebeamscrossbetweentheinnerandouterapertures.

2.1.1 Interaction Regions

Thefinal foci in theIRsareanti-symmetrictriplets,formedfrom single-bore,300T/m magnets.Fouradditionalquadrupole
circuits,comprisingdouble-bore,70 T/m magnets,arealsousedin opticalmatching.With a total of 6 independently-tunable
quadrupolecircuitsavailableit is possibleto matchthefour � ’s and Ê ’s from theIP to regularFODOcells,plushold thephase
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advance
� � constantacrosstheIR throughthesqueezefrom � = = 6.00m Ë 0.30m. Fixing

� � eliminatesthenecessityof a
specialphasetromboneto maintainthenominaloperatingpoint. Figure10 shows thelatticefunctionsthroughtheIR during
collisions,andTable7 listsquadrupolegradientsbothat injectionandcollision.

Figure10: IR latticefunctionsin thecollision configuration.

Quad# L Â ~kÃ }�ÄÅ�ÇÆ ? Gradients(T/m) Gradients(T/m)
(m) � = = 6.00m � = = 0.30m

[ � Â ~Ì� = 575m] [ � Â ~ � = 11.3km]
1 10.90 Í 301.5 Í 298.2

2a& 2b 9.22 § 304.3 § 294.5
3 10.90 Í 301.5 Í 298.2
4 12.19 Í 51.11 § 62.40

5a & 5b 12.19 § 69.44 Í 65.51
6a& 6b 12.19 Í 62.00 Í 65.51

7 7.62 § 0.802 § 66.69

Table7: IR gradientsat 20 TeV for injection( � = = 6 m) andcollision ( � = = 30 cm) optics.ThephaseadvancesacrosstheIR
arefixedat

� � � N � � Á = 2.250throughthesqueeze.Highlightedentriesindicatequadrupolesthatchangepolarity.

Thecirculatingbeamsareseparatedhorizontallyby 15cm throughoutthearcsand70 T/m straight-sectionquads.Four
dipoles,13.6m eachat1.97T, situatedbetweentheQ3andQ4quadrupolesbring thebeamstogetherat theentranceto the
triplet for collisionsat theIP. Dipolesdownstreamof theIP separatethebeamsagainandchannelthembackinto theinnerand
outerrings.A half-crossingangleof 77 � r at theIP gives10� separationbetweenthebeamsat thefirst parasiticcrossing( |kÎ
= 1.5̀ � m at20 TeV).

2.1.2 Injection / Abort

To accommodate900GeV injectionfrom theTevatron,aswell as20 TeV protonabort,5 straight-sectioncellsaremodifiedas
shown in Figure11. A longdrift space(377m) is createdby triplet focusingto producesufficient roomfor abortLambertsons
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(not shown) andbeamextraction.Quadrupolepropertiesaregivenin Table8.

Quad# L Â ~ Ãk}QÄÅ�ÇÆ ? (m) Gradients(T/m)
1 15.18 44.57

2a& 2b 14.27 44.57
3 15.18 44.57
4 5.47 69.33

Table8: Utility regiongradientsat 20 TeV for matchingbetweenthelong centraldrift andstandardFODOparameters.

Figure11: Layoutof a utility straightsupportingbeamtransferfrom theTevatronand20 TeV abort.

DipolesseparatethecirculatingbeamsthroughtheUT straightto makeroomfor RFcavitiesdownstreamof thesecondtriplet.
Three21.54m dipolesat 2 T bendthebeamsapartby 40 cm,followedimmediatelyby 3 moredipolesthatflattenout the
trajectories.This patternis reverseddownstreamof theRF to bring thebeamsbackinto standarddouble-boremagnets.

2.1.3 Beam Crossovers

With thebeamsseparatedhorizontallyin thearcsit is necessaryto movethebeamsbetweentheinnerandouterringsto
maintainidenticalpathlengths.In theLF ring 2 cross-overcells(Figure12)areinsertedon oppositesidesof thering. Four
rolleddipolesmovethebeamsthe15 cmfrom onechannelto theother. Eachdipoleis 36 m at 1.944T. Thefirst dipoleis
rolledby0.12radto startseparatingthebeamsvertically, while bringingthemclosertogetherhorizontally. Thesecondbendis
rolledby -0.12radto flattentheverticaltrajectory. At thecrossingpoint thebeamsareseparatedverticallyby 9 mm. With �
Á
= 165m, and |kÎ = 1.5̀ � m, this is 17.75� at theinjectionenergy of 900GeV. Rolleddipolesafterthecrossingpoint remove
theverticaloffsetsandcompletethe15cm transversetransferof beamsto theoppositechannel.

2.1.4 Miscellaneous Insertions

For momentumcollimationa localizeddispersionwave is generatedin a 5-cell straightsection(Figure13). Four45 m dipoles
(2T @ 20 TeV) at theupstreamendof thestraightmovethebeamstransverselyby 0.36m, creating§ 70cmof dispersion.
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Figure12: Cross-overcell with doubletfocusing.

Figure13: Dispersioncreationin a5-cell straightfor collimation.
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Fourmoredipolesdownstreambring thebeamsbackontotheir nominaltrajectoryandcancelthedispersion.

Figure14: Achromaticgenerationof freespacein thearcsfor dampers,snakes,etc.

Freespacecanbecreatedin thearcsby replacingstandardarcgradientmagnetswith a shorter, modifiedversionplusasmall
quadrupole.In theexampleillustratedby Figure14, thereis 7.0m of spaceat eachof the8 locationsindicated.Throughthis
insertion,the � ’s, Ê ’s,andphaseadvanceof anarccell areexactly reproducedby a gradientmagnetwith Ï�Ð = 9.185T/m (1%
weaker thantheregulararcmagnets)plusa2.0m quadrupolewith Ï Ð = 26.14T/m. Thelow field of thequadrupolemakesit
just a longerversionof thenormalarctrim quads.Thedispersionwavecreatedby theholesis canceledlocally with 90È of
phaseadvancepercell.
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2.2 Dynamic Aperture and Field Quality

Therequireddynamicapertureis determinedby theavailablemechanicalaperture.Collimatorsdefinethelimiting aperturein
mostcasesandthey areusuallyplacedat around6� from thecenterof thebeampipe.This allows L�� for thebeam
distribution,andanotherL�� for injectionerrorsandorbit drifts over time. Therealdynamicaperturethereforemustbegreater
than6� in orderto avoid significantlossesof particlesatplacesin thering outsidethebeamcleaningsection.
Errors,timedependentfieldsandotherimperfectionsin a realmachinecanneverbemodeledaccuratelyenoughin a
simulationsothedynamicaperturecalculatedby asimulationalwaysexceedsthemeasureddynamicaperture.Observationsat
theTevatron,HERA, andSPShaveshown thattheagreementbetweenthemeasuredandcalculateddynamicaperturevaries
between20-100%.As a consequencetheLHC, for example,requiresthatthecalculateddynamicapertureafter10s turnsat
bothinjectionandcollision (with only magneticnonlinearities)equal12� . It is usefulto considerthesourcesof discrepancies
betweenthemodelandtheaccelerator, listedfor exampleby Koutchouk[7] in Table9. TheLHC dynamicaperture
calculationsfrom [7] areprovidedin Table10.

Sourceor Uncertainty Impact D.A in �
TargetDA after10s turns 12.0
Finitemeshsize -5%
Linearimperfections -5%
Amplituderatio Ñ Æ eaÒ Æ -5%
Extrapolationto 4

�*����Ó
turns -7% 9.6

Time-dependentmultipoles -10%
Ripple -10%
Safetymargin -20%
Long-termDA 6.2

Table9: Sourcesof uncertaintiesin thenumericalcalculationof dynamicaperture,takenfrom [7].

Thelinearimperfectionsincludeorbit errorsdueto misalignmentsandgradienterrorsandthelossof 5%is assignedafter
correctionof theseerrors.Sincetheerrorslistedabovearejustaslikely for theVLHC, it seemsreasonableto adoptadynamic
aperturerequirementof 12� after10s turns.
Thedynamicaperturein theLHC at injectionis dominatedby systematicmultipolesin thedipoles.Thelowestorderallowed
harmonics– sextupoleanddecapole– arecorrectedby smallcorrectioncoilsat theendof eachLHC dipole.

2.2.1 Scaling the Main Injector Errors

Thefield harmonicsin thelow-field magnetswill bemeasuredin thesummeror fall of 2001.As a startinghypothesis,the
errorsin theMain Injectorareusedasascalingbasis,assumingthatthemechanicalerrorsscalewith thepoletip gap.Thuswe
assumethatthefield errorsin theVLHC low field transmissionline magnetsata poletip radiusof 10mm arethesameasthe
errorsin theMain Injectormagnetsat a poletip radiusof 1 inch.
Theexpansionfor thefield errorin adipolemagnetcanbewritten in termsof coefficients ÔÕ� } v�Ö }M× as� f Ï Á bÙØÚÏ � mÅÔ � v D × N4Ï �qÛÜ}�Ý � ÔÞ� } bßØ Ö }�× � �Buà Ä�á0� }ãâ Æ¸}Qä (6)

Non-linearity Injection Collision
Chromaticitysextupoles 28 � 70
Multipolesin dipoles 6.5 å 27
Multipolesin latticequads � 12 å 27
Multipolesin low- � quads å 23 6.5
Long-rangebeam-beamkicks 6.5 6

Table10: Thedynamicaperturein unitsof rmsbeamsize � dueto variousnonlinearitiesin theLHC, takenfrom [7].
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at a radius� andazimuthD . Here Ï � is themaindipolefield and Buà Ä�á is thereferenceradius.Our assumptionis thatthe
relativeerrors arethesameateachazimuth D ,� f Ï Á bÙØÚÏ � mçæ�è�Ô � N  ��� _�hxh v D ×Ï æ�è� N � f Ï Á bÙØÚÏ � m�é-êMë;ì�Ô � N ��� h�h v D ×Ï é0êMë;ì� (7)

Thebendfieldsin theMain Injectorat 8 GeV andin thelow field VLHC at aninjectionenergy of 1 TeV arenearlythesame:Ï�æ�è� = 0.101T, Ïxé0êíë!ì� = 0.098T.
We make thesomewhatstrongerassumptionthattheequalityis satisfiedfor everyharmonicE sothatwe obtainthefollowing
scalingrelationbetweenthemultipolecoefficientsin theMain Injectorandthosein thelow field VLHC,î � }B }à Ä�á v Ö }B }à Ä�áðï é0êMë!ì NñÔ  � ��_ × } � î � }B }à Ä�á v Ö }B }à Ä�á�ï æ�è (8)

Order E òÕ� }íó ò Ö }Mó �ôÔÞ� } × �ôÔ Ö } ×
2 -0.600 0.000 0.600 0.200
3 0.000 0.00 0.149 0.300
4 0.300 0.000 0.300 0.150
5 0.000 0.000 0.100 0.500
6 0.000 0.000 0.250 0.250

Table11: Systematicò ó andrandom� momentsof multipolecoefficientsusedfor trackingthelow field ring, scaledfrom Main
InjectormagnetsusingEquation(8). Thecoefficientsareshown in unitsof 10� � , at a referenceradiusof 10 mm.

Table11 shows thederivedharmonicsfor thelow field magnets.We haveassumedthatthemeasuredsystematicskew
harmonicsin theMain Injectormagnetsaretheresultof thetop down asymmetryin themagnetbuswork [8]. Thisshouldnot
beanissuefor thelow-field magnetssincethebuswork is symmetric,andsothenonlinearskew harmonicshavebeensetto
zero.

2.2.2 Dynamic Aperture at Injection

Thefield errorsin thearcmagnetswill determinethedynamicapertureat injectionenergy. Thefield quality in the
transmissionline magnetsis not know asof this writing. We assumethata goodapproximationto theseerrorsmaybe
obtainedby scalingtheerrorsof theMain Injectormagnets.Thedynamicapertureis calculatedby trackingsingleparticles,
usuallyfor 1024turns,throughmagnetswith theseerrors.Themainissueis to determinewhetherthefield quality is good
enoughto meetthetargetsetfor theacceptabledynamicaperture.If not,anonlinearcorrectorsystemthatincreasesthe
dynamicapertureto thetargetvaluemustbedeveloped.
Our aimhereis to makea roughestimateof thedynamicaperturewith a limited numberof initial conditionsandwith asmall
subsetof machineimperfections.Thesecalculationscanberefinedat a laterstagewhenmoreinformationon thefield quality
is available.For mostcalculationsreportedhere,particlesaretrackedfor 1024turnswithout synchrotronoscillationsin a
perfectlyalignedlattice.Theonly nonlinearitiesarethechromaticitysextupolesandthefield errorsin thearcmagnets.
Sourcesof couplingarenot introducedsocorrectionwith skew quadrupolesis not necessary. Thefractionaltunesaresetto
theTevatronvaluesõ � =0.581,õ Á = 0.575.
Figure15shows thedynamicaperturewith only chromaticitysextupoles,only randomerrors,only systematicerrorsandall
theerrors.Thedynamicaperturewith all errorsis nearlythesameasthatwith only therandomerrors.Figures16and17show
thedynamicapertureswith only randomandwith only systematicerrors.
Trackingup to 1024turnswith all thefield errorsat injectionshows thatthedynamicapertureis about20� asshown in
Table12. Increasingthenumberof turnsto 100,000typically resultsin adecreaseof thedynamicapertureby about2-3� .
Thiswould indicatethatthetargetdynamicapertureof 12� at100,000turnsshouldbemetwith this setof assumederrors.

Improving thedynamicaperture
Theimpactof linearcouplingis reducedwhenthereis adifferencein theintegerpartof thehorizontalandverticaltunes.In
theperfectalignedlatticethereareno sourcesof linearcoupling.Neverthelesswestudiedtheinfluenceof tunesplitson the
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Figure15: Dynamicapertureat injectionwith only chromaticitysextupoles,only randomerrors,only systematic,andall errors.

Errors DynamicAperture( � )
Average Minimum

Only chromaticitysextupoles(CS) 30.9 25.4
CSandonly randomerrors 20.0 18.4
CSandonly systematicerrors 23.4 21.1
CSandall errors 19.7 18.4
CSandonly randomerrorsand �ôÔÞ� 	 × N3�ôÔ Ö 	 × N �

20.4 18.6
CSandonly randomerrorsand �ôÔÞ� � × N3�ôÔ Ö � × N �

20.2 17.6
CSandonly òÞ� 	 ó¨þN �

31.5 25.2
CSandonly òÞ� � ó¨þN �

24.5 21.1

Table12: Dynamicapertureat injection energy with varioussetsof errorsin the arc magnets.Theseresultsshow that the
randomerrorstogetherhaveasomewhatlargerimpactonthedynamicaperturethanthetwo “allowed” systematiccomponents,òÞ� 	 ó and òÞ� � ó . Thedynamicaperturewith all theerrorsis aboutthesame(20� ) aswithout thesystematicerrors.
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Figure16: Dynamicapertureat injectionwith only randomerrors.
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Figure17: Dynamicapertureat injectionwith only systematicerrors.
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dynamicaperturefor thecasesõ ��� õ Á NO§ Mv §¨_ v § d . In no casedid thedynamicapertureimproveandin somecasesthe
aperturewasreducedsignificantly, presumablydueto thebetabeating.
If at a futurestagetherevisedfield harmonicsshow thatthesystematiccomponentshaveasignificantimpacton thedynamic
aperture,thenonewayof mitigatingtheir effectsis to alternatethesignsof thesystematiccomponentsaftereverycell. The
polaritiesof thefield componentscanbeswitchedby reversingtheleadandreturnendsof themagnet.This requiresnot only
rotatingthemagnetsendto endbut alsopoweringthem“backwards”.In this scenario,theevennormalcomponentsòÕ� 	 }Mó and
theoddskew componentsò Ö 	 }�� � ó changesign[9]. If thesystematiccomponentshaveoppositesignsbetweenadjacentcells,
therewill apartialcancellationin thesignsof thenonlinearkicksandtheamplitudegrowth will not beasstrong.Thedynamic
aperturewith a configurationwherethesignsof all thesystematiccomponentsòÞ� } ó reverseeverysuccessivecell wasstudied
andwasfoundto increasethedynamicaperturesignificantly.

2.2.3 Dynamic Aperture at Collision

Thedynamicapertureat collision opticswill bedominatedby thefield errorsof theIR quadrupolesdueto thelargebeam
sizesin thesemagnets.This is truefor theLHC designandwasalsotruefor theSSCdesign.TheIR quadrupoleswith their
highgradientswill bebuilt with “conventional”superconductingmagnets.Thenonlinearharmonicsin thesemagnetsare
muchbetterunderstoodfollowing decadesof developmentandalsothroughtheFermilabprogramof building these
quadrupolesfor theLHC. Theerrorsin thearcmagnetsbuilt with conventionaltechnologyusuallyarenot significantin
determiningthedynamicapertureat top energy. For example,thetargetdynamicaperturein theLHC at top energy is setat
12� with only theIR quadrupolefield errors.We will adoptthesametargetdynamicapertureof 12� in thesimulations.
Thearcmagnetsin theStage1 collider, however, arebuilt with transmissionline magnetswhich havedifferentcharacteristics
from conventionalsuperconductingmagnets.At highcurrent,thefield in theiron saturatesleadingto a dropin thegradient
anda largenegativesextupolecomponent( � 	 ). While thechangein gradientwill becompensatedby quadrupolecorrectorsin
everycell to maintainthecorrectphaseadvancepercell, thecompensationof thesextupolecomponentis amoreseriousissue.
If thenonlinearfieldsdueto magnetsaturationhavea significantimpacton thedynamicaperture,thenthis couldpotentially
limit themaximumenergy reachof thelow field collider.
Thestraightforwardapproachto compensatingthesaturation� 	 componentis to usethechromaticitysextupolesin thecellsto
correctthelinearchromaticity. At large

	 � 	 	 this leadsto strongchromaticitysextupoleslumpedat two locationsin thecell,
oneSFnext to thefocusingmagnet(F), theotherSD next to thedefocusingmagnet(D). A calculationof thedynamicaperture
at 20TeV without theIR errorsbut with the � 	 componentin thearcmagnetsdueto saturationshows thatthedynamic
apertureis quitelargeevenup to 10 unitsof � 	 . This is seenin Figure18. Theintegratedsextupolestrengthsrequiredto
compensatethesaturationsextupolecomponentareshown in Figure19. At � 	 N �

, integratedstrengthsrequiredfor theF and
D typesextupolesare(946,1761)T/m respectively. At positive � 	 � L , theF sextupolesdecreaseandD sextupolesincreasein
magnitudeandviceversaatnegative � 	�
 � L . At largerabsolutevaluesof � 	 , bothsextupolesincreasein magnitude.If
required,additionalsextupolescouldbeplacedin the1 m gapbetweentheF andD andtheD andF magnetsto correctthe
chromaticitygeneratedby theiron saturation.This would lower theintegratedsextupolestrengthsandallow for largervalues
of � 	 to becompensated.
Theimpactof magnetsaturationshould,however, bedeterminedin thepresenceof thedominantfield errorsof theIR
quadrupoles.We havebasedourdynamicaperturecalculationson theexpectedfield errorscalculatedby G. Ambrosioet al.
[10], shown in Table13.
Thedynamicaperturewascalculatedfor threeseedsfor therandomerrorswith thesignsof theuncertaintiesin thesystematics
alternatingbetweenpositiveandnegative. Therandomerrorsweretruncatedat 3� . For eachseedthedynamicaperturewas
calculatedwith � �C� � � 	 � ���

. Figure20shows thedynamicapertureaveragedover thethreeseedsfor eachvalueof � 	 .
At � 	 N �

, thedynamicaperturedropsto around20� in thepresenceof theIR errors,comparedto a valueof around130�
without theseerrorsbut only chromaticitysextupoles.Figure20 shows thattheaveragedynamicaperturevariesovera small
rangeof 20-23 � when

	 � 	 	 � ���
. Clearlythesaturationsextupolesdo nothavea significantimpacton thedynamicapertureat

20 TeV. Themaximumtolerablevalueof � 	 mayinsteadbelimited by thesextupolestrengthsrequiredto correctthe
chromaticity.
After correctionof theorbit with misalignedmagnets,thermsclosedorbit deviationswerereducedto òÇÑ ó à Â�� N � � � mm,ò Ò ó à Â� N � � M� mm. Thefractionaltuneswere õ � N � ������� , õ Á N � ���Q�aL . Figure21shows theaverageandminimumdynamic
aperturewith synchrotronoscillationsandclosedorbit errorsasa functionof themomentumdeviationamplitude.Theaverage
andminimumaretakenover threerandomseeds.Theaveragedynamicapertureat � �ðe � N �

is 19� while at� �ðe � N4L ����� � � � LQ� � , theaveragedynamicaperturedropsto about11 � which is only slightly underthetargetvalue.

22



40

60
�80

100

120

140

160

-10 -5 0
�

5
�

10

D
yn

am
ic

 A
pe

rtu
re

 (s
ig

m
a)

Saturation Sextupole Strength [b2(x 10-4)]
�

Dynamic Aperture at 20TeV with saturation sextupoles
�

σ� x=0.11 mm, σ� y=0.11 mm

No IR Errors
�
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Order  !"��#%$ !'&(#)$ *+!,��#)$ *-!'&(#)$ .0/,��#)1 .0/"&2#)1
2 0 0 0.5 0.5 0.9 0.9
3 0 0 0.1 0.1 0.3 0.3
4 0 0 0.05 0.05 0.06 0.06
5 0.015 0 0.1 0.01 0.1 0.05
6 0 0 0.005 0.005 0.005 0.005
7 0 0 0.002 0.002 0.003 0.003
8 0 0 0.0005 0.0005 0.001 0.001
9 0.0002 0.0 0.001 0.0003 0.0005 0.0005

Table13: Field harmonicsof the low field IR quadrupoles[10]. !,� # $ , !"& # $ are the systematicerrors, *+!,� # $ , *+!"& # $ are the
uncertaintiesin thesystematics,and .3� # , .4& # aretherandomerrors.Theerrorsareexpressedin unitsof 105+6 , at a reference
radiusof 10mm.
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2.3 Tolerances and Corrections

2.3.1 Arcs

Closedorbit
Distortionsof theidealclosedtrajectoryin thecollider will beprimarily generatedby transversealignmenterrors.The
trajectoryin thehorizontalplanewill alsobeinfluencedby errorsin themainbendfield of themagnets,andthevertical
trajectorywill befurtherdistorteddueto roll errorsin themainbendingfield.
For abendingmagnetof length F with gradientGIH which is displacedtransverselyfrom its idealpositionby anamount* , a
particlewith magneticrigidity GKJMLONQPSR will have its trajectorydeflectedthroughanangleTILU/"G H FVPWGIJ(1YXZ* . For thelow
field collider, thegradientmagnetshave lengthsroughlyequalto thehalf-cell lengthandwill besupportedalongits lengthby
severaladjustablemagnetstands.If thearcmagnetsaredividedinto  equal-lengthsectionsfor supportandalignment,then
thermsexpectedclosedorbit deviationsin thehorizontal( [ ) andvertical( \ ) degreesof freedomat maximum] locationsin
thearcsaregivenby ^`_[QacbdL e _]f!']g$h+ikjmlon�prq3ifs t hvu GxwyFGKJ{z}| ~ u G H *2�����G w z �f� u ^ GG w z �����
and ^O_\�acbdL e _]V!�]g$h+ikjmlonprq3i s t h u GxwyFGKJ z ���� ~ �� u G H *2�m��G w z �V��� ��������
where / ^ G�PSG�wW1k���� is thermsfield strengthdeviationof thefull magnet,*����� is thermsdisplacementat the  locations,and� �m�� is thermsroll angle(with respectto vertical)at the  locationswithin ahalf-cell. t is thenumberof half-cellsin the
collider.
For typical valuesof theabovevariableswe use = 5 overahalf cell lengthof F = 67 m,

_] = 411m, !']g$ = 250m, Gxw = 2 T,GIH = 9 T/m, *2�m�� = 250 � m,
� ����� = 0.5mrad,and / ^ G�PSG�w�1 = ~y� 5+6 . Froma distributionof errorsover the780arccellsin

thecollider, we obtainexpectedrmsorbit errorson thescaleof^`_[ acbd���)����M���
25



^O_\�acb � ~y� � ��M���Theclosedorbit will clearlyventureoutsideany reasonablebeampiperadius.
To correcttheorbit distortions,we assumedipolecorrectorsareplacedatmaximum] locationsin thearcs,anda standard
3-bumpalgorithmis performed.Thecorrectorstrengthnecessaryto performthecorrectionusingtheparametersintroduced
abovewouldbe � � L ¡ hj�l¢n � | !�]Y$_] u G�wZFGIJ z£| ~ u G H *�����G�w z �f� u ^ GG�w z �����
and � ¤ L¥¡ hjmlon � | !�]g$_] u G w FGKJ z ���� ~ ¦� u G H * ����G�w z �f�§� ��m�� �
where� is thecell phaseadvance.For � = � ��¨ , andthesameparametervaluesasbefore,thermscorrectorstrengthsare� � � h � � �4©«ª¬ �� ¤ ���)� h �4©�ª�¬ �
At 20 TeV, a 3 � radbendanglerequiresanintegratedfield strengthof 0.2T-m. To beableto correctat the2.5-. level, the
steeringcorrectorsshouldhavestrengthsof approximately0.5T-m.

Quadrupolesaturation
Thequadrupolegradientin thetransmissionline magnetsdropssteeplyat highfieldsdueto saturationof theiron. Quadrupole
correctors,onein eachplane,will beplacedin everyarccell to maintaintherequiredphaseadvanceof 90¨ percell. At present
thesecorrectorsare0.5m longandplacedat thebeginningof eachhalf cell. A 5%dropin thegradientof themainmagnetsat
2.0TeV will requireagradientof 80 T/m in thesecorrectorsto maintainthephaseadvancein thecells.

Tunecontrol
Sourcesof errorsin thetuneincludegradienterrorsandclosedorbit distortionsin thenonlinearmagnets.Quadrupole
correctorsin thearcswill beusedto controltheglobaltunesandto split theintegertunesto reducethesensitivity to
systematiclinearcouplingsources.

Betabeating
It will beimportantto restrictthebeta-beatingto a low valueeverywhere,bothfor on-momentumandoff-momentum
particles.It will bespeciallyimportantto isolatetheinteractionregionsfrom beta-beatingerrorsgeneratedelsewherein the
ring. Quadrupolesat theentrancesandexits of thearcsandat theentrancesandexits of thestraightsectionscanbeusedto
controlboththeamplitudeandphaseof

^ ]YP�] .

Coupling
Sourcesof couplingincludeskew quadrupoleerrorsin themainmagnets,rolls of thegradientmagnetsandverticalorbit
distortionthroughthenonlinearmagnets.Thetolerancefor theallowedcouplingmaybesetby requiringthattheminimum
tunesplit belessthan0.05beforecorrection.Largervaluesmakecouplingcorrectionwith skew quadrupolesdifficult.
Skew quadrupolesplacedin regionsof horizontaldispersionwill generateverticaldispersionwhich will needadditional
correction.It is thereforepreferableto placethesequadrupolesin straightsections.Two familiesof skew quadrupolesin the
utility straightsectionsandtheIRswill besufficient to controltheeffectsdueto thedifferenceresonance

q �¯® q ¤ LON . These
familieswill beplacedsothatthedifferencein phases° ��® ° ¤ differsby

p P h at thefamilies.Thecouplingsumresonanceq � � q ¤ LON mayalsoneedto becorrected(dependingon thestrengthof theskew quadrupoleerrors).In this casean
additionaltwo familieswill berequired,placedsothat ° � � ° ¤ differsby

p P h at thesefamilies.

Dispersioncontrol
Normalquadrupolegradienterrorsandskew quadrupolegradienterrorswill contributeto horizontalandverticaldispersion
beatingrespectively. Theerrorsgeneratedin thearcsandutility straightsectionswill becorrectedeitherby quadrupole
correctorsor by theclosedorbit correctors.It will beimportantto keepthedispersionat theIPsverysmall.Localdispersion
correctionwithin theIRs will benecessaryto correctthedispersiongeneratedby thecrossingangle.
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Chromaticityandmomentumdependentbetafunctions
Thelinearchromaticityis controlledby two familiesof sextupoles,onein eachplane,placedin everyarccell. This will
sufficeprovidedthenonlinearchangeof tunewith momentumis smallover therequiredmomentumaperture.If theglobal
nonlinearchromaticityrequirescorrection,thentwo familiesof sextupolesin eachplanefor the90¨ cellswill berequired.It
would thereforebedesirableto placesextupoles(of saytheF type)in everyothercell on onebusandtheotherfamily of
sextupolesin theothercellson anotherbus.Similarly for theothertype.
In additionto thechromaticitydueto thequadrupoles,thereis additionalchromaticitydueto sextupolefieldscausedby iron
saturationat fieldscloseto 2 T. Thischromaticitymustalsobecompensatedby thechromaticitysextupoles.Thishasbeen
discussedin thesectionon thedynamicapertureat collision.
If thebetafunctionis stronglydependenton themomentum,thenit canleadto anincreasedspotsizeif not correctedat the
IPsandto emittancegrowth dueto injectionerrorsif not correctedat theinjectionpoint. Correctingthemomentum
dependenceof thebetafunctionswill requireadditionalsextupolefamilies.

2.3.2 Interaction Regions

Alignmenttolerancesin theIRs
Thesetolerancesaremorestringentfor theIR quadrupolesthanfor any othermagnetsin thering. Severalcriteriahaveto be
metincluding:± Dispersionat theIP shouldbesmall,bothto attainmaximumluminosityandto avoid synchro-betatronresonances.± Beamexcursionsin thetripletsshouldbelimited to preserve thedynamicaperture.± Separationsbetweenthebeamsat theparasiticcollision pointsshouldnot decrease.

Table14 shows theeffectsof theIR quadrupolemisalignmentson thebeamoptics.In theIR quadrupolesthebetafunctions
changerapidlyandarenotsymmetricaboutthequadrupolecenter. As a consequence,pitch andyaw misalignmentswill
introducesubstantialbeamseparationsat theIPsif not corrected.Dueto thecrossinganglea roll misalignmentof anIR
quadrupolewill introduceorbit shiftsin theplaneorthogonalto thecrossingplane.This is in additionto theextracoupling
generatedby theroll angle.Thusmisalignmentsin all six degreesof freedomof theseIR quadrupolesneedto bewell
controlledandcorrected.Otherdeformationsin straightness,suchasthenaturalsagof themagnets,mustbecorrectedwith
thesupportstructuresof thesemagnets.

MISALIGNMENT EFFECT

Transversedisplacements Orbit shift
Tuneshift (with nonlinearmagnets)

Longitudinaldisplacement Tuneshift, betabeat,dispersionbeat

PitchandYaw Orbit shift
Tuneshift (with nonlinearmagnets)

Roll Enhancedcoupling,orbit shift(with crossingangle)
Betabeat,dispersionbeat

Table14: Rigid misalignmentsof quadrupolesandtheir effectson thebeamoptics.

Offsetsat theIPs
Theorbit offsetat theIP ²�b�³�³��k´¶µ�/'·2¸K1 dueto a transversedisplacement

^ ²�¹ of anIR quadrupole(assumedto beat 90 degrees
from theIP) is ² bm³�³��k´¶µ /"·�¸K1^ ²�¹ º¼» ]¾½¿] ¹À (9)
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Here ]-¹ is thebetafunctionat thequadrupoleand
À

is thefocal lengthof thedisplacedquadrupole.Themaximumoffsetof
thequadrupolethatcanbecorrectedwith orbit correctorsis proportionalto this ratio ²Wb�³Z³��k´cµ¿/'·2¸K1mP ^ ²�¹ . In Table15 we
comparetheparametersfor thequadrupolewherethebetafunctionis thelargest.Tolerancesfor theLHC quadrupoleswere

Parameter LHC IR VLHC (LF) IR] ½ [m] 0.5 0.3] �Á � [m] 4567 11263
Focallength

À
[m] 21.2 18.7² bm³�³��k´¶µ /"·�¸K1�P ^ ² ¹ Â 2.3 Â 3.1

Table15: Parametersof thestrongestIR quadrupolein theLHC andin thelow field VLHC

derivedin [11]. Thermstolerancefor theoffsetwasobtainedto be0.27mm. Scalingthis numberby theratio2.3/3.1,we
obtaina toleranceof 0.2mm for theIR quadrupoles.This assumesthatcorrectorstrengthssimilar to thosein theLHC (in kick
angle)will beusedin thelow field VLHC.
Correctorsto correcttheorbit at theIP arebestplacedat 90 degreesfrom theIP. As in theLHC, correctionpackageswith
dipoleandskew dipolecorrectioncoils shouldbeplacedat severalhighbetalocationsnext to theIR quadrupoles.Spaces
betweenQ2 andQ3andafterQ3would beideallocationsfor thesecorrectors.

Quadrupoleroll angles
Toleranceson theallowedroll anglesof theIR quadrupolesmaybesetby specifyingtheminimumtunesplit tolerablebefore
correction.We will assumethatthis tunesplit dueto roll anglesin all sixteenquadrupolesfrom thetwo IRs is lessthan0.05
beforecorrection.Theminimumtunedifferencedueto a roll angle

^ �
is givenby^MÃ ��Ä # L » ] � ] ¤p Å FÇÆ ^ � (10)

An rmsroll angleof 0.5mradcanbetoleratedfor theIR quads,assumingthatall theIR quadrupoleassembliesincludeaskew
quadrupolecorrector.
Normally two familiesof skew quadrupolesarerequiredto correctboththerealandimaginarypartsof thecouplingresonance
term.However thephaseadvancethroughtheIRs is verysmallandsotheimaginarypartof theresonancetermis negligibly
small.Thusonly asingleskew quadrupoleon eachsideof theIP will suffice to locally correctthecouplingin theIR. The
integratedstrengthof theskew quadrupolecorrectormaybecalculatedfrom [11]/ ÅÉÈ 1 �kÊ¿´cË L ® ~/ » ] � ] ¤ 1 �QÌ¿Í j T ��Î (11)

Î L hÐÏÑ Ä / » ] � ] ¤ 1kÄ Å Ä ^ � Ä È Ä Ì¿Í j T�Ä (12)

Thephaseargumentat a quadrupoledistant Ò from theIP is TWÄgLUÓ ° � ® ° ¤ ® / q � ® q ¤ ® N-1 �ÔVÕ Ä . Î is therealpartof the
differencecouplingresonancetermdrivenby therolledquadrupolesin theIR, eachwith a roll

^ � Ä whereÖ runsoverall the
eightquadrupolesin eachIR. Theseexpressionscanbeusedto calculatethermsroll anglethatcanbecorrectedwith the
availableskew quadrupolecorrectors.
Table16 summarizesthemisalignmenttolerancesfor theIR quadrupoles.Thesearebasedon scalingfrom tolerancesderived
for theLHC andshouldbereplacedat a laterstagewith moreexactcalculations.

Misalignment Tolerance
Offsets[mm] 0.2
Longitudinalplacement[mm] 1
Roll [mrad] 0.5

Table16: Misalignmenttolerancesfor the low field VLHC IR quadrupolesderivedby scalingfrom the LHC IR quadrupole
tolerances[11].
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Crossingangle
A crossingangleis requiredto separatethebeamsat theparasiticcollisions.As is well known, thecrossinganglehasseveral
effectson thelinearandnonlinearopticsandbeamdynamics.Someof theseeffectswhich requirecorrectioninclude:± Dispersionwavedueto orbit offsetin thequadrupoles± Changein couplingdueto skew multipoleerrorsin thequadrupoles± Feeddown of higherordermultipoles.

Localdispersioncontrolis requiredto preventthedispersionwavesfrom propagatinginto thearcs.This canbeperformed
adjustingpairsof quadrupolesin thecellsadjacentto theIRswherethereis naturaldispersion.A schemesuchasthis was
proposedfor theSSC[12]. Correctionof local couplingfrom this andothersourceswill requireskew quadrupolesin theIR as
alreadymentioned.Thelineareffectsfrom feed-down of higherordermultipoleswill becorrectedby orbit andtune
correctors.Nonlineareffectswill requirenonlinearcorrectionpackagesin theIRssimilar to thosein theLHC andRHIC.

Local chromaticitycorrection
A local chromaticitycorrectionsystemfor theIRswasproposedfor theSSC[13] which increasedthemomentumaperture
from about2.5.Ø× with linearchromaticitycorrectionto about8.Ø× with correctionof thenonlinearchromaticitygeneratedby
theIRs. A similar suchsystemmayberequiredfor theIRs if themomentumapertureneedsto beincreased.

2.4 Ground Motion and Emittance Growth

Slow groundmotionin the300-ft deepdolomiteConcominein Aurora,IL, about3 mileswestof Fermilab,is being
measured.Thegoalof thestudiesis to recordandanalyzeverticalgroundmotionin 8 pointsseparatedby 30 metersovera
time interval of about1 year. Theexperimentin Auroraminestartedin October2000.Thefirst datarevealthatdolomitemine
motionis rathersmallandcanbedescribedby theATL law with coefficientof Ù�LÚ/'Û � Ü�Ý h �ßÞ 1Và ~y� 5-áQâäã+â � PWâåPÒ [14, 15].
Theresultingmaximumorbit distortionthatwill becausedis of theorderof 9 âæâ{P ¡ \ØRZ&2ç .Theonly drawbackof theAuroramineexperimentis theminimalnumberof sensorsthatlimit statisticsfor studiesof spatial
correlations.Therefore,a systemwith about20 sensorsis needed,andlong termmeasurementsshouldberepeatedin the
largerscale.Analytical/computerstudiesof theslow groundmotioneffectsandorbit correctionsystemandproceduresmust
beperformed.
Turn-to-turndipolemagneticfield fluctuationsandvibrationof quadrupolemagnetsareof concern,becausethey canexcite
coherentbeammotion. If themotionis not correctedover thedecoherencetimeof about ~ PWèyé ´kÁ�� 5 é ´kÁ¿�ê� ~Z���� turns,then
thecoherentmotionwill beconvertedinto transverseemittanceincreaseandcancausesubstantialemittancegrowth over
about10 hoursof thestore.Sofar, experimentallymeasuredhigh-frequency groundor magnetvibrationsdo not poseabig
problemfor VLHC [16]. Nevertheless,moredetailedanalysison how thelatticemayaffect thetolerancesis needed.For
examplereference[17] claimsthattoleranceson vibrationamplitudein a latticewith combinedfunctionmagnetsis about3
timesthetolerancesin aseparatedfunctionFODOlattices.
In 1999experimentalstudiesof high-frequency magneticfield fluctuationsin theTevatronsuperconductingdipolemagnet
werecarriedout. It wasfoundthattheeffectiverms *�GMPWG � ~y� 54ë w is about10 timesthetolerancefor theVLHC, i.e. that
which mightcauseemittancedoublingafterabout6 minutes.Themeasurementshave to berepeatedin theVLHC dipole
prototypes.Again,we needto analyzeandperformcomputersimulationsfor latticeswith separatedandcombinedfunction
magnets.
Suppressionof theemittancegrowth canbeprovidedby low noisefeedback.Thefirst analysisof therequiredfeedback
systemis presentedin [18]. Thesystemhasto havesub-micronequivalentinputnoise.Designandtestof sucha systemat the
Tevatronis adesirableVLHC beamphysicsR&D topic.
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2.5 Stability Issues

2.5.1 The Rings, Injection, and RF

In Stage1, bunchesareinjectedfrom theTevatroninto thelow-field ringsat 900GeVandareacceleratedto 20 TeV. Therings
of bothphasesarechosento beof thesamesize,

hSp3ì L h ���)� � �2Þ km in circumference,andsamerf frequency. In orderto
haveshorterbunches,therf frequenciesin bothstagesarechosen9 timeshigherthanthatof theTevatron,sothatthebunches
in theVLHC will beseparatedby 9 rf buckets.Therf harmonicis íîL � í+ï ì P ì ïðL �(Þ ~ � h � , where í-ïðL ~�~~ � is therf
harmonicof theTevatronand

ì ïðL ~ � � km is its meanradius.
Here,weconcentrateon thestability issuesof thelow-field ringsonly, wheretherf voltagehasbeenchosento beñ%òôó L � � MV. In orderto avoid or reducethepossibilityof longitudinalandtransversesinglebunchinstabilities,therms
bunchareaof bunchesinsidethelow field bucketsarechosenas Ù�L h � � eV-s,verymuchlargerthanthe Ù ïML � � õ eV-s rms
buncharea[19] of theTevatronbunchesat 900GeV. However, with

ñ)òôó L � � MV, themaximumenergy spreadandbucket
areaare,respectively, ö ^�÷÷ùø2úyûýü,þmÿ�� L | h R ñ òôóp í i �3i ÷ L h � � � ~Z� 5�� � (13)Ù úyûýü,þmÿ�� L Ü� w | h R ñ òôó ÷p í i �3i L �Ø� �)~ eV-s � (14)

where
� L h � � ~ ~Z� 5�� is theslip factorof theVLHC ringsin bothstages,� w L � w P)/ hSp 1 L ~ � h � kHz their revolution

frequency, and
÷ L � ��� GeV theinjectionenergy. Thisbucket is definitelytoosmallfor therms2 eV-s bunchat this energy.

In thediscussionsbelow, we assumethatthebunchesin thelow-field ringsinjectedfrom theTevatronwill beof rmsbunch
area0.4eV-s. As we shallsee,a bunchcoalescingschemewill beimplementedbeforestorage,which will increasetherms
bunchareaof thefinal bunchesto nearthedesiredvalue.
Incidentally, theTevatronrf hasits maximumvoltageat 1 MV only, thebunchlengthbeingtoo longandthemomentum
spreadtoo smallto fit thebucketsat injection.Thus,theTevatronbunchesmustbeshortenedby eithera bunchrotationor the
installationof ahigherrf voltagebeforethetransferto theVLHC is possible.Somerelevantrf andbeamparametersof the
Stage1 ring arelistedin Table17 for convenience.
A bunchexcitedby forcesin thevacuumchamberoscillatesin thelongitudinalphasespacein modesdescribableby theradial
modeparameter 3� designating 3� radialnodesandtheazimuthalmodeparameterâ designating

i â i azimuthalnodes.For a
given â , themosteasilyexcitedradialmodeis  3�dL i â i andonly theseradialmodeswill beincludedin thediscussionbelow.
Almostdistribution independent,thespectrumfor themodedesignatedby â
	L � peaksat frequency��� �� � i â i � ~h���� � (15)

where
���

is thetotal lengthof thebunchin time. In Gaussiandistribution,weapproximateit by the95%length
��� L h ¡ Û.�� ,where .�� is thermsbunchlength.Actually, thespectrumof this modeis nonzeroonly at the â -th synchrotronsidebandsof,

respectively, therevolutionharmonicsfor longitudinaldiscussionandthebetatrontunelinesfor transversediscussion.ForâÐL � , thespectrumhasa frequency spreadfrom

® ��� w� to
� ��� w� with ��� w� givenby Eqn.(15). Both ��� w� and ��� ë  arelistedin

Table17. Notethatthesefrequenciesfor theVLHC bunchmodesarein theGHzrange.

2.5.2 Resistive Wall

Thelongitudinalimpedanceof thewall of a cylindrical beampipeof radius � is, atangularfrequency � or harmonic ,ö���� ø����!  #" ü�$% LÚÓ j!&n / � 1 �(' Õ ì J�*) ë i  i 54ë!+ � � (16)

whereJ is theresistivity of thebeampipewall and ) ë L s h J� wy� (17)

is theskindepthat therevolutionharmonicand � themagneticpermeability. TheVLHC beampipesfor thelow-field ringsare
warmwith anelliptical crosssectionof radii íîL � mm and , L ~ õ%� � mm. Thelongitudinalimpedanceis givenbyö���� ø�����  L ö-�.� ø�����  /" ü�$% À � (18)
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Table17: Parametersof theStage1 ring at injectionandstorage.For thelastrow, seeSec.2.5.5.

STAGE 1
Injection Storage

Rings and RF
Circumference0�L hSp3ì 233.037 233.037 km
Energy

÷
0.9 20.0 TeV

Bunchseparation 9 9 buckets
Rf harmonicí 371520 371520
Rf voltage

ñ òôó
50 50

Slip factor
h � ~ � �~Z� 5�� h � ~ � �~y� 5��Synchrotrontune

q � Ü%� õ Û ~y� 5�� ~ ��ÞS� ~y� 5��Max. energy spread
h � � � ~y� 5�� õ+� õ�õ ~y� 5+6Bucketarea 5.013 23.631 eV-s

Betatrontune
q�1

214 214
Beams
Bunchfrequency 53.105 53.105 MHz
Bunchfilling 90% 90%
Numberof bunches 37152 37152
Numberperbunch t é h � Û ~y� ë w h � Û ~y� ë wrmsbuncharea 0.4 2.00 eV-s
rmsbunchlength .32 / . � 6.03/0.201 6.55/0.219 cm/ns
rmsenergy spread.�4 Û � � ~ ~y� 5+6 ~ � õ Û ~y� 5+6Freq.atbunchmodeâÐL � , ��� w� 0.507 0.467 GHzâÐL ~ , ��� ë  1.015 0.934 GHzâ ÿ�5 L � � � � õ , ��� �7698 8: 0.169 0.156 GHz
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with ��L í , while thetransverseimpedanceisÓ � ;=< > Õ ���!  L hSìí � ö �.� ø�����  #" ü�$% À ;=< > � (19)

with
i  i 54ë!+ � replacedby

i  ® q 1 i 54ë!+ � . In above,theform factorsare
À � L � � ���Ü , À ; L � � Ü h ~ , and

À > L � � õ � Ü , for this
particularelliptic beampipe.Thesearecomputedfor analuminumbeampipe( J�L h � Û � ~Z� 5 Ï@? -m at roomtemperatures)and
a copperbeampipe( J L ~ �ßÞ �d~y� 5 Ï ? -m at roomtemperature).Theresultsaretabulatedin Table18.
Powerdissipatedat thewall of thebeampipeby A buncheseachcontainingt é protonsis¸ LCBED �6 F A ö t é R=GhSp ø � ö � wyJh ø ë!+ � ~. ��+ �2 � � (20)

where BED �6 F L ~ � hh �Wõ ~ Û Þ � h is theGammafunctionat �6 , andthebeampipehasbeenapproximatedto becylindrical with

radius � . Notethatthepower lossis proportionalto . 5���+ �2 where.32L . � G is thermsbunchlengthand G thevelocityof light.
As is displayedin Table18, thepower lossin eachaluminumbeambeampipeis 30 to 27kW for injectionto storage.For each
copperbeampipe,thepower lossis 24 to 21 kW.
Theresistivewall impedancesof thebeampipedominatebecauseof its largesizeandsmallpiperadii. At a fixedfrequency2� PØ/ hWp 1 , thewall impedancesscaleasö���� ø�����  º ~í s ì � ª n ¬ Ó �@H Õ ����  º ~í � s ì �� � (21)

where
ì

is theradiusof thering. On theotherhand,theinductivepartsof theimpedancesof thebeampositionmonitors
(BPMs),for example,scaleas öJI â �.� ø3K�L�M º ~¡ ì � ª n ¬ Ó �@H Õ K�L�M º ¡ ìí � � � (22)

wherewehaveassumethatthebetatrontuneandthereforethenumberof BPM setsscaleas ¡ ì . Thecontributionsof the
BPMsareplottedalongsidewith thecontributionsof theresistivewall in Fig. 22. We seethatthecontributionsof theBPMs
areaboutanorderof magnitudesmallerthanthoseof theresistivewall, evenif thecold copperpipesaretakenasreference.

2.5.3 Potential-Well Distortion

Thebunchof theprescribedlength .�� andenergy spread.�N listedin Table17 will matchtherf bucketsetup at thevoltageofñ%òôó L � � MV (or 200MV for Stage2 at storage).In thepresenceof aninductive impedance

I â ��� P� , theparticlesinsidea
bunchseeanadditionalforceproportionalto thegradientof theparticledistribution. Providing thatthebunchis short,a beam
particleata timeadvance

�
with respectto thesynchronousparticleseesapotentialdropor voltageofñ�O P�Q L R t é¡ hWp � wZ. �� I â ��� �.�� � (23)

which is to besubtractedfrom therf voltagesuppliedby theklystron.Thus,for aninductive impedanceat therf harmonic,
this inducedvoltagecounteractsthesuppliedrf voltage.Thebunchshapewill bedistortedandits lengthincreased.As an
illustration,we evaluatethis voltagedistortionat the95%of thebunchor

� L ¡ ÛS. � . As shown in Table18, this inductive
voltage,

ñ�O P�Q
, is lessthan1 MV for thealuminumpipeandcopperpipe.Sincethelow-field beampipewill bemadeof

aluminumwith or withoutaninternalcoppercoating,thebunchshapewill not beaffectedmuchby theinductivewall. In
otherwords,potential-wall distortionis of no importancehere.

2.5.4 Longitudinal Mode-Coupling

For only motionin thelongitudinalphasespace,modeâ L � representsstaticmotionlike thepotential-welldistortionthatwe
discussedbefore.Thenext modesarethedipolemodeâÐL ~ , quadrupolemodeâÐL h

, etc. In thepresenceof coupling
2Lookingat afixedrevolution harmonic,theright sideof eachequationin Eqns(21)and(22)shouldbemultiplied by a factorof R S .
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Figure22: Longitudinalimpedance

�.� PW (upperplot) andtransverseimpedance(lower plot). In eachplot, from top: realor
imaginarypartsof resistive wall contribution for an aluminumbeampipe anda cold copperbeampipe. Lower curves: real
andimaginarypartsof theBPM contribution. All beampipesareelliptical with half-axes9 mm and14 mm. Onesetof BPM
striplines,eitherhorizontalor vertical, is assumedat eachlocationof a FODO quadrupole.Eachstripline is of length8 cm
subtendinganangleof � � ¨ at thecenterof thepipe.
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Table18: Collective instability limits of thelow field VLHC bunches.

STAGE 1
Injection Storage

Beampiperadii íQP=, 9/14 9/14 mm
Rf voltage

ñ ò�ó
50 50 MV

Modecouplinglimit / �.� PW r1 ÿ�5 6.26 8.05 ?
Modecouplinglimit / � H 1 ÿ�5 112 576 M ? /m
Resistivity of aluminum J h � Û � ~y� 5 Ï h � Û � ~Z� 5 Ï ? -m
Skindepthat  {L ~ , ) ë 0.23 0.23 cm
Wall imp. at  åL ~ , Ó ��� P� Õ ë 44.7 44.7 / ~ �T' 1 ?Ó �UH Õ ë �%� � Û ~y� 6 �)��� Û ~y� 6 / ~ �T' 1 M ? /mÎ R or

I âO/ ��� P� r1 ���!  at rf freq 0.0736 0.0736 ?
Voltagedistortion 0.869 0.735 MVÎ R or

I âO/ ��� P� r1 ���!  at âÐL ~ 0.0505 0.0527 ?Î R or

I âO/ � H 1 ����  at â ÿ�5 98.5 103 M ? /m
Power loss 30.3 26.7 kW
Multi-bunchgrowth time 1.20 26.8 turns
Resistivity of copperJ ~ �ßÞ �d~y� 5 Ï ~ �ßÞ �~Z� 5 Ï ? -m
Skindepthat  {L ~ , ) ë 0.018 0.018 cm
Wall imp. at  åL ~ , Ó ��� P� Õ ë �2�Ø� Ü ���)� Ü / ~ �T' 1 ?Ó � H Õ ë h Ü)��� ~y� � h Ü%� � ~y� � / ~ �T' 1 M ? /mÎ R or

I âO/ ��� P� r1 ���!  at rf freq 0.0589 0.0589 ?
Voltagedistortion 0.696 0.589 MVÎ R or

I âO/ ��� P� r1 ���!  at âÐL ~ 0.0405 0.0422 ?Î R or

I âO/ � H 1 ����  at â ÿ�5 78.9 82.3 M ? /m
Power loss 24.3 21.4 kW
Multi-bunchgrowth time 1.5 33.4 turns
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impedance,thesynchrotronsidebandsareno longerequallyseparatedwith the â -th sidebandat Ý â q �*��w . The âÐL h
sidebandwill movetowardsthe âÐL ~ sidebandascouplingimpedanceand/orbunchintensityincrease.Whenthetwo
sidebandsmergeinto one,the âÐL ~ and âÐL h

modescoupleandaninstability develops.This instability is not death
threatening,stabilitywill beregainedafterthebunchis lengthenedandtheenergy spreadincreases.Thethresholdof the
instability is givenapproximatelyby, for Gaussiandistribution,öJI â �.� øØÿ�5WVÂ hWpfi �4i ÷ . �NR�·*X þ (24)

where · X þ L R t é«PØ/ ¡ hWp . � 1 is thebunchpeakcurrent,andtheeffective impedanceisöJI â �.� øØÿ�5 L Y * � I â ���� � w�í%��/ � 1Y * � í+� / � 1 � (25)

and í+� / � 1 thepowerspectrumof modeâ and ZM* � impliesdiscretesummationoverall the â -th synchrotronsidebands.The
longitudinalmode-couplingstability limits arelistedin Table18 for varioussituationsof operation.Theinstability will
developfirst nearâÐL ~ . Thuswe evaluatetheresistivewall impedanceat ��� ë  , with resultsshown in Table18. We seethat
with analuminumbeampipe,theimpedance

��� PW at ��� ë  in Stage1 is only 0.051/0.053? at injection/collision,andis very
muchlower thanthestability limit of 6.26/8.05? . Thus,no longitudinalmode-couplinginstabilitywill occur.
Let usunderstandhow thestability limit scalesasthesizeof theacceleratorring increases.Noticethat

i �3i Â q 5 �1 in a FODO
latticeandthereforescalesas

i �3i º ì 54ë . Therefore,whentheimpedanceof thering is dominatedby theresistivewall, the
microwavestability criterionin Eqn.(24)scalesas,ata fixedfrequency,ì ë!+ � VÂ Ùx.�Nì ·ýéOº Ù�.�Nt é � (26)

whereEqn.(21)hasbeenused.Thustheinstabilitybecomesworseas ¡ ì asthesizeof thering increases.

2.5.5 Transverse Mode-Coupling

With transversemotion,the âÐL � is avalid mode,which describesthebunchmakingrigid dipoleoscillationsin the
transverseplane.This correspondsto just thepurebetatronsidebands.Drivenby thetransverseimpedance,thebetatrontune
decreasesandthepurebetatronsidebandmovestowardsits first lower âÐL ® ~ synchrotronsideband.An instability will
developwhenthetwo overlap,whichwe call transversemode-couplinginstability (TMCI). Unlike thelongitudinal
counterpart,this instability is devastating.Thegrowth time is usuallysmall.
For anaveragebunchcurrent ·ýé , thethresholddriving impedanceisÓ I â �UH Õ ÿ�5 VÂ Ü ÷ � �w q�1%q �¿.��R�·ýé�G � (27)

wheretheeffective transverseimpedanceis

Ó I â �UH Õ ÿ�5 L Y * � I â �UH / � 1�í+� / � 1Z * � í � / � 1 � (28)

and Z * � impliesdiscretesummationover the âÐL � synchrotronsidebandsof thebetatrontunelines(or just thebetatron
sidebands).Theselimits for variousoperationsarelistedin Table18. It appearsthattheresistivewall impedanceshouldbe
evaluatedat frequency between��� w� and ��� ë  , wherethetwo modescollide. In fact,for aGaussianbunchinteractingwith the
resistivewall impedance,this effective frequency canbecomputed.SubstitutingtheGaussianspectrumandEqn.(19) into
Eqn.(28)gives Ó I â �@H Õ ÿ�5 L Ó I â � H Õ ë ë!+ �ÿ�5 (29)
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with  ÿ�5 L õ p� w . � B � D ë6 F Í © � ÿ�5 L h. � B � D ë6 F L � � � � õh . � � (30)

where BED ë6 F L �)� Û �2� Û ~ is theGammafunctionevaluatedat ë6 . Thiscorrespondsto ��� �7698 8[ with â ÿ�5 L � � � � õ if Eqn.(15) is
used.As anexample,for analuminumbeampipetheresultsasseenin Table18 show thattheimpedanceis 98.5/102.7M ? /m
at injection/collision,which is smallerthanthestability limit of 125.7/643.9M ? /m. Thus,noTMCI will occur. Equation(27)
is just anapproximateway to determinethethresholdof theinstability by equatingtheshift of the âÐL � modeby

q � , the
synchrotrontune.A moreexactmethodis to computetheeigenmodesof a numberof modesnearâÐL � and âÐL ® ~ asa
functionof thebeamcurrentor couplingimpedance.Blaskiewicz [20] madesucha computationfor thehigh-fieldring at
injection.On theotherhand,thethresholdgivenby Eqn.(27) is 33%larger. Thisservesasa verificationthatEqn.(27)will
givea reasonablyestimate.On theotherhand,themoreexactnumericalsolutionmayarriveat a lower thresholdandeasily
pushthebunchesat injectionto a TMCI.
As thesizeof thering increases,thestability criterionof Eqn.(27)scalesaccordingtoì ��+ � VÂ ¡ ì¯q �«.��t é � (31)

Thus,TMCI becomesworseas
ì

. Comparingwith Eqn.(26),TMCI will havea lower thresholdthanthelongitudinal
microwave instability asthesizeof thering increases.

2.5.6 Coupled-Bunch Instability

Therevolution frequenciesof theVLHC ringsareonly 1.29kHz. Thusthetransverseresistivewall impedanceat thebetatron
sidebandof lowestnegativefrequency becomesvery largeandwill driveacoupled-bunchinstability.
For A£� identicalequallyspacedbunchesin thering, thereare �åL � � XyXýX � A£� ® ~ transversecoupledmodeswhenthecenter
of massof onebunchlagsbehindits predecessorby thebetatronphaseof

hSp �gP%A£� . At thesametime,eachbunchcanexecute
longitudinalmotionwith âÐL � � ~ � XýXyX nodes.Thegrowth ratefor the �4â -th modeis~�-\ � L ® ~~ � â R�A · é Gõ prq�1 ÷ Ñ Ê Î R � H Óo/[]�A � ® � � q 1 � â q � 1 � w Õ À H� / � � � ®_^ 1 � (32)

where A is thenumberof bunches.Strictly speakingEqn.(32) is correctonly if A L`A£� or if thebunchesareequally
spaced.Accordingto the9-bucketspacing,theVLHC ringswill beonly 90%filled. ThusEqn.(32)will not beanaccurate
descriptionof thebeamdynamics.
As thefrequency �ba Ý � , therealpartof theresistive-wall impedanceapproachesfirst Ý i � i 53ëc+ � , then

i � i 54ë whentheskin
depthexceedsthethicknessof thepipewall, andfinally zerowhenthefrequency is exactlyzero.Therefore,thereis alwaysa
mode� thatcorrespondsto a largenegative Î R � H anddrivesthetransversecoupled-bunchinstability. For example,with the
betatrontune

q 1 L h ~ õ+� õ , mode�åL h ~ � or frequency

® � � Û � w PØ/ hWp 1 L � �ßÞÞ Û kHz with ]ML � in thesummationof Eqn.(32)
contributesthelargestnegative Î R � H , which is

® �)� Û � ~y� 6 M ? /m if theStage1 beampipeis of aluminum.Here,westick to
the Ý i � i 54ë!+ � dependency of theresistivewall impedancefor simplicity, althoughat sucha low frequency, thethicknessof the
beampipewall maybethinnerthantheskindepth.Thenext contributionwith ]ML ~ will give Î R �@H L � hh Þ M ? /m which is
negligibly smallcomparedwith thecontributionatharmonic

® � � Û , which thereforedominatesthecontribution.
Thegrowth ratesturn out to beextremelyfastin all situation.The R -folding growth time is 1.2/27turnsfor Stage1 at
injection/storage,wherealuminumpipesareconsidered.Fortunately, thefrequency of this modeis very low, around1 kHz. A
dampercanbeeasilydesigned.
As thesizeof theacceleratorring increases,it is easyto show thatthegrowth time in revolution turnsscalesas

Growth time in turns º t éì � (33)

which explainswhy this transversecoupled-bunchinstability drivenby theresistivewall is a concernfor theVLHC.

2.5.7 Longitudinal Head-Tail

Longitudinalhead-tailinstability hasbeenobservedin theTevatronandwewould like to examineits effect in theVLHC. This
instability is a resultof theasymmetricdependenceof themomentumcompactionfactor dÉL`d w / ~ � d ë )S1 � XyXýX on the
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momentumdeviation ) . Thus,abunchwill haveslightly differentlengthandthereforeloseenergy differentlyin theupperand
lowerhalvesof thelongitudinalphasespace.Thegrowth rateof thesynchrotronoscillationamplitudeis givenby~� L ® � wh *�e*2.�� . �÷ ^ � (34)

wheretheenergy lossperparticleperturn iseM/'.���1 L�R � t Y * � i[fJQ/ � 1 i � Î R � �w / � 1 � (35)

and ^ L d w /:d ë ® � � � � 1� � d ë � � h (36)

denotestheasymmetry, which is roughly2 sinced ë � ë� for a FODOlattice.
Theinstability canbedrivenby a sharpresonancelike thefundamentalmodeof therf cavities. For theTevatron,thequality
factor

Ã �êÞ ���� andtheshuntimpedanceis
ì � L ~ � h M ? . Here,for theVLHC, it is reasonableto assume

Ã
to bethesame

while
ì � P Ã L ~ Þ ~Z� , about10 timeslarger. Thus,thegrowth rateof Eqn.(34)scalesas~� º ~ì ÷ º ~ì � � (37)

Thus,weexpectthegrowth rateto beverysmallfor theVLHC. As shown in Table19, thesegrowth ratesareverymuchless
than Ü Û õ �� 54ëÇL ~ � ~ � ~y� 5�� s53ë , implying thattherewill not beany appreciategrowth of thesynchrotronamplitudein aday.
Thesmallgrowth ratesarea resultof thelow rf frequency andshortbunchlength,which representsa pointon theupperplot
of Fig. 23.tothevery left of the

® *�e�PW*2. � 1�. � peak.
Thelongitudinalhead-tailinstability canalsobedrivenby a broad-bandresonanceof thecouplingimpedance.If weassume� �w PW � ~ doesnot changemuchwith thesizeof thering,

ì �¿P Ã will increaseastheradius
ì

of thering. Thus,thegrowth
ratedrivenby thebroad-bandimpedancescalesas ~� º ~÷ º ~ì � (38)

andwill dominatethegrowth drivenby thesharpresonanceof therf cavities. Thelowerplot in Fig. 23 givesthereduced
differentialenergy loss, /'*3edPW*2. � 1k. � asa functionof � � . � with � � denotingthefrequency of thebroad-band.

Table19: Parametersof theVLHC ring in Stage1 andStage2, at injectionandat storage.

STAGE 1
Injection Storage

Driven by rf resonance� òôó L õØÞÞ(� � MHz,
ì �ýP Ã L ~ Þ ~y� ? ,

Ã L Þ ����Growth rates ÞØ��Þ�Þ ~y� 5�g �)� Ü� ~y� 5Qá s53ë
Driven by broad-band with

ì � P� �L ~ � � ?Growth rates( �W�%L � GHz
Ã L ~ 1 ~ � Üõ ~y� 5�� Û � õõ ~y� 5�� s53ë

Growth rates( �W�%L h GHz
Ã L ~ ) h ��Þ h ~y� 5�� �)���Wõ ~y� 5�� s53ë

Growth rates( �W�%L ~ GHz
Ã L ~ ) �%� � Û ~y� 5�� ~ ���� ~y� 5-6 s53ë

Growth rates( �W�%L ~ GHz
Ã L h ) h � Ü2� ~y� 5�� ~ � � � ~y� 5-6 s53ë

Driven by resistive wall

Resistivity of aluminumJ h � Û � ~y� 5 Ï h � Û � ~y� 5 Ï ? -m
Growth rate õ+� Û � ~y� 5�� ~ � ÜSõ ~y� 5�g s53ë
Resistivity of copperJ ~ ��Þ �~y� 5 Ï ~ �ßÞ �d~y� 5 Ï ? -m
Growth rate �%��Þ ~ ~y� 5�� ~ � õ(Þ ~y� 5�g s53ë
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Figure23: Plot of differentialbunchenergy loss /"*�edPS*�.���1�.�� versus�W�¿.�� dueto a sharpresonance(upper)or a broad-band
impedance(lower).
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Thegrowth ratesdrivenby abroad-bandimpedanceat variousfrequenciesarelistedin Table19. For theinjectioninto the
low-field rings,all growth ratesfrom thetableexceed� Û ��� 53ëÇL h �ßÞWÜ ~Z� 5-6 s54ë or with growth time lessthananhour.
Unfortunately, theinjectioninto thelow-field ringsis slow andis aboutanhour. Thustherewill besignificantgrowth of the
synchrotronamplitudeandthusthebuncharea.
At storage,thegrowth rateis Û � õ�õ ~y� 5+6 s54ë when �W��L � GHzand

Ã L ~ , or growth timeof 4.31hours.Thisnumberappears
to beinsignificantfor a storethatlastsup to 10 hours.However, if theresonantfrequency is reduced,thegrowth ratewill
increase,which correspondsto moving towardsthepeakof the

® /'*3edPS*�.���1k.�� plot from theright sidein thelowerplot of
Fig. 23. As indicatedin Table19,when

Ã L ~ and �W�dL ~ GHz,thegrowth time reducesto 1.79hoursandbecomes
significant.It is alsoshown in thetablethatthegrowth ratewill dropif thequality factor

Ã
increases.

Thelongitudinalhead-tailinstability canalsobedrivenby theresistivewall impedance.Thedifferentialenergy lossin
Eqn(36) integratesto *�e*2.�� . � L ® � B D �6 FÜ p � R � t é Ó Î R � �w Õ ë� ëc+ �w . ��+ �� � (39)

where Ó Î R � �w Õ ë is theresistivepartof thewall impedanceat revolution frequency. Theresultsin Table19 show thatthis
instability is insignificant.For example,at theinjectionof Stage1, thegrowth time for thealuminumpipeis longerthanthe
onehourinjectiontime. At storage,thegrowth time is tensof hours.However thegrowth rateis inverselyproportionalto. ��+ �� . Therefore,whenthebunchlengthis furthershortenedin futuredesignor operation,longitudinalhead-tailinstability
drivenby theresistivewall impedancemaybecomeimportant.

2.5.8 Laslett Tune Shifts and Other Effects

We havenot studiedall typesof instability. Therearemany bunchesin thecollider ring. Therefore,coupled-bunchinstabilities
in boththelongitudinalandtransverseplanesby sharpresonancescanbeserious,andaninvestigationis required.Thebeam
pipehasa smallbore.As a result,theimagecontribution to thecoherentandincoherentbetatrontuneshiftscanbeimportant.
Thevery low revolution frequency leadsto avariationin themagneticimageLasletttuneshift whenthering is partiallyfilled
duringtheinjectionprocess.Thevariationis dueto thefactthattherevolutionperiodis comparableto themagneticdiffusion
time throughthebeampipe. Initial estimatesof thelattereffectproducetuneshift variationsof order0.3alongthebunchtrain
for ahalf filled ring. Increasingthevacuumpipethicknessand/orradiuscouldreducebothof theseproblems.Increasingthe
dipolemagnetgapfrom 20 mm to 28 mm reducestheDC Lasletttuneshift from 1.0to 0.6.Thevariationin tunealongthe
bunchtraincouldbereducedby quadrupolesrunningat multiplesof therevolution frequency. It is envisioned,however, that
injectingbeamin anappropriatelysymmetricmanner, with bunchesenteringthering farapartfrom eachotherandgradually
filling in betweenthealreadyinjectedbunches,thetunevariationscanbealleviated.

2.5.9 Bunch Coalescence

Thethresholdof transversemodecouplinginstability (TMCI) for thelow-field VLHC hasbeencomputedby Burov etal., [21]
usingamatrix approachby including5 radialand5 azimuthalmodesandalsoparticletracking.Thesamethresholdhasalso
beenestimatedby equatingthedownshiftof thedipolebetatronfrequency to a synchrotronfrequency. Thelattergivesa
thresholdabout40%higherthantheBurov’sresult.Onesourceof discrepancy is relatedto thefactthatthetransverse
couplingimpedancedriving theinstability is dominatedby theresistivewall ratherthanabroadband.Thetransverseresistive
wakegoesto infinity astheinversesquarerootof thedistancebetweenthesourceandthetestparticles,andthisdistancehas
beentakenasthermsbunchlengthin theestimationusingthesimpledownshift formula.On theotherhand,thematrix
approachbringsup numericalconvergencequestionsfrom thedivergenceof thewakeat smalldistances.Thisdiscrepancy is
very importantfor thelow-field VLHC, becausethethresholdfrom Burov’smatrix calculationat injectionwith thenominal
setof parametersis only abouthalf thedesignedintensity.
With thedangerof TMCI andtheinability to estimateanaccuratetheoreticalthreshold,it is advisableto divide thebunchinto
a numberof lessintensebunchesat injectionandperforma coalescenceat ahigherenergy. Below, we estimatetherf voltage
requiredfor thecoalescence.

Coalescence
A low-field VLHC bunchhasanintensityof

h � Û ~y� ë w particlesin a � òôó PØ/ hWp 1 L õ(ÞSÜ)� � MHz rf bucketwith rf harmonicíîL �2Þ ~ � h � , correspondingto a ring circumferenceof 0êL h ���)� � �2Þ km. Assumethatthisbunchis dividedinto 5 bunchesat
consecutivebucketsat injection.Thecoalescenceoperationconsistsof thefollowing steps:
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(1) Thecoalescenceis to beperformedat 20 TeV whentherf voltageis
ñ)òôó L � � MV. Theparameterlists suppliedby

Foster[22] call for a rmsbunchareaof 2.0eV-sat storage.We thereforeassumethermsbunchareaof eachbunchbefore
coalescencebe Â h � � P � L � � õ eV-s,or a totalbunchareaÙ Â h � õ eV-s. Thehalf energy spreadandhalf width of thebunch
are,respectively, u ^ ÷÷ z ë L | � � ë Ùpfi �4i ÷ L ~ � Û �î~Z� 5-6 �/ ^ � 1 ë L | i �3i Ùp ÷ � � ë L � � h �� n+j � (40)

where� � ë PØ/ hWp 1 is thesynchrotronfrequency at therf voltage
ñ ë L � � MV and

� L h � ~ � ~y� 5�� is theslip factor.
(2) Therf voltage

ñ)òôó
is snappeddown to

ñ � sothatthebucketheightis equalto theenergy spreadof thebunch.We haveñ �÷ L pfi �3i íh u ^�÷÷ z � ë L �%� h � ~Z� 5Qá � (41)

or
ñ � L Û � õØÞ MV.

(3) Thebunchis allowedto rotate � ��¨ with synchrotronfrequency� �c�hSp L s i �3i í+R ñ �hWp ÷ � whSp L � � Ü�2��h.i � (42)

where� w P)/ hSp 1 L ~ � h � kHz is therevolution frequency. Thehalf energy spreadbecomesu ^�÷÷ z � L � �c�i �3i / ^ � 1 ë L �Ø�ßÞ�õ ~y� 5�� � (43)

(4) Therf is thenturnedoff andthecoalescencerf with a frequency of 478.0/9=53.11MHz ( í-afL í-P � ) is turnedon. The5
bunchesarerotatedin thelongitudinalphasespaceby � ��¨ andthe478.0MHz rf is thenswitchedon to capturethesebunches
into onebucket. For total capture,thehalf energy spread/ ^�÷ P ÷ 1k� of thebunchesmustrotateto ahalf width / ^ � 1 a lessthan] timeshalf a rf wavelength

p P � òôó , where ] V ~ . Noticethatthephaseequationof motionis* �*kj L �l) ÷÷ � (44)

We thereforerequire / ^ � 1 a L i �3i� �ka u ^�÷÷ z � VÂ ] p� òôó � (45)

where � �kaVL � w s i �3i í+a�R ñ ahSp ÷ (46)

is thesynchrotronfrequency drivenby the53.11MHz rf systemat voltage
ñ a . TheresultisR ñ a÷ mÂ í � i �3ihWp ] � í-a u ^�÷÷ z �� L ~ � �� ~Z� 5-á] � � (47)

or
ñ a mÂ �)� � � ]-5 � MV. Thehalf energy spreadof thecoalescedbunchwill beroughly5 timestheoriginalmultipliedby the

factor ] � , or u ^�÷÷ z a ��� ] � u ^�÷÷ z � L h � Ü(Þ ~Z� 5+6 ] � � (48)

Thevoltageof thecapturedrf at íîL � í+a mustbeat leastñ 6 L p í i �3i ÷h R u ^ ÷÷ z �üJn!�� ÿJo L u � ] pÛ z � ñ aVL h � � � ] �@prq � (49)
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Therf voltageis thenraisedto 50MV adiabatically, sothatthecoalescedbunch,having a rmsbunchareaof roughly, 2 eV-s
will have thedesignedbunchlengthfor collision.

Analternatemethod
In Step3 of thecoalescence,thesynchrotronfrequency is 0.834Hz. Thusit takes0.30s for thebunchto rotate� ��¨ andspread
out. It is importantto checkwhetherlongitudinalmicrowave instability will developor not in this longduration.At theendof
thespread,thebunchoccupiesthewholewidth of thebucket,which is 0 P)/sGýí-1 L h � � � ns,or a rmslengthof . �I� � � õ h Þ ns.
Thecoalescedbunchshouldhavea designedintensityof

h � Û ~Z� ë w particles.Beforecoalescence,theintensityof eachbunchis
1/5 of it, or t éfL � ��� h ~y� ë w , correspondingto a peakcurrent· X þ L R t é«PØ/ ¡ hSp . � 1 L � ��Þ�Þ A. TheKrinsky-Wanginstability
thresholdis [23] � �w L hSpfi �3i ÷ . �tR�· X þ L ~ h ? � (50)

Theresistivewall impedancefor theVLHC beampipecomposingof stainlesssteelwasfoundto beonly Î R � �w P� {L � � ��Ü� ?at rf frequency. [24] We canthereforeconcludethatlongitudinalmicrowave instability will not occur.
Sincewe arefaraway from this instability, insteadof snapping,onemayalsochooseto reducethe478.0MHz rf voltage
adiabaticallyin Step2 sothatthebunchfills thewholebucket. Thismethodwill leadto a lowerenergy spreadbefore
coalescence,andthereforea lowercoalescencevoltagein the53.11MHz rf. Thelowestrf voltagerequiredisñ �÷ L pfi �3i íh u í � wyÙÜ ÷ z � L õ%� � � ~y� 5 Ï � (51)

or
ñ � L � � Ü � Û õ MV. Thehalf energy spreadis thesameasthebucketheight,oru ^�÷÷ z � L | h ñ �p í i �3i ÷ L �)� Û � ~Z� 5�� � (52)

Step3 is no longernecessary. We go to Step4 wherethecoalescencerf is turnedon toR ñ a÷ mÂ � í i �3ihWp ] � u ^ ÷÷ z �� L ~ � õØÞ ~Z� 5Qá] � � (53)

or
ñ a mÂ h � �Sõ ]-5 � MV. Thehalf energy spreadis nowu ^�÷÷ z a ��� ] � u ^�÷÷ z � L h � Ü h ~Z� 5+6 ] � � (54)

Thevoltageof thecapturedrf at íîL � í a mustbeat leastñ 6 L p í i �3i ÷h R u ^ ÷÷ z �üJn!�� ÿJo L¼u � ] pÛ z � ñ aVL h � � ~ ] �@prq � (55)
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2.6 Polarization

Someinterestexistswithin theparticlephysicscommunityfor colliding beamexperimentswith highenergy polarized
protons.(e.g.in [25]) TheVLHC Stage1 NN –colliderwould offer a greatopportunityto achievepolarizedNN collisionsator
closeto ¡ Ò L 40 TeV.
In [26] it wasshown thataCombinedFunction(CF) latticeprovidesauniquefeatureat highenergy. For aCF latticethe
envelopeof the linear intrinsic spin–obitresonances(LISORs)decreasesasymptoticallywith ~ P ¡ u , whereu is theLorentz
factor, whereasfor a separatedfunction(SF)latticetheenvelopeincreaseswith ¡ u . This effectcanbeexplained
perturbatively by therapidspinprecessioncomponentaroundtheverticalin thebendingfield of theCFmagnetswhich
cancelsto a greatextentthetilt away from theverticaldueto thegradientfield. In a SFlatticethereis no bendingfield in the
quadrupoles.
Thedecreaseof theLISORswith energy is a 1-stordereffect,but theLISORsarethelargestcontribution to theoff–orbit
T–BMT driving termandin theapproximationof leadingpowersin v u [27, 28] ( v L /xw ® h 1mP h � ~ �ßÞW� beingthe
gyromagneticanomalyof theproton),i.e.at highenergy, they arethedominantcontribution to thehigherorder(kinetic) spin
orbit coupling.
Thekey conceptsfor polarizationin thepresenceof spinorbit couplingaretheDerbenev–Kondatenko

_ –axis[29, 30] andthe
amplitudedependentspintune[31, 30]

q
. Given ¸  O y , themodulusof theaverageof

_ overaninvarianttorusdescribedby the
normalizedactionvector z{ , thelong termpolarizationaverageof a beam̧ canbefactorized[28] as¸ÚL Z ¸  O y /|z{ 1k¸ Q $ P /}z{ 1Ø*~z{ , where ¸ Q $ P is theaverageof thespinaction

_� X _ over thespinson eachtorus. ¸  O y is
completelydeterminedby thelattice,theenergy and z{ , whereaş

Q $ P
dependson the“history” of thebeam,i.e. the

polarizationat injectionandtheaccelerationprocess.It hasbeenshown [32] that ¸ Q $ P is anadiabaticinvariant,i.e. is hardly
changedduringsufficiently slow acceleration.̧

 O y
andtheaccelerationratefor preservationof ¸ Q $ P areparticularlylow

whenever thenon–perturbativeresonancecondition
q /|z{ � u 1 LC] � Ã � � ] ¤ Ã ¤ � ]�� Ã � is (sufficiently closely)fulfilled (e.g.

[33, 32, 28]). Herethe
Ã Ä aretheorbital tunesand ]Ä��r� .

SimulationsusingthecodeSPRINT [34] andanearlyversionof theStage1 lattice[35] without ] –squeezeshowedthatthe
strengthsof theLISORsindeeddecaysapproximatelywith ~ P ¡ u andthatthehighestresonancestrengthsarearound1.1 for
purelyverticalmotionwith 2.5 . verticalamplitude(assuming� ò y o L 1.5

p
mmmrad).After choosingasuitableverticaltune

(about217.2862)andintroducing1, 3 or 5 identicalpairsof SiberianSnakeswith snakeangledifferenceof 90¨ in eachpair
(Lee–Courantschemes,e.g.[36]) distributedaroundthering sothattheon–orbitspintuneis ~ P h independentof energy, we
havesimulateḑ

 O y
and

q
with up to 5 . verticalorbitalamplitudein 3 energy ranges(strongresonancearoundinjection,

strongresonancecloseto 20TeV & regionwithoutstrongresonancescloseto 20 TeV a potentialworkingpoint). The
simulationswereperformedusingtheSODOM-2 algorithm[37] implementedin SPRINT. Thesimulationssofardid notshow
any higherorder(kinetic) spinorbit resonancesup to 4 . with 6 snakesandup to 5 . with 10 snakes.In a10 GeV range
aroundthepotentialworkingpoint thespintunespreadwaslessthan.15and ¸  O y wasmorethan92%upto 5 . with 6 snakes.
Furthersimulations,e.g.includinghorizontalandlongitudinalamplitudesandmisalignment,areof coursenecessary.
Moreover, spindynamicsin theinjectionchainhasto bestudiedandmostlikely modificationsto thepre-acceleratorswill be
necessary.
Our preliminarysimulationssuggestthattheVLHC Stage1 CFring couldbea uniqueopportunityto obtainpolarizedprotons
athigh energy. If onewantsto take thisopportunityit is essentialto makespindynamicsa designissueat anearlystageof the
project.
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3 STAGE 2: THE HIGH-FIELD RING

3.1 Luminosity Versus Energy

Thehighfield VLHC ring will bethefirst cryogeniccollider to operatein thesynchrotronradiationdominatedregime,in
which theradiationdampingtime is shorterthanthestoragetime. In this regimetherearepracticalandeconomiclimits to the
cryogenicsystemwhich canbeinstalled.Thereis amaximumvalue ¸ a¶� ¤ b for thesynchrotronradiationwhich canbe
absorbedin eachring. It is necessaryto adjustthebeamparametersto staywithin theinstalledpower limit, resultingin a
maximumluminositywhich dependson thebeamenergy

÷
accordingtoFf�Á � º ¸Ya¶� ¤ b÷ (56)

Theexactversionof this “maximumpower law” is derivedasfollows.
Thetotalnumberof protonsburnt off perbeam,in astoretime of length � �¶µ'bm�«´ in a colliderwith t���� interactionpoints,ist é[� � # L t ��� FÇÁ*�¿´«.%µ'bkµJ�3�¶µ'bm��´ (57)

where .)µ'b�µ is thetotal crosssectionand FÇÁ*�¿´ is theaverageluminosity. Thenumberof protonsin eachbeamat thebeginning
of thestoremustbeat leastthis large,so t A � t é[� � # (58)

where t is thenumberof protonsin eachof the A bunches.Thetotal synchrotronradiationpowerperring is¸ L u e¾w� z t A (59)

where e¾w is theenergy radiatedperprotonperturn,and � is therevolutionperiod.Thesynchrotronradiationdampingtime is
closelyrelated, �QwxL u �e w z ÷ (60)

sothat,simply ¸ Lvt A ÷�-w (61)

Puttingall this together, andrecognizingthatthesynchrotronpower is limited¸ V ¸¾a¶� ¤ b (62)

thentheminimumsynchrotronpower is achievedwheneverysingleprotonis burntoff, sothatFÇÁ%�¿´ V ¸ a¶� ¤ b÷ u ~t ��� .%µ'bkµ z u � w�4�cµ'b��«´ z (63)

This is theexactform of themaximumpower law.
Althoughthereis aclearadvantagein reducingthestoragetime, �3�¶µ'b��«´ mustremainsignificantlylargerthan ����Á�� × in orderto
takeadvantageof radiatively dampedbeamsizes.Otherfactors(suchastherefill time)will alsoplay a role in determiningthe
optimumvalueof �3�¶µ'b��«´ , but is safeto estimatethat � w�4�cµ'b��«´ Â � � h (64)

Exceptfor someuncertaintyin this factor, themaximumpower law clearlystatesthattheinstalledcapacityto absorb
synchrotronradiationat cryogenictemperaturesdirectly limits theattainableproductof averageluminosityandenergy.
Similarly, if thebeamstoredenergy perring eêL t A ÷

mustbekeptbelow a maximumvalue– for exampleif thebeam
dumphasa limited capacity– then F Á*�¿´ V e �Á �÷ u ~t ��� .)µ'b�µ z u ~�3�¶µ'bm��´ z (65)

Insofarasthestoredenergy is a practicallimit to high field performance– to theproduct FVÁ*�¿´ ÷ – thenthereis pressureto
reduce� �¶µ'bm�«´ , andhenceto increasethedipolefield, to reducethecircumference,andto reducetherefill time.
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Storageenergy,
÷

87.5 TeV
Peakluminosity, Ff�Á � h à ~y� ��6 cm5 � s53ë
Inelasticcrosssection 130 mbarn
Total crosssection 169 mbarn
Collisiondebrispower, perIP 73 kW
Dipolefield atstorage 9.765 T
Distancefrom IP to first magnet 30 m
Injectionenergy 10 TeV
Fill time 30 s
Accelerationtime 2000 s
Synchrotronradiationdampingtime, � w 2.48 h
Energy lossperturn, e w 15.3 MeV
Naturaltransverseemittance(H) .0397 � m
NaturalRMSmomentumwidth 5.5 ~y� 5�gNumberof bunches,A 37152
Fractionof bucketsfilled 90 %
Collisionbetahorz, ] ½� 3.7 m
Collisionbetavert, ] ½¤ 0.37 m
Equilibriumemittanceratio, � 0.1

Initial bunchintensity, t 7.5 ~y�k�Protonsperbeam 2.79 ~y� ëk6Beamcurrent 57.4 mA
Synch.rad.power, perbeam̧ .88 MW
Dipole linearheatload 4.7 W/m
Storedenergy, perbeame 3.9 GJ

Table20: Nominalparametersfor storesin thehighfield ring.

3.2 Operational Performance

Thehighfield ring will bethefirst hadroncolliderableto join all electroncollidersin takingadvantageof naturallyflat beams.
Theinstantaneousluminosityis F L Aõ p � t �. ½� . ½¤ (66)L Aõ p � t � u» � � � ¤ ] ½� ] ½¤ (67)

where� is therevolutionperiod,andtheflatnessof thebeamis convenientlymeasuredby�îL � ¤� � (68)

Figure6 showshow thenaturalhorizontalemittancevarieswith thearchalf cell length,with anominalvalueof� # Á«µ � � � � õ � m. If thelinearcouplingandtheverticaldispersionin thearcsarebothwell controlled,andin theabsenceof
straysourcesof diffusion,thehorizontalemittancewill decreaseto this value.Theequilibriumverticalemittancecanbecome
muchsmaller– thebeamscanbecomeveryflat. Thehigh field ring shouldbeableto achieve ��� � � ~ , in commonwith
conventionalelectronstoragerings.
Thetotalnumberof protonsin thering, A t , is approximatelysetby theneedto provideenoughfor “luminosity burn-off ”,
plusanoverheadfractionthatis dumpedat theendof thestore.Sincethenumberof bunchesA is fixed,theneedfor a given
peakluminositythensetsthesinglebunchpopulationt . Nominalvaluesfor theseandotherparameters,includinga
conservativevalueof �îL � � ~ , aregivenin Table20.
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It is theheadon beam-beaminteractionwhich setstheminimumhorizontalemittance,whetherthebeamsareflat or round.
Figure24shows thehorizontalandverticalemittancesdecreasingto plateauvaluesof � � and � ¤ thatareconsistentwith the
beam-beamlimit, andwhich aremaintainedby transversebeamheating.Figure25 shows thecorrespondingevolutionof
instantaneousluminosity, andits average,duringthestore.
It is shown immediatelybelow that,at thebeam-beamlimit, flat beamspermittheproduct � � � ¤ to begreatlyreduced,relative
to roundbeams.Equation67 shows thatthis thenpermitslargervaluesfor ] ½� and ] ½¤ at fixedluminosity. Flat beamspermit
morerelaxedIR optics,evenbeforetheincreasedefficienciesof doubletopticsareconsidered.

3.2.1 The Head On Beam-Beam Interaction

Thehorizontalandverticaltuneshift parametersfor bi-gaussianbeamsareè � " ¤ L çhWp u t ] ½� " ¤. ½� " ¤ D,. ½� � . ½¤ F (69)

whereç¯L ~ ���S�2� à ~y� 54ë Ï � is theclassicalradiusof theproton.Whenthebeamsareround( ] ½� L ] ½¤ � � ½� LC� ½¤ ) this reducestoè � L è ¤ L çõ pðt� � (70)

with no dependenceon u or ] ½ . By comparison,if thebeamsareveryflat, ��� ~ , thenè � L è ¤ L çhWp t� � (71)

Thehorizontalandverticalbeam-beamparametersaremadeequalin theflat beamcaseby assertingthatthe ] ½ ratio is also �� L � ¤� � L ] ½¤] ½� L . ½¤. ½� (72)

Equations70 and71 show that,whetherthebeamis roundor flat, thebeam-beamparameterdependsonly on thehorizontal
emittance� � . Sincethecollision betafunctions] ½� and ] ½¤ donot influencethebeam-beamparameters,they areadjusted(with
a fixedratio � , andfor givenvaluesof A � t � and � � ) in orderto achievetherequiredpeakluminosity.
Thebeam-beamlimit is expectedto beapproximatelythesamefor roundor flat beams,givenbyè~� � � ��� Ü (73)

Thisvalueis justifiedby practicalexperienceat theSPSandat theTevatron.TheSPSoperatedat è � � � �� õ (or slightly
higher)with 6 collisionsperturn. More recently, in RunIb theTevatronoperatedwith è � � � �� ÞS� with only 2 headon
collisionsperturn (asin theVLHC). Simulationspredictthatradiationdampingmightgive thehighfield ring a slight
additionaladvantage,which is by no meansasstrongasthatcommonlyobservedin electronstoragerings.Thenumerical
valueof 0.008is illustratedin Figure26,which displaysempiricaldatacompiledby Keil andTalmanfor electronstorage
rings[38]. The“dampingdecrement”for thehighfield VLHC – thefractionof adampingperiodperheadoncollision – is
approximately~y� 5-á .Equations70 and71 show thattheminimumvalueof � � permittedby thebeam-beameffect is thesamefor flat or round
beams,within abouta factorof 2. Then,re-writing Eqn.67 asF L Aõ p � t � u��� � ] ½� (74)

it is explicitly clearthatwith flat beamsthevalueof ] ½� canbeincreasedby a factorof about ~ P�� , a largeamountanda
significantadvantage.Equation72 thenshows thatthevalueof ] ½¤ is aboutthesamefor flat or roundbeams.
Figure27showshow thehorizontalandverticalbeam-beamparametersevolveduringaflat beamstore.About80%of the
originalbeamis burnedoff after20hours.Storeevolutionparameters,includingRF andlongitudinal,aresummarizedin
Table21.
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INJECTION
Emittance,rms(H andV) 1.5 ¦ m
Momentumwidth, rms 233.1 §�¨�©�ª
Arc bunchsize(betatron) 254 ¦ m
Arc bunchsize(dispersion) 330 ¦ m
RF voltage 50.0 MV
Longitudinalrmsemittance 2.0 eV-s
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrontune .00280
Synchrotronfrequency 3.60 Hz

STOREBEGINNING
Emittance,rms(H andV) 1.5 ¦ m
Momentumwidth, rms 64.8 §�¨�©�ª
Arc bunchsize(betatron) 86 ¦ m
Arc bunchsize(dispersion) 92.0 ¦ m
Full crossingangle 30.6 ¦ rad
RF voltage 200 MV
Longitudinalrmsemittance 2.0 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrontune .00189
Synchrotronfrequency 2.44 Hz

EARLY PLATEAU (Flatbeams)
Beam-beamparameter .008
Emittance,rms(H) .161 ¦ m
Emittance,rms(V) .016 ¦ m
Momentumwidth, rms 50.0 §�¨�©�ª
Arc bunchsize(betatron) 28.2 ¦ m
Arc bunchsize(dispersion) 71.0 ¦ m
IP bunchsize(H) 2.53 ¦ m
IP bunchsize(V) .25 ¦ m
Full crossingangle 10.0 ¦ rad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrontune .00189
Synchrotronfrequency 2.44 Hz

Table21: Storeparameters,includinglongitudinalandRF.
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3.2.2 Crossing Angles and Parasitic Beam-Beam Collisions.

Thehorizontalandverticaltuneshiftsdueto asingleparasiticcollisionsare«~¬-k® ¯±° ²´³�µ¶�·�¸º¹ �® ¯«~» (75)

wheretheapproximationis valid if thefull beamseparation
«

is muchgreaterthanbothhorizontalandverticalbeamsizes,so
thatthebeamactslikea moving line charge.Thetuneshift is positive in theplaneof theseparation.Thetotal separation
increaseslinearlywith respectto thedistance¼ from theIP, andis proportionalto thetotal crossingangle½ , which is naturally
scaledto theangulardivergenceof thebeamby thefactor ¾«À¿ ½Á¼ ¿ ¾�ÂÄÃÆÅ�¼ ° ¾�Â (76)

This is illustratedin Figure28,wherethecrossingangle ½ evolvesto alwayskeepthebeamsaconstantnumberof horizontal
sigmasapart.In thedrift regionnext to theIP thehorizontalandverticalangulardivergencesof thebeamareequal,evenfor
flat beams,since Â ÃÇÅ¯Â ÃÇÅ ¿ºÈ É ¯¹ Å¯ ¹ ÅÉ  ¿ºÊ ËË ¿ § (77)

For parasiticcollisions(exceptthefirst) thebeamsareessentiallyround,evenwith flat beamsat theIP!
If thebeamsarethoroughlyseparated(into separatebeampipes,or with very largeseparations)ata distanceÌÎÍÐÏ[Ñ from theIP,
thenthereare ÒÓÌÎÍcÏ:Ñ�Ô�ÕÄÖ parasiticcollisionsaroundeachIP, where ÕÄÖ is thelongitudinalbunchseparation.Many (or all) of
thesecollisionsoccurin thedrift region,wherethebetafunctionsaregivenby

¹ ¿ ¹ ÅÎ× ¼ »¹ Å ° ¼ »¹ Å (78)

andtheapproximationis valid when ¼ÓØ ¹ Å – thatis, for all exceptperhapsthefirst parasiticcollision. Puttingall this
together, thetotal tuneshiftsfrom all parasiticcollisionsin oneinteractionregionare«lÙ k® ¯ ° ² ³=µ¶�·�¸ ÒÕÄÖ ÌÎÍÐÏ:Ñ¹ Åk® ¯ ½ » (79)

wheretheapproximationis mostvalid if thebeamsarefully separatedbeforethefirst IR quadrupole.Thelasttermin this
expressioncontainstheopticalvariablesof themostinterest– Ì7ÍÐÏ:Ñ�Ú ¹ Å , and ½ .
Thehorizontalbetafunctionateachcollision is muchlessthanthevertical¹ ¹ ¯ ° ¹ Å¯¹ Å ¿ Ë (80)

sothat,takingEqns79and 80 togethergives «lÙ_ÜÛ Ý Ë «lÙ_¯ (81)

Thehorizontaltuneshift is greatlysuppressedwith flat beams,to bemuchsmallerthanit is with roundbeams– if thevalues
of ÌÎÍcÏ:Ñ and ½ comparefavorablybetweenthetwo cases.
Equation79showsthat,if thebeamseparationplaneis changedfrom horizontalto verticalwith thetotal crossingangle½ held
fixed,thenthelong rangetuneshiftschangesignwith almostunchangedabsolutevalues.If theseparationplaneis verticalat
oneIP, andhorizontalat theother, thensignificanttuneshift cancellationscanbeachieved.However, thebeamsarevertically
separatedin thearcs,no matterwhatthelocal crossingplane,becauseof theuseof commoncoil magnettechnologyin thearc
cells.Conversionfrom ahorizontalbeamseparationplaneto verticalseparationin thearcsis not expectedto be
fundamentallydifficult, eventhoughtheopticaldesignof suchaschemehasnot yetbeenaddressed.
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Figure28: Evolutionof thelong rangetuneshifts,andthetotalhorizontalcrossingangle,duringthestore.
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Figure29: Intra beamscatteringgrowth (or damping)timesduringthestore.
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3.2.3 Intra Beam Scattering and Diffusion

Intrabeamscattering(IBS) is animportanteffect in thehighfield ring, asillustratedfor nominalstoreparametersin
Figure29. Thehorizontalgrowth rateis by far thestrongest,with growth timesof lessthan10 hoursafteracoupleof damping
times,whenthe6-dimensionalphasespacedensityis largest.Thisminimumgrowth time is controlledby heatingthebeams
longitudinally, to preventthermsmomentumspreadfrom falling below a minimumvalueof Â�Ñ�Ô�ã , asdemonstratedin
Figure24. It alsohelpsthat,in orderto respectthebeam-beamlimit, thehorizontalemittanceis heatedto maintaina
minimumvaluethatis muchlargerthanits naturalvalue.
It is interestingto considerwhatfundamentallimits IBS placeson theflatnessof thebeam– how smallcan Ë be?Figure30
showshow theminimumflatnessdependson themomentumspreadÂ�Ñ�Ô�ã which is maintainedby longitudinalheating.The
minimumvalue Ë�ä�å/æ is definedasthatvalueat which thehorizontalIBS growth time is equalto thesynchrotronradiation
dampingtime. Theresultsshown in Figure30 assumethattheRFvoltageis heldfixed. In contrast,Figure31 show how the
minimumflatnessdependson theRMSbunchlength Â Í , whenthemomentumspreadÂ Ñ Ô�ã is heldfixed. In this casetheRF
voltagechangessignificantly, scalinglike ç�è�é�êº§=Ô�Â »Í . Figure32 shows thesametwo datasets,plottedasa functionof the
longitudinalemittance.It is clearthatflatnessesassmallas Ë Û ¨�ë ¨k¨�§ arepossible,from theperspectiveof ourpresent
theoreticalunderstandingof IBS [39, 40].
Therelativepaucityof world dataon IBS resultsin cautiouspredictions,but it is reasonableto expectthatIBS will be
significantbut not dominantin thehighfield ring of theVLHC. Fortunately, thecopiousdataexpectedin thenext few years
from RHIC operationsshouldgreatlyimproveour understandingof thetopic.
Any unwantedsourceof diffusion– whetherIBS, powersupplyripple, fundamentalbeamdynamics,or any unexpected
source– couldhaveaprofoundunwantedeffecton theluminosityperformanceof thehighfield ring. A deepaccelerator
physicsunderstandingof thespectrumof diffusionmechanismsis requiredfor a confidenthighfield design.
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3.3 Advantages and Disadvantages of Flat Beams

All electroncolliders,whethercircularor straight,take advantageof flat beamsandusedoubletoptics.However, it hasnever
beforebeenpossibleto useflat beamsin a hadroncollider. Flatbeamshave theadvantagesanddisadvantagesdiscussed
below, which continueto beinvestigated.Shouldamajorflaw beidentifiedwith flat protonbeams,it is alwayspossibleto fall
backto theconventionalhadronsolutionof roundbeamsandtriplet optics.
Flat beamsrequirethefirst quadrupoleon bothsidesof theIP to bevertically focusingto bothcounter-rotatingbeams
(whetherthecrossingangleis verticalor horizontal).Thus,theopticsmustbesymmetricacrosstheIP, andthefirst
quadrupolemustbea2-in-1 magnet.This is unlike theconventionalroundbeamtriplet solution,in which theopticsis usually
(but not necessarily)anti-symmetric,andbothbeamspassthroughasinglequadrupolebore.Becauseflat beamsmustenter
separatequadrupolebores,thereis a needfor dipolebeamseparatorsinboardof thefirst quadrupole.On theonehand,this
earlyseparationis a relativedisadvantageto doubletoptics,sincethefirst quadrupoleis pushedfurtheraway from theIP. On
theotherhand,earlyseparationis goodfor long rangebeam-beameffects,sincethereare(effectively) no parasiticcollisions
beyondthebeginningof thefirst beamsplittingdipole.
Table22 comparestheperformanceof flat androundbeamin thehigh field ring. In bothcasesthebeam-beamlimit ofÿ ¿ ë ¨k¨�� is reached5 or 6 hoursinto thestore,whentheluminosityis at its peak.Thehorizontalandverticalemittances
valuesrecordedin Table22 arethosewhich areinitially maintained(preventingfurtheremittanceshrinkage)whenthe
horizontalandverticalbeam-beamparametersfirst saturate.Thesamepeakluminosityis achievedin bothflat androundbeam
casesby adjustingthehorizontalandvertical ¹ Å values.

FLAT ROUND

Flatnessparameter, Ë 0.1 1
Beam-beamparameter

ÿ �¿ ÿ ¯
.008 .008

Peakluminosity Ì üc§�¨���� cm© » s©�� ) 2.0 2.0

Averageluminosity, 20 hr Ì	��
%Ï�üÐ§�¨���� cm© » s©�� ) 1.02 0.98
Initial bunchintensity µ üÐ§�¨�� ) 7.5 7.5
Collision betahorz ¹ Å (m) 3.7 0.71
Collision betavert ¹ Å¯ (m) 0.37 0.71

Maximumbetahorz
¹  (km) 7.84 14.58

Maximumbetavert
¹ ¯ (km) 10.75 14.58

HorizontalemittanceÉ  üs¦ m) .161 .082
VerticalemittanceÉ ¯ üs¦ m) .016 .082
Collision beamsizehorz Â Å ü ¦ m) 2.53 0.79
Collision beamsizevert Â Å¯ ü ¦ m) 0.25 0.79
Maximumbeamsizehorz �Â  üs¦ m) 116 113
Maximumbeamsizevert �Â ¯ ü ¦ m) 43 113
Angularbeamsizehorz Â Ã üs¦ r) 0.68 1.11
Angularbeamsizevert Â Ã¯ ü ¦ r) 0.68 1.11

Total crossingangle ½ üs¦ r) 10.0 10.0
Separationdistance,ÌÎÍcÏ:Ñ (m) 30 120
Numberof long rangecollisionsperIR 20 84
Long rangetuneshift perIR, horz � «lÙ  � .0008 .0166
Long rangetuneshift perIR, vert � «lÙ ¯ � .0081 .0166

Table 22: Flat and round beamperformanceparameters,quotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthehorizontalandverticalbeam-beamparametersarebothsaturated.

A majoradvantageof flat beamscomesfrom theorderof magnitudeincreaseof ¹ Å , by a factorof about §=Ô ¶ Ë . Slightly
offsettingthis advantage,thevertical ¹ Å¯ decreasesby a factorof about2. Equations70,71,72,and74betweenthemexplain
why this is so– why collision opticsaremuchmorerelaxedwith flat beams.
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Anotherimportantadvantageis thatdoubletopticsleadto muchlowervalueof �¹ , themaximumbetain theIR quadrupoles.
Lower �¹ meanssmallerbeamsizes,andlowersensitivity to ahostof dynamicaleffects.This reductionhappensnot just
because¹ Å is increased,but alsobecausedoubletfocusingis inherentlymuchmoreefficient thantriplet focusing[41]. It can
beunderstoodheuristicallyby consideringthefirst quadin a triplet to bepresentmerelyto split thehorizontalandvertical
betafunctions,in orderfor thefollowing two quadsto actasadoublet.If theinitial betafunctionsarealreadywell separated–
with flat beams– thereis noneedfor the“betasplitting” first quadrupole.Becausethe“centerof gravity” of adoubletis much
closerto theIP thantheequivalenttriplet, thenthemaximumbetavalues �¹ k® ¯ arealsomuchdecreased.Early separation
pushesthefirst quadrupolefurtherfrom theIP, but thevaluesof �¹ recordedin Table22 still show thestrongadvantageof
doubletoptics.
Doubletcollision opticscontributelessto thenaturallinearchromaticities,andaregentlerto thenonlinear
chromaticities[41, 42]. This leadsto weakerchromaticitysextupolesin particular, andto betternonlineardynamicalbehavior
in general.Theperturbationstrengthof anIR quadis oftenrelatedto �(Ì ¹ , where � is thequadstrengthand Ì is the
magneticlength.While � is essentiallyconstantbetweendoubletandtriplet optics, Ì and ¹ arelesswith doubletoptics,and
thethird quadrupoleis absent.
Flat beamsreducebothhorizontalandverticallong rangebeam-beamtuneshifts

«lÙ k® ¯
, with respectto theroundbeam

alternative. Table22showsa factorof two reductionin thevertical,andanorderof magnitudereductionof approximately
¶ Ô Ë

in thehorizontal.Thevalueof thetotal crossingangle ½ is setto beidenticalwith flat or roundbeams– andis independentof
theplaneof thecrossingangle.Equations79,80,and81 show thatthelong rangetuneshift reductionoccursin partbecause
of theincreasedvalueof ¹ Å , andin partbecauseof thereducedvalueof ÌÎÍÐÏ[Ñ , with flat optics.Therearefar fewerparasitic
collisionsperinteractionregionwith flat beams,thanwith roundbeams.
Themostsignificantdisadvantageis thatthedesignof thefirst quadrupoleis difficult. A 2-in-1magnetwith relatively close
separationwill not haveasgoodfield quality asingleboreelement.Nonetheless,themaximumbeta �¹ is significantlylessin
thedoubletdesign,sothetolerablefield errorsarelarger. Thepreliminaryreferenceharmonicslistedin Table62 arethe
subjectof on-goingAcceleratorPhysicsandMagnetPhysicsevaluations.Thebeamsizein thequadrupolesis quitesmallat
collision energies( �Ârê §�¨k¨.¦ m in bothcases)sofield quality maynot beasimportantasintuition basedon previous
experiencesuggests.It is reasonableto expectthatdynamicstabilitywith respectto closedorbit deviationsbecomesrelatively
muchmoreimportantin thisnew parameterregime.Detailedtrackingandsimulationstudiesneedto beperformedto
investigatetheseissuesin detail.
Anotherdifficulty is thatneutralparticlesgeneratedat theIP will aimheadon for thecenterof thefirst 2-in-1 quadrupole.
EachIR has ê 36kW of beamgarbagegoingoff in eachdirection,andtheneutralscarryabout30%(11kW) of this power.
Figures39 and53 showsa 5.5m spacein thelatticebetweenthebeamsplittingdipoleD1B andthefirst quadrupoleQ1A,
whereanabsorbercanbeplacedto interceptthis componentandto shieldthefront faceof thequad.Theseverity of this
problemis difficult to quantifywithouta full blown energy depositionsimulationof thebeamlosses,andadetaileddraft
designof thefirst quadrupole.Althoughtheseenergy depositionsimulationshavebegun(seebelow), it is clearthathere,too,
a detailedanalysisis required.
A lackof energy flexibility maybea disadvantageto flat beams.Theradiationdampingtimescaleslike §=Ô���� , soif the
collision energy is halvedfrom 87.5TeV to 43.75TeV, thenthetime increasesto about20 hours,andflat beamsareno longer
viable. If sucha largedynamicrangeof collision energiesis desired(at fixedgeometry)thenonepossibilityis to arrangethe
IR quadrupolessothatbothdoubletandtriplet opticsarepossible.A latticehasbeendemonstratedin which4 IR quadrupoles
canswingeitherway– canactasadoubletor asa triplet [43].
An operationaldisadvantageis theneedfor carefultuningto keeptheverticalemittancesmall.Electronringsroutinely
achievebeamflatnessesin therangë�ë ¨k¨�§�� Ë � ¨�ë ¨�§ by controlling2 linearquantities:theverticaldispersionin thearcs,
andglobalbetatroncoupling.Themathematicsbehindthecontrolroomalgorithmsfor suchcleanliving is well understood,
andshowsno signof significantdifferencesbetweentheelectronandhadroncolliders,exceptfor themuchdifferentradiation
dampingtimes.It is not unreasonablefor highfield ring studiesto alsoconsiderlessconservativeflatnessvalues,of sayË ° ¨�ë ¨�§ , whicharecloserto everydayelectronstoragering experience.
Figure33shows theevolutionof a nominalroundstore,with theparameterslistedin Table22. It is to becomparedwith the
equivalentflat beamperformancedisplayedin Figures24,25,27,28,and29.
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Figure33: Roundbeamstoreevolution of the transverseemittances,rms momentumspread,instantaneousandaveragelu-
minosities,beam-beamparameters,singlebunchintensity, long rangetuneshifts, thetotal horizontalcrossingangle,andIBS
growth anddampingtimes.
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3.4 Lattice Optics

Thelatticefor thehigh field (HF) ring is groupedinto four units.Thetwo arcsarejoinedwith two clusterregionsthatcontain
dispersionsuppressors,abortutility regions,interactionregions(IR), injectionandextractionseptaandkickers,etcetera.The
latticegeometricallymatchesthelow field (LF) ring latticesothatthey bothfit in thesametunnel.For convenience,a short
list of someof theHF latticeparametersis shown in Table23.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13
Slip factor 26.53 §�¨3©�ª
Maximumarcbeta 459 m
Maximumarcdispersion 1.42 m
Rigidity at injection 33.36 §�¨�� Tm
Rigidity at store 291.9 §�¨�� Tm
Vertical ¹ Å (store) 0.37 m
Horizontal ¹ Å (store) 3.7 m
Maximum �¹ , injection .61 km
MaximumHorz �¹ , store 7.84 km
MaximumVert �¹ , store 10.75 km

Table23: Shortlist of somehigh field latticeparameters.

Thefirst majormoduleto describeis thearccell. Thehalf cell lengthis 135.4865m. Both ringsdefineopticalmoduleswith
lengthsin multiplesof thehalf cell length.This is doneto keepthegeometriesthesame.Furtherrequirementsof thecell
designarethatthedipolemagneticlengthmustbelessthan17 m, andthatspoolpiecesarerequiredfor correctorsand
sextupoles.Thearcquadrupolegradientis restrictedto 400T/m andthemaximumfield of thedipoleis 10T. Furthermore,
dualplaneBeamPositionMonitors(BPM) areplacedbetweenthequadrupoleandspoolpiece.Table24 shows theparameters
for thearccell andfor for thedispersionsuppressorcell.
Theothermajorarcmoduleis thedispersionsuppressor. Therearetwo types,onebringingthedispersionto zeroandtheother
matchingthezerodispersionregionsto arccell Twissfunctionvalues.Thedispersionsuppressorfollows the“3/4, 2/3” rule,
in which thecell lengthis 3/4 of thestandardarccell, andthebendangleis 2/3 of thestandardarccell. This is usedto achieve
maximumpackingfraction.Thesetwo dispersionmodulesonly differ in their quadrupolestrengths.
Thelayoutandparametersfor arcanddispersionsuppressorcellsareshown in Figures34and35,andtheirTwissfunctionsin
Figures36 and37.
Therearetwo clusterregions.Theoneon theFermilabsitecontainstheabortinsertion,InteractionRegions,etcetera.The
off-siteclusterregion is simply filled with FODOcells,with andwithout dipoles,anddispersionsuppressors.Figure38
displaystheTwissfunctionsfor theoff-siteclusterregion.
TheIR gives30 m freespacefrom theinteractionpoint to thefirst magneticelement.Thefirst magnetencounteredis ahigh
field smallboremagnetof 16 T field. Thiscanhandlethebeamsuntil they total separationbecomes8 mm. Thenthebeams
entera lowerfield, 12 T, magnetwith a largerbore.Thesebeamseparationdipolesbendthebeamvertically. Thiscrossing
region requiresthatthebeamseparationat thefirst quadrupolebe30 mm. With thesedimensionsthefirst quadrupoleis
limited to 400T/m gradient.As thebeamsseparate,a higherquadrupolefield canbeattainedwith a limit of 600T/m. A
schematicof thisdesignis shown in Fig. 39.
With this designof thecrossingregion,anIR is designedto fit at two locationin theon-siteclusterregion. The ¹ Å wasvaried
from 0.37m to 7.12m (vertically, ¹ Å horizontallyis 10 timeslarger).Themaximumbeta �¹ is 10.6km with thecollisionoptics
andonly about760m at injection.Figure40 shows the ¹ Å squeezeevery0.25m. Figure41shows theinjectionandcollision
opticsof theinteractionregion. Notethat,dueto theverticalcrossingdipolesthereis verticaldispersionthroughoutthering.
Thiswill bedealtwith asthedesignof theinsertionprogresses.Furthermore,thephaseadvanceacrosstheinsertionhasnot
beenfixed.Thereareadditionalquadsthatcanbevariedto fix thephaseadvance.Theabortregionhasyet to bedesigned.
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DIPOLE
Fieldat injection 1.116 T
Fieldat store 9.765 T
Bendradius 29.887 km
Coil full width 40 mm
Liner full width 20 mm
Verticalboreseparation .29 m
Storedenergy (2 bores) 828 kJ/m

ARC CELLS
Half cell harmonic 24
Half cell length 135.486 m
Half cell bendangle 3.875 mrad
Half cell count 1568
Dipolesperhalf cell 7
Dipolecount,total 10976
Dipolemagneticlength 16.546 m
Dipolefill factor 85.5 %
Quadmagneticlength 8.066 m
Quadfield gradient 385.4 T/m

DISPERSIONSUPPRESSORCELLS
Half cell harmonic 18
Half cell length 101.614 m
Half cell bendangle 2.583 mrad
Half cell count 80
Dipolesperhalf cell 5
Dipolecount,total 400
Dipolemagneticlength 15.443 m
Dipolefill factor 76.0 %
Quadmagneticlength 10.775 m
Quadfield gradient(QD1) 288.7 T/m
Quadfield gradient(QF2) 376.2 T/m
Quadfield gradient(QD3) 281.9 T/m
Quadfield gradient(QF4) 390.2 T/m

Table24: Arc anddispersionsuppressormagnetandcell parameters.
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Figure34: Layoutandparametersof a highfield archalf cell.
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Figure35: Layoutandparametersof a highfield dispersionsuppressorhalf cell.
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Figure41: Latticefunctionsat oneof theIPsat injection(top)andin collision (bottom),with flat beamdoubletoptics.
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3.4.1 Round Beam Triplet Optics

Althoughdoubletopticsaremorenaturallysuitedto theflat beamsof thehigh-fieldring, collisionscouldbecreatedinstead
usinganti-symmetrictripletsfor thefinal focusing.Theroundbeammodeldiscussedhereis qualitatively similar to the
low-field IR design.Thetriplet quadrupolesare400T/m single-boremagnets.Fouradditionalcircuits,comprising
double-bore400T/m magnetsarealsousedfor opticalmatching.With a total of 6 independently-tunablequadrupolecircuits
availableit is possibleto matchthefour > ’s and ? ’s from theIP into theregularFODOcells,plushold thephaseadvance@BA
constantacrosstheIR throughthesqueezefrom >DCFEHGJI KMLNKOI P�K m. Fixing @BA eliminatestheneedfor aspecialphase
trombonesomewherein thering to maintainthenominaloperatingpoint. Figure42shows thelatticefunctionsthroughthe
insertionregionat injectionandcollision. Thecorrespondingmagnetgradientsarelistedin Table25,andthecomplete
gradienttuningcurvesthroughthelow-b squeezeappearin Figure43.

Figure42: Latticefunctionsatoneof theIPsat injection(top)andin collision (bottom),with roundbeamtriplet optics.
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Quad# L QSRUTWV�XZY\[^] Gradients(T/m) Gradients(T/m)
(m) >`_ = 12.00m >a_ = 0.50m

[ >bQSRWc = 895m] [ >bQSRWc = 20.7km]

1 23.58 d 400.1 d 394.0
2a& 2b 18.98 e 397.8 e 382.4

3 23.58 d 400.1 d 394.0
4 10.47 d 229.8 e 397.9

5a & 5b 15.09 e 324.7 d 391.9
6a& 6b 15.09 d 342.5 d 329.4

7 10.47 e 101.7 e 373.9

Table25: IR quadrupolegradientsat 87.5TeV/c for injection( >`_ = 12 m) andcollision ( >`_ = 50 cm),with roundbeamtriplet
optics.Throughoutthesqueeze@BA c = @BAgf = 2.250is heldfixed.Highlightedentriesindicatequadrupolesthatchangepolarity.

Thecirculatingbeamsareseparatedverticallyeverywherein thering, exceptin thetriplet quadrupoles.Four10 T dipoles
betweentheQ3andQ4 quadrupolesbring thebeamstogetherat theentranceto thetriplet for collisionsat theIP. Dipoles
downstreamof theIP separatethebeamsagainverticallyandchannelthembackinto theupperandlower rings.A
half-crossingangleof 28.8 A r gives10h separationbetweenthebeamsat thefirst parasiticcrossing2.823m downstreamof
theIP ( iUj = 1.5 A m at 87.5TeV/c).
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3.5 Interaction Region Magnets

Theflat beamIR andluminosityperformanceof thehighfield ring dependsignificantlyon a smallnumberof high field
magnets.Giventheimportanceof thesefew magnets,stateof theart superconductorsareusedin thedesign.Theamountof
superconductorusedin themagnetwill go down andthedesignwill becomesimplerwith thefurtherimprovementsin
superconductortechnology.
Theparametersof variousIR magnetsaregivenin Table26. Thelayoutis shown in Fig. 39. Themajorconsiderationsin the
designof IR magnetsin thehigh field ring are:s Smallaperture(speciallyin quadrupolesfor generatinghighgradients)s Brittle superconductorsthatmustbeusedfor generatinghighfield and/orgradients LargeLorentzforces(associatedwith highfields)s Smallseparationbetweenthetwo apertures(associatedwith thedoubletoptics)

Theendsof conventionalcosinethetadesignsputa practicallimit on theminimumaperture,particularlyin quadrupole
magnetsmadewith brittle material.To overcomethis andotherlimitationsthehighfield interactionregion is basedon
non-traditionalmagnetdesignswith racetrackcoils. Thedesignphilosophyadoptedhereis in partsimilar to thecommoncoil
designusedin maindipolemagnets.Theseareconductorfriendly designswith largebendradii andaresuitablefor containing
largeLorentzforces.

Magnet Field [T] Gradient[T/m] Aperture[mm] Length[m] Type

D1A 16 25 12.1 1-in-1
D1B 12 50 6.0 1-in-1
D2 12 50 11.1 2-in-1
Q1A 400 30 12.4 2-in-1
Q1B 600 30 12.4 2-in-1
Q2A 600 30 7.9 2-in-1
Q2B 600 30 7.9 2-in-1

Table26: Designparametersof thehigh field interactionregionmagnets.

Theminimumseparationbetweenthetwo aperturesin Q1A determinesthelayoutof theentirehighfield interactionregion,
andthemaximumbeamsizefor thegivenoptics.In addition,it alsoestablishesthemaximumpoletip field of this andother
magnets.In conventional2-in-1 designs,theminimumseparationis determinedby theconductorwidth requiredfor
generatingfield gradientandthesupportstructurerequiredfor containinglargeLorentzforces.In theproposeddesignthe
amountof conductorbetweenthetwo aperturesis muchsmallerthanon any othersideandno supportstructureis required
betweenthetwo apertures.Thisbringsa largereductionin spacing(by abouta factorof five)betweenthetwo apertures.The
crosssectionof theproposeddesignis shown in Figure44. In orderto facilitatelargebendradii, thereturnpathof all turnsis
furtheraway from theaperture.Field contoursandfield linesin theapertureof this magnetarealsoshown in Fig. 44. The
designis basedon “ReactandWind” Nbt Snsuperconductorwith a currentdensityof 2500A/mmu at 12 T.
Magnetsbasedon thesedesignprinciplesuseamuchlargeramountof conductorthanthatin a conventionaldesign.However,
thecostof conductoris nota majorissuein designinga few critical high performancemagnets.Thisdesignalsointroducesa
strongcouplinganda crosstalk betweenthetwo apertures.Thesuper-impositionof a dipolefield on thequadrupolecoils
increasesthepeakfield on theconductorandreducesthemaximumachievablegradient.Themaximumgradientin Q1A
(minimumseparation)is, therefore,400T/m ascomparedto 600T/m in Q1B,Q2A andQ2Bwherethis effect is much
smaller. Thegoalis to minimizethecrosstalk inducedharmonicswith theexceptionof thedipolefield. By symmetry, the
normalevenharmonicsandskew oddharmonicsaretheoreticallyzero.Thetargetfield harmonicsaregivenin Table62,
which includesharmonicsfrom bothdesignandconstructionerrors.Thesevalueswill beobtainedeitherby designor by
correction.Table62 harmonicsaredominatedby designerrors,which areexpectedto decreaseasthedesignevolves.All four
quadrupoleswill havea differentcrosssection.
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Figure44: A conceptualdesignof 2-in-1 IR QuadrupoleQ1A (left) andfield contoursandfield linesin theapertureregion of
themagnet(right). Thedesignminimizesthespacingbetweentwo apertures.

Thehighfield interactionregionusesthreetypesof dipolemagnets.Thedesignof all insertionregiondipolesis alsobasedon
racetrackcoils. D1A, D1B (oneeachon eachside)aresingleaperturedipolesandD2 (two on eachside)is a 2-in-1dipole.
Theoperatingfield in thesmalleraperture(25 mm)dipoleD1A is 16 T, with a quenchfield of v 18T. It useshigh temperature
superconductor(BSCCO2212)in ahybriddesign.Theoperatingfield in thelargeraperture(50mm)dipoleD1B is reducedto
12 T to reducetheLorentzforcesin largeraperture.Thisfield canbeentirelyobtainedby Nbt Snsuperconductor.
Theinteractionregionwill alsocontaina numberof correctormagnets.Thehigherorderharmoniccorrectorswill bebasedon
multi-layercoilswithin thesamecold mass.
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3.6 Dynamic Aperture and Field Quality

To estimatetheeffectof themagneticfield errorson thesingleparticledynamic,thenonlinearchromaticity, thetunespread
from nonlinearfieldsandthe1000-turndynamicaperturewerecomputedat injectionandstorageenergy. 1000turnsis
equivalentto 0.7secondsrealtime in theVLHC.
Thetunechangeasa functionof relativemomentumdeviation is computedfor particlesof up to threetimestherms
momentumdeviation. Thetunespreadfrom nonlinearfieldsis computedfor on-momentumparticleswith betatronamplitudes
of up to 6 h of thetransversermsbeamsize.Fivedifferentratiosof horizontalto verticalemittancewerechosen.
To determinethedynamicaperture,particlesweretrackedover1000turns(0.7secondsrealtime). 10 differentrandom
distributions(“seeds”)of magneticfield errorswereinvestigated.Thetotal transverseemittanceis distributedontothe
horizontalandverticalemittancein 5 ratios:

i c CwKOI x�y{z|i Y~}�Y~RU� iUfMCwKqI K��Mz�i Y~}�Y~RU� (82)iUc�CwKOIr��Pnz|i�Y~}�Y~RU��i f CwKqIrG�P{z�i�Y~}�Y~RU� (83)iUc�CwKOI P�K{z|i�Y~}�Y~RU��i f CwKqIrP�K�z�i�Y~}�Y~RU� (84)iUc�CwKOI G�Pnz|i�Y~}�Y~RU��i f CwKqI���P{z�i�Y~}�Y~RU� (85)iUc�CwKOI K���z|i�Y~}�Y~RU��i f CwKqI x�y�z�i�Y~}�Y~RU� (86)

For both,injectionandstorageenergy, a roundbeamwasassumedwith equalhorizontalandverticalemittance.The
accommodationof a roundbeamis moredemandingthantheflat beamat storagethatresultsfrom radiationdamping.No
synchrotronmotionwasincludedbut particleshadarelativemomentumdeviationof threetimesthermsmomentumdeviation.
Experimentshaveshown thatthedynamicaperturecanbecomputedfor storageringswith nonlinearfield errorswithin a 30%
errorwhenthefield errorsarewell known [45, 46]. For a futuremachine,however, a largersafetymargin is required.

3.6.1 Injection

Theeffectof themagneticfield qualityon thedynamicaperturewasinvestigatedat theinjectionenergy of 10 TeV. At
injectionthebeamsizehasits maximumanderrorsin thearcmagnetsdominatethedynamicaperture.With thecurrent
one-turninjectionscenario,a storagetime in theorderof secondsis sufficient. In thelatticethatis usedfor theevaluation,no
interactionregionswereinsertedsincethedynamicapertureis dominatedby thearcs.Arc magneterrortablesversion1.0
wereused(seeTabs.58and59). In thesetables,field errorsat injectionwereestimatedfor a 2.0T field in thedipoles.
However, aninjectionof a 10 TeV beamwouldcorrespondto a 1.4T field in thedipoles.Thedifferencein themainfield
shouldnotaffectfield errorscauseby geometry. Only thesextupolecomponentin thedipoles,causedby coil magnetization,is
expectedto bemateriallydifferent.Thesystematicerrorwerecomputedasthemaximumpossibleabsolutevaluewith given
meananduncertainties.Randomerrorswerecreatedfrom a Gaussiandistribution,cutat two sigma.
Quadrupoleswerehorizontallyandverticallydisplacedrandomlywith a Gaussiandistributionwith a0.3mm rmsvalue,cutat
threesigma.In addition,beampositionmonitorsweredisplacedwith a0.2mm rmsvalue.Theresultingnon-zeroclosedorbit
wascorrectedto zeroin thebeampositionmonitorswith horizontalorbit correctorsat focusingquadrupolesandverticalorbit
correctorsatdefocusingquadrupoles.Skew quadrupoleerrorsin thearcsweredisregardandno couplingcorrectionwas
necessary. Thetransversetunesweresetto (218.190,212.180). Both horizontalandverticalchromaticityweresetto 2.
Trackedparticleshadamomentumdeviationof up to @{���W��C���IrG{z�E|KJ�b� , correspondingto threetimesthermsof the
momentumdistribution. Thephysicalapertureof 1 cm in thearcscorrespondsto 35 h of thetransversebeamsizein the
quadrupoles.
In Fig. 45 thehorizontalandverticaltunesareshown asa functionof therelativemomentumdeviation. With relative
momentumdeviationsof up to 0.00072,thetunesshift by up to 0.008.Fig. 46 shows thetunespaceneededfor on-momentum
particleswith betatronamplitudesof up to 6 sigmaof thetransversermsbeamsize.Thesizeof theneededtunespaceis
dominatedby thesystematicoctupoleerrorin thedipole.This is shown in Fig. 47 wherethesystematicoctupoleerrorswere
setto zero.Fig. 48 showsdynamicapertureaveragedover the10 seedsalongwith theminimumof the10 seeds.Theerror
barsof theaveragedynamicaperturearethermsvalueof 10seeds.Althoughlinearcouplingandsynchrotronmotionwere
disregardedin thedeterminationof thedynamicaperture,thefield qualitywith themagnetfield errortableV1.0 is sufficient
for injection. In addition,A reductionin thesystematicoctupoleerroris likely to yield a furthergainin dynamicaperture
sincethis field errordominatesthetunespreadfrom nonlinearmagneticfield errors.
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Figure45: Horizontalandverticaltuneasa functionof therelativemomentumdeviationat aninjectionenergy of 10TeV. The
horizontalscalecorrespondsto approximately3 h of themomentumdistribution.
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Figure46: Tunespaceneededfor on-momentumparticleswith betatronamplitudesof upto 6 sigmaof thetransversermsbeam
size,ataninjectionenergy of 10 TeV.
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Figure47: Tunespaceneededfor on-momentumparticleswith betatronamplitudesof upto 6 sigmaof thetransversermsbeam
size,withoutsystematicoctupoleerrorsin dipoles,at aninjectionenergy of 10 TeV.
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Figure48: 1000-turndynamicapertureat aninjectionenergy of 10 TeV. Shown aretheaverageover10 seeds,theworstof 10
seeds,andthephysicalaperture,in unitsof thetransversermsbeamsize. Theerrorbarsof theaveragedynamicapertureare
thermsvalueof 10 seeds.
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3.6.2 Minimum Injection Energy

For agivenmaximumenergy, how low cantheinjectionenergy be?An estimateof theplausiblemaximum“dynamicenergy
range”of a highfield ring is crucial in comparingstagedandnon-stagedVLHC scenarios.Thetrackingresultsaboveshow
thattheinjectionenergy canreadilybereducedbelow 10TeV – thatthenominaldynamicenergy rangeof about10 is
conservative. Althoughanexactdiscussionof thecomplex issueswhich determinethemaximumrangeis not possiblehere,
nonethelesssomepreliminaryobservationscanbemade.
HERA showsthata dynamicenergy rangeof 20 works,despitestrongpersistentcurrentandsnap-backeffectsat injectionand
at thestartof theaccelerationramp.Theseeffectswill bestrongerat theLHC, which hasa dynamicrangeof about16. A
“rule of thumb”physicalmodelrestsin thehystereticbehavior of ��� u�� – thesystematicsextupolein thearcdipoles– as
sketchedin Figure49. Thevalueof ��� u�� hasaminimumvalueon theup-goingsideof thehysteresiscurve. BothHERA and
LHC inject closeto thisminimum. It is practicallyimpossibleto operateatdipolecurrentsmuchbelow thisminimum,
becauseof therapidrateof changeof ��� u � with current,andbecauseof theevenmoreseverehysteresiseffects.Theminimum
field value   Q¡[¢V is expectedto beabout0.5T for the £¥¤ tH¦�§ 10 T high field dipole.Hence,adynamicenergy rangeof about
20 shouldbepossiblefor thehighfield ring, correspondingto aminimuminjectionenergy of about5 TeV.
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Figure49: Sketchof systematicsextupolehysteresisin superconductingarcdipoles. It is practicallyimpossibleto operateat
dipolecurrentsbelow theminimumvalueof ��� u � , which is expectedto occurat   Q¡[¢V�¨ KqIrP T in a10 T dipole.

Otherconsiderationsalsocomeinto play. As alreadydiscussed,thehalf cell lengthis thesamein bothlow andhigh field
rings.This leadsto tighterfocusingthanmightotherwisebechosenfor thehighfield ring. Thanksto adiabaticdamping,the
injectedbeamin thehighfield ring is thereforemuchsmallerthanthebeamat injectionin thelow field ring. Consequently,
thehigh field ring is relatively robustagainstsystematicerrorssuchas ��� u � , asshown in Equation5 andFigure7.
At HERA andtheLHC thesextupolecomponentsaremeasuredin a smallnumberof referencemagnetsup theramp,and
correctionsareapplied.In addition,theLHC hopesto measureandcorrectthechromaticityat abouta1 Hz rateup the
accelerationramp.A reliableandcontinuousbeambasedchromaticitymeasurementandcorrectionsystemis requiredto
achievethelargestdynamicenergy range,in thepresenceof strongpersistentcurrenteffects.
Recentprogressin magnetdevelopmentmayleadto significantsuppressionof thesnap-backeffect [44]. If snap-back
dynamicscanbesufficiently suppressed,thencloserattentioncanbepaidto thepassivecorrectionof injectionfield harmonics
throughconventionalmeans(suchasshims),anddynamicenergy rangeslargerthan20 mightbepossible.

70



3.6.3 Storage

At thestorageenergy of 87.5TeV thebeamsizeis smallcomparedthephysicalaperture.In thearcsthephysicalapertureis
largerthan100rmsbeamsizes.Thedynamicapertureis dominatedby magneticfield errorsin theinteractionregionmagnets
wherethebetafunctionsreachvaluesof severalkilometers.Storagetimesareseveralhours.Herethecaseof roundbeamsat
theendof accelerationis considered.
Version1.1of thearcmagneterrorsandversion1.0of theinteractionregionmagneterrorswereused(seeTabs.60,61,and
62). However, only Q1andQ2 magnetsin theinteractionregionswereassignederrorssinceno estimatesexist for theother
magnets.Trackingwasdonewithoutquadrupoledisplacements.If suchdisplacementsareintroducedandcorrectedin the
arcs,thesmallresidualorbit distortionsleakinginto theinteractionregionsmakeany testparticleunstable.As for injection,
thetransversetunesweresetto (218.190,212.180). Trackedparticleshadamomentumdeviationof up to @{���U�©CFE�I x�z�E�KJ�ª� ,
correspondingto threetimesthermsof themomentumdistribution.
In Fig. 50 thehorizontalandverticaltunesareshown asa functionof therelativemomentumdeviation. With relative
momentumdeviationsof up to 0.0002,thetunesshift by up to 0.005.Fig. 51 shows thetunespaceneededfor on-momentum
particleswith betatronamplitudesof up to 6 sigmaof thetransversermsbeamsize.Only a few E|KJ� t areneededin tunespace.
Fig. 52 showsdynamicapertureaveragedover the10 seedsalongwith theminimumof the10 seeds.Thedynamicapertureis
about35 h of thetransversermsbeamsize.Althoughthisappearsto bea largeaperture,notall interactionregionmagnetshad
errorsassigned.Furthermore,theclosedorbit errorappearsto havea significanteffecton particlestability. Theclosedorbit
errorandits correctionwarrantcarefulstudy.
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Figure50: Horizontalandverticaltuneasa functionof therelativemomentumdeviation at a storageenergy of 87.5TeV. The
horizontalscalecorrespondsto approximately3 h of themomentumdistribution.
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Figure51: Tunespaceneededfor on-momentumparticleswith betatronamplitudesof upto 6 sigmaof thetransversermsbeam
size,withoutsystematicoctupoleerrorsin dipoles.At astorageenergy of 87.5TeV.
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Figure52: 1000-turndynamicapertureat a storageenergy of 87.5TeV. Shown aretheaverageover 10 seeds,theworstof 10
seeds,andthephysicalaperture,in unitsof thetransversermsbeamsize. Theerrorbarsof theaveragedynamicapertureare
thermsvalueof 10 seeds.
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3.7 Tolerances

In this sectionweconsidertheeffectof magnetmisalignmentsaswell astheeffectof maindipoleandquadrupolefield errors
on thebeamorbit andbetatrontunes.We discussthetolerancesfor misalignmentandfield errorslistedin Table27. To this
purposeweusethehigh-fieldstorageopticswith >`_c Cw³OIr� m and >`_f C´KqI ³µ� m.

RMSERROR ARC IR

QUADRUPOLES
Transverseoffset 0.25 0.2 mm
BPM to quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad
FieldError @·¶¸�¹¶ 0.5 0.1 E|KJ� t
DIPOLES
Roll 0.5 0.5 mrad
FieldError @· ·�¹  0.5 0.5 E|K � t

Table27: Tolerancesummaryfor magnetalignment.

3.7.1 Orbit Errors

Possiblesourcesof orbit errorincludetransversequadrupolemisalignments(in boththehorizontalandverticaldirections),
maindipolefield integral errors(for thehorizontalorbit), androll of themaindipolemagnets(for theverticalorbit). In order
to estimateandcomparethevalueof theorbit distortioncomingfrom thesedifferenttypesof errorsources,thermsclosed
orbit hasbeencalculated.Thecalculationsassumedthermsmagnetmisalignmentslistedin Table27. Eachof fivedifferent
individualperturbationsourceswereconsideredin turn. In somecasestheerrorsareintroducedin all magnetsin the
acceleratorarcs,while in otherstheerrorsareappliedto thequadrupolesof oneof theinteractionregiondoublets.
Thecalculatedresultsaresummarizedin Table28. Horizontal(X) andvertical(Y) rmsorbit valuescharacterizethe
contributioncomingfrom thedifferentperturbationsources.Thecorrectorstrengthsrequiredto compensatefor the
perturbationsarealsolisted.Thesestrengthswerecalculatedassumingthatin thearcregionshorizontalcorrectorsareplaced
next to eachfocusingquadandverticalarenext to defocusingquads.In theinteractionregiondoubletsthereis onecorrector
perplane.Thebiggesteffectcomesfrom quadrupoleoffsets.Thedipoleintegral field erroranddipoleroll errorsquotedin
Table27 have little influenceon therequiredcorrectorstrength.

Error type X orbit RequiredX strength Y orbit RequiredY strength
rms[mm] rms[Tm] rms[mm] rms[Tm]

Arc Quadoffset 34 0.9 34 0.9
Arc dipoleroll 5 0.25
Arc dipolefield error 5.7 0.3

IR Quadoffset 9 3.4 12 3.4
IR dipolefield error 0.7 0.04

Table28: RMS horizontalandvertical dipole correctorsstrengthsrequiredto correctthe closedorbit underthe influenceof
differenterrorsources.(BPM-to-Quadmisalignmenteffect is includedin quadoffset.)
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3.7.2 Tune Error, Coupling and IR Chromatic Effects

Thebetatrontuneshift causedby anrmsquadrupolefield errorof E�Kq�b� andthebetatroncouplingeffectproducedby rms
quadrupolerolls of 1 mradhavebeencalculated.Table29 shows theeffectproducedby quadrupolegradienterrors,while
Table30 shows thecouplingeffectproducedby quadrupolerolls.
Thetolerancefor arcquadrupoleerrorcanbeput at P·º»E|KJ�ª� providing a GJIrP rmsbeta-beatingvalueof about9% is
acceptable.A smallnumberof quadrupolecorrectorsplacedin thearcswill easilycompensatefor this beta-beating.Field
errorsin interactionregionquadrupolescanbecorrectedby adjustingthecurrentsof powersupplyfor thesequads.After the
currentadjustmentis donethecurrentfluctuationsshouldbekeptwell below the E�K �b� level. Bothglobalcorrectionin thearcs
andlocal skew quadrupolecorrectionin theinteractionregionsarerequiredfor thecompensationof betatroncouplingeffects.
With thesecorrectionsystemsin placeit is possibleto relaxthequadroll tolerancesto about KqIrP mrad.

rms @·¼ [ E|KJ� t ] rms @B>`�¹> [%]

All arcquads 1.15 0.75
IR doubletquads 3.0 3.26

Table29: Theeffectsof quadrupolegradienterrorswith anrmsvalueof @·¶½�¹¶¾CFE|KJ�ª� .
rms @¿¼ Q¡[ÀV [ E|KJ� t ]

All arcquads 11.4
IR doubletquads 30.0

Table30: Thebetatroncouplingeffectdueto anrmsquadrupoleroll angleof 1.0mrad.

Becauseof thevery largemaximum> valuesin theinteractionregionquadrupoles,thechromaticeffectsproducedby these
quadrupoleshavebeenevaluated.For thedesignvalueof rmsmomentumspreadof P·º»E|KJ��Á theamplitudeof thechromatic
verticalbeta-wavewasfoundto bejusta few percent.Thustheeffect is not large,mainly dueto thesmallrmsmomentum
spread.Theverticalchromaticityproducedby thequadrupolesfrom oneinteractionregionhasbeenfoundto beabout ÂS��G .
Thehorizontalchromaticeffectsaresmallerthanthevertical.

3.7.3 Corrector Strengths

Themaximumdipolecorrectorstrengthsdisplayedin Table31 are2.5timesthermsvaluewhenall errorsourcesare
combinedin quadrature.Assumingamaximumachievablefield of 3.5T for theIR dipolecorrectors,and2.2T for thearc
dipolecorrectors,magneticlengthsof 1.05m in thearcsand2.5m in theIRsarerequired.If themaximumcorrectorstrengths
areincreasedto highervaluesthanthosecitedin Table31, thenthecorrespondingtolerancesin Table27 canberelaxed
accordingly.
Eventhemaximumdipolecorrectorstrengthslistedin Table31 cannot makeup for themagnetoffsetdiffusioncausedby the
groundmotionthatis describedelsewherein this report.Groundmotionmight put magnetoffsetswell beyondthedefined
tolerancesafterfew yearsof movement.Thus,periodicmagnetrealignmentwill benecessary. Somemeansto simplify the
realignmentprocedure,suchasusingsteppingmotors,shouldbeevaluated.

3.8 Corrections

Thehighfield VLHC collider is amachinethatrelieson powerful diagnosticsandcorrectionsystemsto reachits ultimate
performance,similarly to existing andplannedhadroncolliderslikeRHIC andtheLHC. Staticcorrectionsof trajectory, orbit,
opticalerrorsanddistortionsarerequiredaswell asdynamiccorrectionsof machinecharacteristicduringrampingandbeta
squeeze.Theeffectivenessof feedbacksystemshasto beevaluatedwith respectof thetighteningof tolerances.In thepresent
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ARC CORRECTORS
Dipole magneticlength 1.05 m
Dipole maxstrength 2.3 Tm
Skew quadlength 0.95 m
Skew quadmaxstrength 95 T
Sextupolemagneticlength 0.95 m
Sextupolemaxstrength,Ã{Ä~Å u  ¿�¹Å�Æ u�Ç 7400 T/m

IR CORRECTORS
Magneticlength 2.5 m
Dipole maxstrength 8.6 Tm
Skew quadmaxstrength 95 T

Table31: Correctormagneticlengthsandstrengths.The maximumstrengthsare2.5 timesthe rms valuerequiredwhenall
contributionsareaddedin quadrature.

chapterwe will specifya correctionsystemfor VLHC on thebasisof theerrortolerancesworkedout for theVLHC itself and
experiencefrom recentlybuilt or designedhadroncolliders.Thefollowing two sectionsdescribethearccorrectionsystem,
andthespecialcorrectionrequirementsof theinteractionregions.

3.8.1 Arc Correction System

Thearccorrectionsystemconsistsof anorbit correctionsystem,a couplingcorrectionsystemandachromaticitycorrection
system.Thecorrectionplanis to usethearcsystemsto correcttheinjectionconfiguration,with enoughstrengthto propagate
thecorrectionsto top energy. Additionalerrorsandeffectarisingfrom thecollision opticsandconfigurationareaddressedby
theInteractionregion(IR) system.This strategy hasbeensuccessfullyusedin RHIC. Preliminarysimulationresultswith the
VLHC injectionopticsandpredictedfield imperfectionsleadto theconclusionthatthereis no needfor nonlinearcorrectorsin
thearccellsotherthanthechromaticitysextupoles.Theorbit correctionsystemconsistsof dipolecorrectorsplacednext to
eacharcquadrupole.Theconfigurationof thearccorrectorpackages(dipole,sextupole)andthetoleranceswerealready
discussedin thepreviouschapters.Thespecificationfor thecorrectorstrengthsarelistedin Table31.
Automaticorbit correction,basedon amenuof algorithms,will beprovided,basedon fastorbit acquisitionfrom thebeam
positionmonitorsystem,includingturn-by-turnacquisition.Sextupolecorrectorsarealsopartof thearccorrectorpackage,to
staticallycompensatethechromaticeffectanddynamicallycompensatefor timedependenteffect in themagnets.
For thecorrectionof couplingtheproposedsolutionhastheskew quadrupoleslocatedat QF andQD positionsin the
dispersionsuppressorcells,in the2 clusterregionsin theinteractionregionareas.Theskew quadrupolereplacethesextupole
correctorin thearccorrectionpackageconfiguration,for a totalof 80 skew quadrupolecorrectorsperring. Theskew
quadrupolescanbeconnectedin up to 4 families,which allowsflexibility in choosingthemethodfor couplingcompensation.
Thesystemspecificationshavebeendeterminedby evaluatingtheleadingsourceof couplingin thearcs,theroll misalignment
errorin thearcquadrupoles,andallowing somemargin for thecompensationof skew quadrupoleerrorfieldsin thedipoles.
Thespecificationfor theskew quadrupoleintegratedstrengthin thecorrectorpackage,95 T, hasbeenusedto comparethe
performanceof theVLHC skew quadrupolecorrectionsystemto thesimilarRHIC system.As afigureof merit,we takeR =
(total skew correctorstrength)/ [ È É * (arcquadstrength)]with thenumeratorbeingthetotal skew correctorstrength
availablein themachineandthedenominatorproportionalto theminimumtuneseparationgeneratedby a distributionof
randomroll errorsin thearcquadrupoles.
Theratio for RHIC (with 1.5T integratedstrengthin theskew quadrupoles,48skew quadrupolesperring, and276arc
quadrupolesat7.81T each)is 0.56.For theVLHC (80skew quadrupolesat 95 T and784arcquadrupoles,8 m long anda
gradientof 400T/m) theratio is 0.18,abouta factor3 from RHIC. Giventhattheroll misalignmentspecificationfor RHIC is
1 mradin thearcquadrupoles,theproposedskew correctionsystemof theVLHC canadequatelycompensatea random
alignmenterrorin thearcquadrupolesof 250 A rad,with somemargin for othersourcesof arccoupling.Couplingeffects
arisingfrom theinteractionregionsarecorrectedwith theIR decouplingsystemandwill bediscussedin thenext section.
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Figure53: Schematicsof theinteractionregioncorrectionsystem.

3.8.2 Interaction Region Correction System

Thegoalof theIR systemis to locally correctfor effectsanderrorsarisingfrom theinteractionregions.Thefactthattheeffect
of theIRs is mostrelevantin collision optics,whenthefocusingat theinteractionpoint (IP) andthebeatfunctionsin theIR
final focusquadrupolesaremaximized,is whatmakesthis correctionmodularitypossible.Theindependentandlocal
correctionof IR effectshasbeenaguidingprinciplein thedesignof RHIC andtheLHC.
TheIR correctionsystemscanbefunctionallydividedin linearandnonlinear, but theimplementationoftenfavorsintegrated
solutions,like multi-layercorrectionpackages,giventhetight constraintson spaceneartheIP. Theschematicsfor the
proposedIR correctionsystemis displayedin Figure53.
Two correctionpackagesareplacedin the3 m drifts betweenthetwo doubletquadrupoles,askew packagebetweenQ1A and
Q1B,anda normalpackagebetweenQ2A andQ2B to take advantageof thebetafunctions.A detailedmagneticdesignof the
IR regioncorrectionsystemis in progress,sothespecificationsaredrivenfrom therequirementsandextrapolationfrom the
correctionpackagedesignedfor thearcs.Thelinearcorrectionsystemconsistsof 2 dipolecorrectorsand1 skew quadrupole
layer. Thedipolecorrectorsprovideorbit control,IP andcrossinganglecontrol.An integratedstrengthof 8.6Tm will correct
for thetoleranceslistedin Table27. Feedbackonbeampositionat theIP andon thecrossinganglemayberequiredandwill
beaddressedin thefuture.
Theskew quadrupolecorrectoris usedto compensatelocally theresidualcouplingfrom thefinal focusdoubletquadrupoles.
Without local correctiona toleranceof 0.1mradon thedoubletalignmentwould berequiredto keeptheminimumtune
separation@¿¼oQ¡[ÀV©ÊËKqI K�K�³ . An uncorrectedtoleranceof 0.1mradis consistentalsowith extrapolationfrom LHC andSSC.
With anintegratedstrengthof 95 T in thelocal skew quadrupoleat thedoubletit is possibleto compensatefor a residual
misalignmentof 0.5mrad,thusrelaxingthealignmenttolerance.Furtheroptimizationbetweenroll alignmenttoleranceand
local skew quadrupolestrengthwill benecessary.
Thenonlinearcorrectionsystemis modeledafterthedesignof theRHIC andLHC systems,adaptedto thedoubletoptics
configuration,andwith considerationto thedesignof theVLHC doubletquadrupoles.A local sextupole,octupoleanda
dodecapolecorrectorarepartof thenormalcorrectorpackage,andaskew sextupoleandoctupolearein theskew package.
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Thechoiceof layersis dictatedby previousexperiencewith RHIC andLHC andfrom preliminaryvaluesof thedoublet
harmonics.A moredetailedstudywill benecessaryto validatethesechoicesandto determinethestrengthsof thenonlinear
correctionlayers.With thepresenttechnologya 4-layercorrectoris at thelimit of feasibility. Shouldadditionalor stronger
correctorsbenecessary, they canbeinstalledin thedrift betweenQ1B andQ2A or betweenQ2BandD2.
TheVLHC IRswith thenominalopticscontribute ÂS��G unitsof verticalchromaticityto amachinethathasa natural
chromaticityof lessthan ÂnG�K�K units.Theneedfor a local chromaticitycompensationsystemto correctfor thesecondorder
chromaticityfrom theIRswill haveto beaddressed.To this endthesextupolecorrectorat thedoubletis uselesssinceit is in a
zerodispersionlocation.ShouldIR secondorderchromaticitycompensationbenecessarythatcanbeachievedwith 2 families
of sextupolesplacedin thearcregionadjacentto theIRs. Thefirst family SX1compensatesthesecondorderIR chromaticity,
thesecondfamily SX2 is necessaryto suppressthefirst orderchromaticitycontributedby SX1.
Doubleplanebeampositionmonitors(BPMs)areessentialin theinteractionregionandthey have to beincludedin the
planningfrom thestart.TheBPM in front of D1A is themaintool to monitortheIP andmusthavecapabilityof observing
bothbeams.TheotherBPMsareusedfor orbit andcrossinganglemonitoring.

3.9 Beam Stability

Table32 lists fairly well known parametersrelevantto beamstability. Unknown parametersincludethebroadbandimpedance
aswell asnarrow bandparasiticimpedances.For thelatterquantitiesthestability calculationswill beusedto obtainsafe
limits.

PARAMETER INJECTION INITIAL STORE

circumference G�ÌgÍ�C´G�³�³ km
kinetic energy E|K TeV Îµ��IrP TeV
RFVoltage P�K MV/turn G�K�K MV/turn
RF frequency �µÎ�Î MHz
synchrotronfrequency Ï�ÐÑC´³qI ��Î Hz Ï�ÐÑCÒGJI ³�P Hz
rmsbunchlength hOYÓCwKqIrG���³ ns hqYÔCÕKqIÀE�EHG ns
nominalbetatrontunes ¼�cÖCwGJE|ÎqIÀE�x , ¼ f CÒGJE|GqI¢E|Î
beampiperadius �SCFE cm
rmsnormalizedtransverseemittance E�I P�A m E�IrP¹A m
nominalchromaticity ¼�×c C´eMG , ¼o×f C�eMG ¼o×c CÒeMG , ¼o×f C�eMG
revolution frequency Ï¹Ø{CFE�I G�Î�y kHzÙ Y 194.13 194.13
rmslongitudinalemittance ÌghÓÄ�Ú Ç hÓÄ~Û Ç CÒGJI K eV-s
bunchesfor symmetricfill ÜÝCË�bE|G�Î�K
protons/bunch xOI K¿ºÞE�K�ß

Table32: Parametersrelevantto beamstability.

Startby consideringthesituationat injectionenergy. Transversecoupledbunchstability is largelydeterminedby theresistive
wall impedance.With its largecircumferencetherelevantfrequency rangefor VLHC startsat vàE kHz. Theskindepthis
givenby á C â G�ã�XAåä æ{ä (87)

whereã�X is theelectricalconductivity, A is themagneticpermeability, and æçCwG�ÌèÏ is theangularfrequency, with all
quantitiesin MKS. For purecopperat Î�K K theelectricalresistivity dueto phononscatteringis ã�XSCàEH�¹hª]åCàE�I yBºÞE�Kq� ßêéÑë
[47]. Thereis anadditionalcomponentto theresistivity dueto impurity scatteringwhich remainsto bedetermined.For cold
stainlesssteel(SS)theconductivity is ã Ð CàEH��h Ð C´�JI ³¿ºÞE�Kq�ªì éÑë [48]. For a frequency of ÏíCàE kHz theskindepthin cold
copperis îïKqI y�� mm,while for cold SSit is E�I � cm. The î for thecopperis dueto neglectingimpurity scattering.To reduce
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uncertaintiesthecopperlining will beneglectedandtheresistivewall transverseimpedanceit takento beðÔñaò ó�ô C Í�õ�Ä�ESÂÞöZ÷�ø § Ä\æ Ç�ÇGHæ	� t h Ð á Ð ù (88)

wherewehaveassumeda timedependenceúwû�üJýgÄ�ÂSö�æÔÛ Ç . Notethattheresistivewall impedancewill probablydominatethe
transverseimpedancesocalculatingtheeffectof thecopperliner shouldtakeprecedenceoverestimatingtheimpactof the
myriadsmalladditionsto thetransverseimpedance.
Thecoherentbetatronfrequency in theweakcouplinglimit of theWangformalism[49] is

@¿¼oQÒCwþ©æÓÐ	Â»ö ÿ� õ��ÌèG � Q � ä þ ä��ÀÄ�Ú��Ó��� Ç ¼	� 
�V� � 
 ðÔñ�� Ä��èÜ���� Ç æ Ø�� æ������ ���V����� Ä! �gh Ç u � Q � ù (89)

whereþ C I�IêI ù ÂoE ù K ù E ù I�IêI is thesynchrotronmodenumber, æaÐ is theangularsynchrotronfrequency, ÿ� is theaverage
current,Ü is thenumberof bunches,� is thecoupledbunchmodenumber, Ú"�a�� is thetotal protonenergy dividedby its
charge, h is thermsbunchlengthin unitsof machineazimuth,  � C#�èÜ$�%�&�ç¼	�·Â ¼o×� �(' , and ' CFE¹� Ù u� ÂïE¹� Ù u is theslip
factor.
Equation(89)assumesÜ identical,equallyspacedbunchessoit neglectstheeffectof theabortgap.This is astandard
formulathatcanbefoundin ZAP, Chao’sbook,or any numberof papers.Figure54 shows thereal(dQr)andimaginary(dQi)
partsof thetuneshift for þ Cw¼�×� C´K at theinjectionenergy.
Themaximumgrowth ratewith

� þÞÄ�@·¼ Ø Ç C´KqI K�P occursfor thelowestnegativesidebandwhich wouldhaveanobserved
frequency of KOI ÎµÏ Ø CFE�I K�³ kHz. Thegrowth rateof KOI �J� ë ÷ correspondsto ane-foldingtimeof 3.2 turns.This modeand
severalotherlow frequency modesneedto bedamped.Following Marriner’ssuggestion[50] assumea transversepickup
which is low passfiltered,amplified,andappliedto akicker EH�¹� of a betatronwavelengthdownstream.For low frequencies,
beampositionmonitorsdifferentiatetheinput signal,which is theproductof theinstantaneouscurrentwith theoffset.A
simplemodelproducestheeffective transverseimpedance

ð ñÓò ) Ä\æ Ç C Â ð ] ö�ÏÏ Ø
* EESÂ»ö�Ïg��Ï )�+ u I (90)

Setting Ï ) C´P kHz, andchoosing
ð ] sothatthefastestdampedmodehasÅµ¼oöaC Â¥KOI � , in theabsenceof theresistivewall

impedance,yieldsthegrowth shown in Figure55. With thedamper, thegrowth rateof themostunstablemodeis a factorof 20
smallerthanwith no damper. It is assumedthatabunchby bunchdamperwith oneturndelay, or similardevice,cantake care
of any residual,rigid mode,coupledbunchinstability.
Next considerthefastheadtail instability. This is doneby choosinga tune ¼ f C´GqE|GJIrP with Ü Cw�OEHG�ÎOE and �{C´G�K���G�Î .
Thesenumberssatisfy �,�ï¼of{Â Ü CFÂ�Ä-���ï¼of Ç whichgivesgrowth ratesidenticallyequalto zerofor theweakcoupling
limit. In this caseinstability occurswhentheimpedancecausesthecoherentfrequenciesof adjacentsynchrobetatron
sidebandsto collide. Theformulasmaybefoundin [51]. They appearto beidenticalto theMOSEScode[52] but no direct
checkhasbeenperformed.Figure56shows thefasthead-tailthresholdat injectionenergy. Thedesigncurrentis safeby about
a factorof 2 evenwith theassumptionof no copperliner. With thecopperliner thetuneshiftsshouldbesubstantiallysmaller
soanrf voltageof P�K".0/o�(1�243 § is probablyfine.
Thelasttransverseinstability to consideris thenormalhead-tailinstability. We limit our attentionto modesthataredamped
by thelow frequency damper, using �{CàÂnG�G�K asa testcase.Usingtheweakcouplingformulasthereis no instability
predictedfor K65Ë¼o×f 5ËG at injectionenergy, which agreeswell with experience.With modecouplingbetweenthe3 lowest
synchrotronmodes,asperFigure56,thesamerangeof chromaticitiesare,again,stable.With couplingbetweenthe6 modes
with ä þ ä75ÕG a weakinstability at injectionenergy with Å�¼Mö Êv E|K �ªÁ is found.Thegrowth ratedependsslightly on
chromaticitybut somegrowth is alwayspredicted.Predictionsfor otheracceleratorsaresimilar, with no instability showing
up in therealmachine.More work is neededto understandthis but it is likely thatsynchrotronor betatrontunespreadwill
Landaudampthehigherorderunstablemodes.
Longitudinalinstabilitiesat injectionandduringtherampwill not bea problemif theimpedanceis keptsmallenough.Since
transitionis notcrossedthebroadbandimpedancewill beanissueonly if thecoherenttuneshift is largeenoughto cause
undampedcoherentoscillations.Theseoscillationsarenot in themselvesaproblem,but will allow smallparasiticresonances
to driveunstablemodes.Therefore,thebroadbandimpedanceis constrainedby demandingthatcoherentdipoleoscillations
aredampedby thesynchrotrontunespread.This remainsto bedone.
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Transverseinstabilitiesat storearemoreinteresting.Figure57 shows thegrowth ratesof the abNc: modesat thebeginningof
store.Themostunstablemodehasd?afehg6JjikNc:4> :?:K@?H , which is significantlylargerthanthesynchrotrontune.If this modeis
presentit mustbeactively damped.

3.10 Synchrotron Radiation

Protonbeamsin theVLHC emit synchrotronradiationjust aselectronsdo in electronstoragerings.An importantadvantage
of synchrotronradiationin thehighenergy ring is thatthesignificantdampingstabilizesthebeamdynamics,shrinksthe
emittances,enablesflat beamcollisions,andtendsto makestoreperformanceindependentof injectionerrors.On theother
hand,disadvantagesincludea largepower loadto thecryogenicsystem,photoninducedgasdesorption,andthepossibilityof
electroncloudinstability [53].
Thecritical wavelengthcharacterizingthesynchrotronradiationspectrumin adipoleof bendradiuslmNn@B4> B km isoqp N P?rsltuwv Nx9?>AH�P tXy zE{ (91)

where
u N|B}> t~tm� 9D:� is theLorentzfactorcorrespondingto thestorageenergy of �xN|VKW7>AH TeV. Photonsareemitted

tangentialto theprotonpathwithin a smallangle����9�[ u�� 9D:�� rad.Thevastmajorityof photons(91%)haveenergies
smallerthanthecritical energy, givenby � p y � FRG { N 9?>A@ t Bo p y zE{ N�V}> : t6y � FRG { (92)

Nonetheless,thecritical energy dividesthespectrumin half with respectto thedissipatedpower.
Theenergy lossperparticleperturn is � T N ��� �M�@�r �x�#�M�	� N�9(H�> tmy YZF;G { (93)

where � is thetotal circumference,theconstant� � NnW�>AWV tm� 9D:�� SU�,��� FRG � v for protons,and � Nx9([(l is thedipole
bendingstrength.Angle brackets �M� denoteanaverageover theentiredesigntrajectorycircumferencein thegeneralcase
whenthereis morethanonebendradius.However, theVLHC is isomagnetic– hasonly hasonebendradius– andso���M��� N 9l � (94)

Thenumberof photonsemittedperprotonperturn is�j� N 9DH~� tV
� T� p N|�}9;V?V (95)

andsothetotal photonrateperunit lengthin adipoleisI �I7� N @4> H?� � 9D: S¢¡ dxN£9?>¤W�� � 9;: S¢¥ y ¦4§4¨ \ ¨ _}©![�e � ©ªi { (96)

wherethenominalbeamcurrentis dXNc�?V}> B mA. Thetotal synchrotronpower radiatedin asinglering is« N � T dxN¬9~> :KH y YZ { (97)

for a two ring total of 2.1MW.
Theexponentialdampingtimesfor theamplitudesof horizontal,vertical,andlongitudinaloscillationsaregivenby®R¯?° ±(° ² N ³ T [K´ ¯?° ±(° ² (98)

wherethecharacteristictime ³ T Nn@�³�eh�X[ � T i is simply relatedto therevolutionperiod, ³ . Naturalpartitionnumbervalueseµ´ ¯4¶ ´ ±7¶ ´ ² i�NxeU9 ¶ 9 ¶ @?i areassumed.Theequilibriumrmsmomentumwidth is·k¸�¹º¼» � N �,½ u �´ ² �#� v ��#� � � (99)
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while thenaturalnormalizedrmshorizontalemittanceis¾ ¯¬¿ u ¸ �À N � ½ u v´ ¯ ��� vDÁ ��#� � � (100)

where �&½ N|@�> :?V7W � 9D:�� S¢¥,� and
Á

is a propertyof theFODOcell opticsÁ N uqÂ ��Ã @Ä Â7Â�Å Ã À Â�Å � (101)

where Ä ,
À

,
u

, and
Â

areTwissfunctions.
Notethat

� T �|Æ u v and ³ T ��9�[�ehÆ � u i , where Æ is thedipolefield, independentof thelatticeopticsstructure.The
momentumwidth is alsoindependentof thelatticestructure,andscaleslike

¸7¹ [ º � � Æ u . By contrast,thenaturalhorizontal
emittancedependsstronglyon thelattice,scalinglike ¾ª¯ ��Æ v;Ç�v , where

Ç
is thehalf lengthof a FODOcell. Thenormalized

emittanceis independentof energy!
Electronstorageringsall operatewith a roomtemperaturebeamenvironment.By contrast,whena significantnumberof
photonsareemittedin thecryogenicenvironmentof a superconductinghadroncollider, it is necessaryto introducea liner
betweenthecoldvacuumwall andthebeam.ThisnecessitywasrecognizedevenbeforetheLHC design,astheresultof
experimentsperformedto studythephotonstimulateddesorptionconditionsexpectedatcryogenictemperaturesin theSSC.
More refinedexperimentshavebeenperformedduringtheLHC designprocess.
Thebasicmechanismof gasdesorptionat thebeampipeor liner surfaceis electronexcitationfrom theincidentphotons.
Thesephotonshaveenoughenergy to ejector exciteeventheinnershellelectrons.Thereareseveralunwantedelectron
relaxationresultsat surfacesin theVLHC like ejectedandsecondaryelectrons,neutrals,andion desorption.The
“redistribution” of (mostly)hydrogenmoleculescontinuallyenhancesthebackgroundvacuumpressurein boththeLHC and
theVLHC, reducingthebeamlife time. Hydrogenmoleculesarephysisorbedat thecold wallswith a bindingenergy of less
than1 eV. Thedependenceof thehydrogenvaporpressureon thewall temperatureis shown in Fig. 58.

Figure58: Hydrogenvaporpressureasa functionof coverageandtemperature.
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Figure59: Yield of secondaryelectronasa functionof energy of primaryelectrons.

TheLHC is confrontedwith therealpossibilityof anelectroncloudinstability. Whenfreeelectronsarepresentin thebeam
pipe,theelectricfield of thepassingprotonbunchescanacceleratethemto energiesin thekeV range.They thenhit theother
sideof theliner wall, creatingsecondaryelectronswhich maybeacceleratedby a following bunch.An avalancheprocesscan
occur, leadingto a largethermalbeamloadandevento beamloss.Oneimportantparameter, thesecondaryelectronyield,
determinestheaveragenumberof secondaryelectronsperincidentelectron.It varieswith thewall materials,surface
conditions,andwith theincidentelectronenergy, asshown in Fig. 59. Anotherimportantparameteris thespacingbetween
bunches.If thetime betweenbunchesis muchlargerthanthetypical time for electronsto travel betweenthetwo liner walls,
thentheavalancheprocessmaybesuppressed.Thephotonreflectivity of theliner or vacuumwall is anotherimportant
parameter.
A dedicatedVLHC workshop,SynchrotronRadiationEffectsin theVLHC, wasorganizedin September2000,atBrookhaven
NationalLaboratory, to discusstheoperationalimpactof synchrotronradiationin bothlow andhighfield rings.Major
conclusionsfrom theworkshopinclude:

1. A liner is necessaryin bothlow andhigh field rings

2. Evenwith a liner, a significantpump-outtimewill benecessaryto reachstableoperatingvacuumconditions.The
hydrogenvaporpressurein thebeampipemustlessthan ��9D:�� SµT Torr for beamlifetimeslargerthan100hours.The
coverageof hydrogenmolecules,andthevaporpressure,riserapidlyabovecold boretemperaturesof 3 K. If thecold
boretemperatureis largerthan3 K, thenadditionalpump-outgettermaterialsbetweentheboreandtheliner might be
required.

3. Preliminarycalculationsshow thattheelectroncloudinstabilitycouldbeseriousif thenumberof protonsperbunchis
largerthan @ � 9D: SUT . Fortunatelythis is morethana factorof 2 largerthanthenominalpopulationof

� NcB � 9D:?È .
4. Thepower loadfrom thesynchrotronradiationto thecryogenicsystemcanbereducedif it is possibleto placea special

“warm” photonstopperonceevery few dipoles.
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3.11 Electron Cloud Instability

Themostcritical issueis secondaryelectron(SE)multipacting.Thesecondaryelectroninducedheatloadandbeam
instabilitiesarenot expectedto beproblemsat beamintensitiesbelow themultipactingthreshold.Abovethethreshold,some
approachhasto betakento suppresselectronmultipacting.
TherecentSPSmachineexperimentis agoodreferencefor electroncloudbuild-up in acceleratorslike theVLHC. TheSPS
observedelectronscloudstartingto build up afterthepassageof 30bunches,at singlebunchintensitieslargerthan�ÊÉ � � 9;: SµT with a bunchspacingof 25 nsbetweenbunchesof full length4 ns.No electronbuild up wasobservedfor� N|@4> H � 9;: S�S , with a bunchspacingof 130nsbetweenbunchesof full length7 ns.
Thetwo key elementsin a first estimateof theelectroncloudbuild-up thresholdarebunchspacing,andbunchintensity. The
bunchspacingdeterminesthefractionof secondaryelectronsthatsurviveuntil thenext bunchpassage,andis thereforea
critical factorin electroncloudbuild-up. Thegeneralconditionfor build-up is Ä6ËÌ � 9 , where Ä is thesecondaryelectron
survival fraction,and ËÌ is theaverageSEyield afterthebunchpassage.
Thesecondaryelectronshaveanenergy distribution [54]I �XÍI~� N�Î �� ²µÏ �mÍ� @�rÐ� ²UÏ FÒÑ ¦ · O 9@ �� ²µÏ » (102)

where
�XÍ

is thetotalnumberof electrons,and � ²µÏ is theenergy at thepeakof thedistribution,with � ²µÏ � @�>AH eV for a
stainlesssteelvacuumchamber. Thesecondaryelectronsalsohaveanangulardistribution,givenby thecosineof theangleto
thenormalof themetalsurface,independentof theprojectileincidentangle[55]. Thesecondaryelectrontransittime
distribution I � Í [�I~Ó canbecalculatedfrom theSEenergy andangulardistributions.Finally, thesecondaryelectronsurvival
fractionis obtainedasa functionof thelengthof thebeamgap,Ä�e�Ó¢i�N�9 OÕÔÕÖT · I �mÍI?Ó » I?Ó (103)

Figure60shows thesecondaryelectronsurvival fractionasa functionof bunchgapfor a highfield beampipeliner with a
radiusof 10mm. Also shown is theSPSsurvival fraction,wherethe22.5mm

�
70mm chamberis representedby anaverage

radiusof 30 mm. More than90%of thesecondaryelectronssurvivewith theVLHC bunchgapof 18.8ns.Thisalonedoesnot
necessarilyindicateelectroncloudbuild-up,but it doesmotivatea closelook at bunchintensityeffects.
Considertwo bunchintensityaspects,theaveragekinetic energy gainedby secondaryelectronsasthenext bunchpasses,and
thebeampotentialwell. Theaveragekinetic energy gainis independentof thebunchlength,but dependson thebunch
intensity, thetransversesizeof thebeam,andthebeamchambersize.Thebeampotentialwell dependsonall of thesefactors,
includingthebunchlength.Theaverageenergy gain,whichcanbeusedfor a simplifiedestimateof theelectroncloud
build-up, is [54, 55] × gm��ØÙN Ú@�a Í · � ÚÛ T@�r�Ü » �ÐÝ _ · ÜÞ » (104)

wherea Í is themassof electron,
�

is theprotonbunchpopulation,Û T N t W?W�ß , and Ü and Þ aretheradii of thechamberand
thebeam,respectively. Accordingto theSeilermodel[56] theyield is thenÌ N 9?>à9?9EáÒâäã�å · �� ¹ Ï » � TRæ v`çXè 9 O FÒÑ ¦ è O @4> t · �� ¹ Ï » S!æ v�ç;éMé (105)

where � ¹ Ï is theprojectile(electron)energy thatgivesriseto maximumyield, áÒâäã�å .
Theseparametersarein theranges9~> @Xê#áÒâäã�åXêc9~> � and

t :~: eV ê#� ¹ Ï ê#H:~: eV, for stainlesssteelwithout thescraping
effect. Therefore,we maytake á âäã¢å Nx9?> P , and � ¹ Ï N�PK:?: Ú�ë , without losinggenerality. Figure61showsa typical
secondaryelectronyield versustheprimaryelectronenergy, for a stainlesssteelsurface.Only primaryelectronswith a kinetic
energy from 150eV to 1400eV havea yield largerthanunity.
For theSPS,with a bunchintensityof

�ÊÉ � � 9D: SUT , usingtheverticalchamberhalf apertureof Ü!ìMN|@~@�>AH mmand Þ N t > @
mm,theaveragesecondaryelectronenergy gainis

× gm��Ø�N�9?9(@ eV. For theVLHC high field ring, with
� Nc:4> B � 9D: SUT ,ÜEN�9D: mm,and Þ N|:}> :7W(P mm at collision, theaveragegainis

× gm��Ø�N t @ eV.
A yield greaterthanunity is obtainedin theVLHC highfield ring only for averageenergy gainsabovea threshold,attained
aboveabunchintensitythresholdgivenby

�íÉ t >à9DH � 9;:7SµT . Whentheeffectof finite bunchspacingis included,through
which theVLHC survival fractionis lower thanthatin theSPS,theVLHC intensitythresholdbecomesevenlarger.
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Figure60: Secondaryelectronsurvival fractionasa functionof bunchgap,for thehigh field ring andfor theSPS.
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Figure61: Secondaryelectronyield vs. primaryelectronenergy, stainlesssteelsurface.
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Thedistributionof thesecondaryelectronenergy gainis verydifferentfor long andshortbunches[57]. This is because
buncheswith sameintensitybut differentlengthshavedifferentpotentialwells. It is especiallyrelevantthatthebunchin the
SPSexperimentwasmorethan10 timeslongerthantheVLHC bunchat collision. Thebeampotentialwell is

ë ¹;î Ö N Ú o@�r ¾ T · :}> H Ã Ý _ · ÜÞ » O L �@ Þ � » (106)

whereL is theradialposition, ¾ T is thepermittivity in freespace,and
o

is thebeamline density. TheVLHC beampotential
well at collision is shown on theleft in Figure62,while theSPSis shown on theright. TheSPSbunchintensityis much
higherthantheVLHC, yet theVLHC beampotentialis muchdeeper. A reliableapproachusingthebeampotentialwell to
determinetheelectroncloudthresholdhasyet to bedeveloped.
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Figure62: Thebeampotentialwell in theVLHC at collision (left), andin theSPSat injection(right).

Table33 lists electroncloudparametersfor four hadroncolliders.Thethreekey parametersarethebunchspacingÓ¢ï ² , the
averageenergy gain

× gm��Ø , andthebeampotentialwell depth ë ¹;î Ö . In summary, thebunchspacingof theVLHC is slightly
lessthanin theSPS,but thechambersizeis alsosmaller, andsothesecondaryelectronsurvival fractionis smallerin the
VLHC thanin theSPS.Theaveragekinetic energy gainedby secondaryelectronsat eachbunchpassageis muchsmallerin
thehigh field VLHC thantheSPSthreshold,andthechanceof electroncloudin theVLHC is thereforeexpectedto besmall.
Thebeampotentialof theVLHC is comparablewith theSPS,but muchlessseverethantheLHC. Furtherstudyis neededto
ensurethecompletesafetyof thehighfield ring from electroncloudproblems.
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SPS SSC LHC VLHC
e-c/No Inject/Store Inject/Storeð

(m) 1100 13201 4243 37089�=ñ (TeV) 0.026 20 0.45/7 10/87.5ò T (kHz) 43.4 3.62 11.25 1.287� eU9;:7SµT(i 6/25 0.735 10 0.9o
( 9;: SµT /m) 7.4/21.4 3.8 29.1/49.5 4.0/13.0Ü (mm) 22.5 16 17.4 10Þ (mm) 3.2 0.126 1.15/0.293 0.21/0.074¸4ó
(cm) 30/53 7.3 13/7.5 8.2/2.6¸õô
(ns) 1.0/1.75 0.24 0.43/0.25 0.273/0.087Ó¢ï ² (ns) 25/130 16 25 18.8

× gm��Ø (eV) 112/1952 8.3 727/1093 23.6/31.1ë ¹;î Ö (kV) 0.52/1.51 0.58 2.7/6.5 0.50/2.0

Table33: Comparisonof key electroncloudparametersbetweenfour protoncolliders.

3.12 Energy Deposition at the Interaction Region

In acolliderwith beamenergies �"ï ÍUö Ï of 87.5TeV andapeakluminosity ÷ of @ � 9;: v �Dø aù� � �?� S energy depositionfrom the
particlescreatedin pp collisionsis significantandcouldeventuallyposeaproblemfor thesuperconductingmagnetsin the
interactionregion. Thedepositedenergy on onesideof theIR, �"ú , in unitsof kW is givenby:� ú N � � :4>AH � �"ûDü ú ¶ (107)

whereN correspondsto thenumberof collisionsperhourand �=û;ü ú to thetotal energy of particlesin forwarddirectionin
unitsof kWh. In general,N is determinedby: � N ¸ Ö î Ö � ÷ �ýt �?:~:4> (108)

Table 34 showsa list of thedominantprocessesandtheir crosssectionsat � ��N�9�WH?:?:?: GeVaccordingto thehighenergy
eventgeneratorPYTHIA [58]. While thefirst 2 processesdo not contributeexclusively to energy depositionin forward
direction,thelatterfour do,accumulatingto a “forward” crosssectionof 66 mb.
Theelasticscatteringanddiffractioncrosssectionsarereflectedin thepatternin fig. 63 depictinghigh energy tracksonly at
smallpolaranglesþ . In fact,PYTHIA predictsabout40%of all collisionswith basicallyall energy, i.e. moreor lessthe
incomingprotons,distributedin forwarddirection.
Theseeventsareof particularinterestfor usin caseswhenthey havescatteringanglessmallerthantheapex angleof theD1
magnets30 m downstreamof theIR. Underthis conditionthechargedcollision productsarebentin thedipolefield of theD1
magnetsandcontributeeventuallyto theenergy depositionin thedown streamIR quadrupolesQ1A andQ1B.Fig. 64 shows
theenergy distributionof chargedandunchargedtrackswith a polarangle þ � þ ö ¹ Í ¯ with þ ö ¹ Í ¯ N�:4> :?:~:P7@ rad. These
tracksbelongto anoverall sampleof 1000generatedPYTHIA events.Thecontinuumof thechargedparticleenergy
distribution (lower left plot in fig 64) hasa meanof 76360GeV. Thedistributionpeaksat @ � �"ï ÍUö Ï .
Theapproximatenumberof collision particleshitting theIR dipolesandquadrupolescanbeestimatedby neglectingthe
unchargedparticles,whicharen’t affectedby themagneticfield of theD1 dipoles,but takinginto accountparticleswith small
anglesemerging from subprocesses1 and2 in Tab. 34. Assuminga meantotal energy of 76 TeV of all chargedparticles
containedwithin thebeampipefor 75%of thecollisionsandabout175TeV for theremaining25%anupperlimit of 24 kW
energy depositionon eithersideof theIR canbederived.However, this energy depositionis spreadovera certaindistance
sincethepointwheretheparticleshit thewall of thebeampipedependsonboth,incomingangleandparticleenergy. For
effectivecollimationor any othercountermeasurethishasto bestudiedwith moredetailtakinginto accountthemachine
latticeandmagnettransferfunctions.
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index subprocess
¸

(mb)

1
ò Ãfÿ O � ò Ãfÿ 20.9

2 ÿ	Ã ÿ O ��ÿ	Ãfÿ 63.2

3 Elasticscattering 35.9

4 Singlediffractive(XB) 8.2

5 Singlediffractive(AX) 8.2

6 Doublediffractive 13.7

Table34: Crosssectionsof the dominantprocessesat 175.0TeV collisions(PYTHIA).
ò

and ÿ correspondto fermion and
gluon,respectively.
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Figure63: Theenergy of stablefinal stateparticlesasa functionof polarangle þ (PYTHIA).

88



forward energy distributions

all particles (GeV)� uncharged particles (GeV)�

charged particles (GeV)� negative charged particles (GeV)

1

10

10 2

0 500 1000 1500
x 10

2
�

1

10

10 2

0 500 1000 1500
x 10

2
�

1

10

10 2

0 500 1000 1500
x 10

2
�

1

10

10 2

0 500 1000 1500
x 10

2
�

Figure 64: Energy distribution of charged and uncharged tracksin forward direction in collisions at � �#N 9�WH?:?:?: GeV
(PYTHIA).
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3.13 Beam Transfer from Low Field to High Field

A conceptualdesignfor transferringthebeamof thelow field VLHC (LFVLHC) to thehighfield VLHC (HFVLHC) hasbeen
devised.A beamenergy of 20 TeV hasbeenused,while a lowerbeamenergy (10TeV, say)wouldeasilybeaccommodated.
Thetransferswill take placebetweenlongstraightsections,6 cellsin length,in eachmachine.Sincetherearetwo beamsin
theLFVLHC, obviously two transferlinesareneeded,onefor eachof thebeams.Thetransferline is basedon thedesignof
thestraightsectionin theLFVLHC. In theLFVLHC thevalueof

À ¯ at theendof thestraightsectionsfor onebeamis equalto
thevalueof

À ± for theotherbeam.In theHFVLHC, on theotherhand,thetwo beamshave thesamevaluesfor thelattice
functionsat theendsof thestraightsection.Thus,thedesignfor two transferlineswill bedifferent.Table35 givesthevalues
of thelatticefunctionsat theupstreamendof thetransferline for thebeamin thelow field VLHC andthedownstreamendfor
thehigh field VLHC.

Initial Value FinalValue Initial Value FinalValue
Beam1 Beam1 Beam2 Beam2À ¯ 411.671 459.60 86.781 459.6Ä ¯ 0.0 0.0 0.0 0.0À ± 86.781 79.89 411.671 79.89Ä ± 0.0 0.0 0.0 0.0Â ¯ 0.0 0.0 0.0 0.0Â
	¯ 0.0 0.0 0.0 0.0Â ± 0.0 0.0 0.0 0.0Â
	¯ 0.0 0.0 0.0 0.0

Table35: Valuesfor thelatticefunctionsat theendsof thetransferline

Bends

TheLFVLHC andtheHFVLHC areassumedto haveelevationsdifferingby 1 m. Furtherit is assumedthatthebeamsin each
acceleratorareoffsethorizontallyby 0.3m.3 Theconceptin thedesignof thetransferline is to bendthebeamvertically in the
first half cell sothatit clearsthenext quadrupolein thestraightsection.Therestof thetransferline is thenbetweenthetwo
acceleratorsuntil we enterthehighfield VLHC with anotherstrongbend.Becausetherequireddisplacementsfor thetwo
transferlinesarethesame,identicalbendswerechosenfor thetwo lines. In thedesignof thestraightsectioncellsfor the
LFVLHC, betweenthequadrupoles,thereareapproximately88 m in eachhalf cell for bendmagnets.In orderto simplify the
designfurther, thebendsarereflectedaboutthemidpointof thetransferline. Thecharacteristicsof thebendsareshown in
Table36. Exceptfor thefirst (andlast)bendstherequiredfieldsaresmall.Evenfor thefirst andlastbendsthefieldsareonly� 9?>¤W T. Thestrengthsof thebendmagnetsin theothercellsarefound,asmentionedearlier, by reversingthefield in the
correspondingmagnetfoundby reflectingaboutthemidpointof thetransferline. Figure65 shows thespace-projectionsof the
transferline trajectory.

Quadrupoles

In orderto matchthecomputedlatticefunctions,includingthedispersion,at theendof thestraightsections,with thelattice
functionsof thehighfield VLHC, thestrengthsof thequadrupoleswereadjusted.A goodmatchwasfoundandthequality of
thesolutionsis shown in Table37. Thecomputedvaluesof thequadrupolestrengthsfor thetwo transferlinesaregivenin
Table38. Figures66and67 show thevaluesof thelatticefunctionsfor thesesolutions.In bothcasesthemaximumvalueof

À
,

which is aprimarydesignconsideration,is reasonable.Thedispersionfunctions
Â

and
Â
	

alsoarewell behavedandwell
matched.

3Thetwo beamsareverticallyseparatedin thehigh field ring, andhorizontallyseparatedin thelow field ring. The1m verticaldisplacementrepresentsthe
averageverticaldisplacementof thetwo rings.Theseverticalandhorizontaldisplacementsaresubjectto change.
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Location HorizontalBend VerticalBend
Cell Length(m) Field (T) Length(m) Field (T)

1a – – 88.88542 O 9?> �KW?W�P~V
1b – – 88.88542 1.70864
2a 45.0 O :}> H t WH~@ 25.0 O 9?> P}9(W?H
2b 45.0 O :}> t :?:P7@ – –
3a 35.0 0.77493 – –
3b 35.0 0.30230 35.0 0.9338

Table36: Characteristicsof thebendingmagnets,at20 TeV.

DesiredValue FittedValue DesiredValue FittedValue
Beam1 Beam1 Beam2 Beam2À ¯ 459.60 459.604 459.6 459.591Ä ¯ 0.000 0.000 0.000 0.000À ± 79.89 79.903 79.89 79.978Ä ± 0.000 0.000 0.000 0.000Â ¯ 0.000 0.000 0.000 0.000Â 	¯ 0.000 0.000 0.000 0.000Â ± 0.000 -0.001 0.000 0.000Â�	¯ 0.000 0.000 0.000 0.003

Table37: Goalandfitted valuesof thetransferline latticefunctions.

Summary Remarks

Thedesignof thetransferlinesdoesnot appearto beamajorproblemat this stageof theplanningfor a VLHC. A problem
maydevelopin injectingthebeaminto thehighfield VLHC dependingon thephysicaldimensionsof thequadrupolesin the
straightsections.If thatturnsout to bethecaseit maybedesirableto havea longsectionwithout thequadrupoles.Thecurrent
designcouldbereplacedwith a CollinsStraightSectionor a Utility StraightSectiondependingon which is moreconvenient.
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Figure65: Trajectoryof the10 TeV transferline from Stage1 to Stage2 rings.
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Beam1 Beam2
Element Length(m) Strength(T/m) Strength(T/m)

qf1a 6.096 69.478 57.530
qd1a 6.096 -68.749 28.861
qf1b 6.096 72.901 -103.223
qd1b 6.096 -67.943 -73.489
qf2a 6.096 68.610 77.402
qd2a 6.096 -69.970 66.445
qf2b 6.096 67.790 8.382
qd2b 6.096 -69.277 -63.330
qf3a 6.096 71.666 74.037
qd3a 6.096 -68.748 -65.333
qf3b 6.096 72.637 90.471
qd3b 6.096 -68.983 -65.984
qf4a 6.096 69.209 82.759
qd4a 6.096 -67.605 -64.176
qf4b 6.096 68.744 83.447
qd4b 6.096 -69.424 -76.139
qf5a 6.096 72.168 116.861
qd5a 6.096 -71.358 -78.787
qf5b 6.096 73.118 31.044
qd5b 6.096 -69.720 -80.102
qf6a 6.096 70.145 91.717
qd6a 6.096 -68.856 -81.655
qf6b 6.096 67.919 51.517
qd6b 6.096 -70.698 -86.018

Table38: Quadrupolestrengthsin thetransferline, at 20TeV.
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Figure66: Latticebetafunctionsfor the10TeV transferlines.

Figure67: Dispersionfunctionsfor the10TeV transferlines.
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3.14 Fundamental Problems, and Future Research Fronts

FourmajorissuescouldseverelyalterHF ring performanceestimates,givenour presentknowledgeof AcceleratorPhysics
andthepreliminarystateof theHF design:

1. Energy deposition. Thepowerof debrisproductsexiting thecollision point goesfar beyondcurrentexperience.Is
thereanacceptableengineeringsolution?

2. Operational aperture. Thephysicalbeamsizesaresosmallthattheoperationalapertureis probablymoreimportant
thanthedynamicaperture.How farcantheclosedorbit movebeforethebeamis lost?Is operationalfeedbacknecessary
onclosedorbits,tunes,andchromaticitiesin orderto acceleratebeamto topenergy?

3. Instabilities. AlthoughtheHF ring is in generalanorderof magnitudemoreimmuneto instability issuesthantheLF
ring (dueto its higherrigidity), thereis still roomfor considerableconcern.For example,theelectroncloudheatloadin
thecryogenicbeamenvironmentcouldbeunacceptable.

4. Diffusion. Theoperationalscenarioassumesthatthebeamemittancesdecreaseby anorderof magnitudeor more,with
adampingtimeof order2.5hours( 9D: ¡ turns).Our basicunderstandingof slow diffusionmechanismsdoesnot preclude
thepossibilitythatthis is fundamentallyimpossible.Canwereliably extrapolatefrom othercolliders?

In additionto thesemajorissues– which maynot besolubleon a shorttimescale– therearemany otherswhichneedto be
addressed,someof whichare amenableto shortertermresolution.It is convenientto groupall issues,majorandminor, short
andlong term,into researchfronts,asfollows:

1. Diffusion. Evaluatemoreaccuratelytheeffectsof groundmotion,modulationaldiffusion,IntraBeamScattering,
Beam-Beaminduceddiffusion,et cetera.

2. Lattice design. Developrealisticopticsfor theinteractionregion(doubletandtriplet optics),theLF to HF transferline,
verticaldispersionsuppression,beamabort,andcollimationregions.Evaluatetheoptimumcrossinganglesandplanes,
andtheoptimumhalf cell length.Muchof this needsto bedonein closecollaborationwith LF latticedesignefforts.

3. Simulation. Particletrackingstudiesto evaluatemagnetfield quality tables.Energy depositionsimulationsof theIR
debrisproducts.Dynamicoptics,etcetera,in storeevolutionsimulations.Testtheconjecturethattheoperational
aperture(measuredin mm) is morecritical thanthedynamicaperture(measuredin beamsigmas).Develop
specificationsfor operationalfeedbackon closedorbits,tunes,andchromaticities.EvaluatearcandIR correction
schemes.

4. Instabilities. Estimatethestrengthof resistivewall, electroncloud,andotherrelevantinstabilities[59]. Evaluatethe
needfor collectiveeffect feedbacksystems.Developanimpedancebudgetandestimate.

5. Energy scaling. Determinethepracticallimits to maximumluminosity, suchascryogenicpower load,IR energy
deposition,numberof eventspercrossing,andcapitalor operatingcosts.Evaluatehow themaximumluminosity
permittedby theseconstraintsvarieswith beamenergy, etcetera.

6. Beam experiments. Developaplanfor beambasedexperimentsat existing hadroncolliders,performedby a formal
multi-laboratorycollaboration.Major experimentalsub-topicsmight include

� singleparticledynamics� diffusion� feedback(operationalandcollective)
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4 Parameters

4.1 Low Field Parameter Tables

Circumference,� 233.037 km
Averagearcradius,

ð
35.0 km

Numberof interactionpoints 2
Half cell length,

Ç� p
135.486 m

Half cell bendangle,�  p 3.875 mrad
Half cell count 1720
Half cell harmonic,��� 24
Bunchspacing(53.1MHz), ��� 5.645 m

18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 deg
Revolution frequency 1.286 kHz
Revolutionperiod, ³ 0.778 ms
Harmonicnumber, � 371520
RF frequency ( B � H t >à9 ) 478.0 MHz

Table39: Fundamentallatticeparameterscommonto bothlow andhighfield rings.

MODULE ALIAS
Ç [ Ç  p COMMENT

DispersionSuppressor DS 3
Injection/Abortstraight IA 10
DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12
DispersionModule DM 6
Crossing“straight” X 2
DispersionModule DM 6
InteractionRegion IR 12
DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight IA 10
DispersionSuppressor DS 3

Utility total 80
Arc 780
GRAND TOTAL 1720 2 arcsplus2 utilities

Table40: Sequenceof opticalmodulesin theon-siteutility regionof theVLHC.
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Storageenergy, � 20 TeV
Peakluminosity,

Ç Ï ö ¯ 9D: v � cm� � s� SInelasticcrosssection 100 mbarn
Total crosssection 130 mbarn
Collisiondebrispower, perIP 3 kW
Dipole field at storage 2.0 T
Distancefrom IP to first magnet 21 m
Injectionenergy 0.9 TeV
Fill time 60 min
Accelerationtime 1000 s
Synchrotronradiationdampingtime, ³ T 100 h
Energy lossperturn,

� T 38 keV
Initial transverseemittance(H,V) 1.5 � m
Numberof bunches,� 37152
Fractionof bucketsfilled 90 %
Collisionbeta(horz,vert),

À��
0.3 m

Initial bunchintensity,
�

2.6 9;: SµT
Protonsperbeam 9.5 9;: S �
Beamcurrent 195 mA
Synch.rad.power, perbeam

«
7.4 kW

Magnetlinearheatload 0.07 W/m
Storedenergy, perbeam

�
3.0 GJ

Table41: Nominalparametersfor storesin thelow field ring.

INJECTION
Emittance,rms(H andV) 1.5 � m
Momentumwidth, rms 607 9;:4� ¥
Arc bunchsize(betatron+ dispersion) 196 � m
RFvoltage 50.0 MV
Longitudinalrmsemittance 0.4 eV-s
Bunchlength,rms 30 mm
Synchrotronfrequency 13.1 Hz

STORE,BEGINNING
Emittance,rms(H andV) 1.5 � m
Momentumwidth, rms 62 9;: � ¥
Arc bunchsize(betatron+ dispersion) 196 � m
Full crossingangle 153 � rad
RFvoltage 50 MV
Longitudinalrmsemittance 0.4 eV-s
Bunchlength,rms 38 mm
Synchrotrontune .00245
Synchrotronfrequency 3.16 Hz

Beam-beamparameter .002
IP bunchsize(H,V) 4.6 � m

Table42: Storeparametersfor LF ring, includinglongitudinalandRF.
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Horizontaltune 218.419
Verticaltune 218.425
Transitiongamma 192.1
Maximumarcbeta 411 m
Maximumarcdispersion 1.56 m
Horz,Vert

À��
(store) 0.3 m

Maximum �À , injection 0.56 km
Maximum �À , store 11.27 km

Table43: Shortlist of somelow field latticeparameters.

DIPOLE
Fieldat injection 0.09 T
Fieldat store 2.0 T
BendMagnetfield gradient,store 9.0 T/m
Bendradius 32.897 km

ARC CELLS
Half cell harmonic 24
Half cell length 135.486 m
Half cell bendangle 3.875 mrad
Half cell count 1568
BendMagnetsperhalf cell 2
BendMagnets,total (equiv.) 3242.667
Bendmagneticlength 65.75 m
BendMagnetfill factor(half cell) 97 %

DISPERSIONSUPPRESSORCELLS
Half cell harmonic 18
Half cell length 101.614 m
Half cell bendangle 2.583 mrad
Half cell count 80
Dipolesperhalf cell 2

Table44: Arc anddispersionsuppressorlow field magnetandcell parameters.

Magnet Gradient[T/m] Aperture[mm] Length[m] Type

Q1 302 85 10.9 1-in-1
Q2a,b 304 85 9.22 1-in-1
Q3 302 85 10.9 1-in-1
Q4 51 22 12.19 2-in-1
Q5a,b 69 22 12.19 2-in-1
Q6a,b 62 22 12.19 2-in-1
Q7 0.8 22 7.62 2-in-1

Table45: Designparametersof thelow field interactionregionmagnets.
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RMSERROR ARC IR

QUADRUPOLES
Transverseoffset 0.25 0.2 mm
BPM to quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad
FieldError g�� [�� 0.5 0.1 9D:�� v
DIPOLES
Roll 0.5 mrad
FieldError gmÆm[�Æ 1 9D:�� �

Table46: Tolerancesummaryfor magnetalignment

CORRECTORS
Dipole magneticlength 0.5 m
Dipole maxstrength 0.5 T m
Quadrupolemagneticlength 0.5 m
Quadrupolemaxstrength 25 T/m
Sextupolemagneticlength 0.8 m
Sextupolemaxstrength 1750 T/m�

Table47: Correctormagneticlengthsandstrengths,low field
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4.2 High Field Parameter Tables

Circumference,� 233.037 km
Averagearcradius,

ð
35.0 km

Numberof interactionpoints 2
Half cell length,

Ç  p
135.486 m

Half cell bendangle,�  p 3.875 mrad
Half cell count 1720
Half cell harmonic,� � 24
Bunchspacing(53.1MHz), � � 5.645 m

18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 deg
Revolution frequency 1.286 kHz
Revolutionperiod, ³ .778 ms
Harmonicnumber, � 371520
RF frequency ( B � H t >à9 ) 478.0 MHz

Table48: Fundamentallatticeparameterscommonto bothlow andhighfield rings.

MODULE ALIAS
Ç [ Ç  p COMMENT

DispersionSuppressor DS 3
Injection/Abortstraight IA 10
DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12
DispersionModule DM 6
Crossing“straight” X 2
DispersionModule DM 6
InteractionRegion IR 12
DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight IA 10
DispersionSuppressor DS 3

Utility total 80
Arc 780
GRAND TOTAL 1720 2 arcsplus2 utilities

Table49: Sequenceof opticalmodulesin theon-siteclusterregionof theVLHC.
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Storageenergy, � 87.5 TeV
Peakluminosity,

Ç Ï ö ¯ @ � 9;: v � cm� � s� SInelasticcrosssection 130 mbarn
Total crosssection 169 mbarn
Collisiondebrispower, perIP 73 kW
Dipolefield atstorage 9.765 T
Distancefrom IP to first magnet 30 m
Injectionenergy 10 TeV
Fill time 30 s
Accelerationtime 2000 s
Synchrotronradiationdampingtime, ³ T 2.48 h
Energy lossperturn,

� T 15.3 MeV
Naturaltransverseemittance(H) .0397 � m
NaturalRMSmomentumwidth 5.5 9;:�� ¥
Numberof bunches,� 37152
Fractionof bucketsfilled 90 %
Collisionbetahorz,

À��¯ 3.7 m
Collisionbetavert,

À��± 0.37 m
Equilibriumemittanceratio, � 0.1

Initial bunchintensity,
�

7.5 9;:?È
Protonsperbeam 2.79 9;: S �
Beamcurrent 57.4 mA
Synch.rad.power, perbeam

«
.88 MW

Dipole linearheatload 4.7 W/m
Storedenergy, perbeam

�
3.9 GJ

Table50: Nominalparametersfor storesin thehighfield ring.

101



INJECTION
Emittance,rms(H andV) 1.5 � m
Momentumwidth, rms 233.1 9;:4� ¥
Arc bunchsize(betatron) 254 � m
Arc bunchsize(dispersion) 330 � m
RF voltage 50.0 MV
Longitudinalrmsemittance 2.0 eV-s
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrontune .00280
Synchrotronfrequency 3.60 Hz

STOREBEGINNING
Emittance,rms(H andV) 1.5 � m
Momentumwidth, rms 64.8 9;:4� ¥
Arc bunchsize(betatron) 86 � m
Arc bunchsize(dispersion) 92.0 � m
Full crossingangle 30.6 � rad
RF voltage 200 MV
Longitudinalrmsemittance 2.0 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrontune .00189
Synchrotronfrequency 2.44 Hz

EARLY PLATEAU (Flatbeams)
Beam-beamparameter .008
Emittance,rms(H) .161 � m
Emittance,rms(V) .016 � m
Momentumwidth, rms 50.0 9;:4� ¥
Arc bunchsize(betatron) 28.2 � m
Arc bunchsize(dispersion) 71.0 � m
IP bunchsize(H) 2.53 � m
IP bunchsize(V) .25 � m
Full crossingangle 10.0 � rad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrontune .00189
Synchrotronfrequency 2.44 Hz

Table51: High field storeparameters,includinglongitudinalandRF.
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FLAT ROUND

Flatnessparameter, � 0.1 1
Beam-beamparameter� ¯ N � ± .008 .008
Peakluminosity

Ç e¢9;: v � cm� � s� S ) 2.0 2.0

Averageluminosity, 20 hr
Ç ö ì Í eU9D: v � cm� � s� S ) 1.02 0.98

Initial bunchintensity
� eU9D:?È ) 7.5 7.5

Collision betahorz
À��¯ (m) 3.7 0.71

Collision betavert
À��± (m) 0.37 0.71

Maximumbetahorz !À ¯ (km) 7.84 14.58
Maximumbetavert !À ± (km) 10.75 14.58
Horizontalemittance¾ª¯ e�� m) .161 .082
Verticalemittance¾`± e�� m) .016 .082
Collision beamsizehorz

¸ �¯ e � m) 2.53 0.79
Collision beamsizevert

¸ �± e � m) 0.25 0.79
Maximumbeamsizehorz �¸ ¯ e�� m) 116 113
Maximumbeamsizevert �¸ ± e � m) 43 113
Angularbeamsizehorz

¸ Å¯ e�� r) 0.68 1.11
Angularbeamsizevert

¸ Å± e � r) 0.68 1.11

Total crossingangle Ä¼e�� r) 10.0 10.0
Separationdistance,

Ç ² Í ¹ (m) 30 120
Numberof long rangecollisionsperIR 20 84
Long rangetuneshift perIR, horz " g6J ¯ " .0008 .0166
Long rangetuneshift perIR, vert " g6J ± " .0081 .0166

Table 52: Flat and round beamperformanceparameters,quotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthehorizontalandverticalbeam-beamparametersarebothsaturated.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13
Slip factor 26.53 9D:�� ¥
Maximumarcbeta 459 m
Maximumarcdispersion 1.42 m
Rigidity at injection 33.36 9D: � Tm
Rigidity at store 291.9 9D: v Tm
Vertical

À��
(store) 0.37 m

Horizontal
À��

(store) 3.7 m
Maximum �À , injection .61 km
MaximumHorz �À , store 7.84 km
MaximumVert �À , store 10.75 km

Table53: Shortlist of somehigh field latticeparameters.
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DIPOLE
Fieldat injection 1.116 T
Fieldat store 9.765 T
Bendradius 29.887 km
Coil full width 40 mm
Liner full width 20 mm
Verticalboreseparation .29 m
Storedenergy (2 bores) 828 kJ/m

ARC CELLS
Half cell harmonic 24
Half cell length 135.486 m
Half cell bendangle 3.875 mrad
Half cell count 1568
Dipolesperhalf cell 7
Dipolecount,total 10976
Dipolemagneticlength 16.546 m
Dipolefill factor 85.5 %
Quadmagneticlength 8.066 m
Quadfield gradient 385.4 T/m

DISPERSIONSUPPRESSORCELLS
Half cell harmonic 18
Half cell length 101.614 m
Half cell bendangle 2.583 mrad
Half cell count 80
Dipolesperhalf cell 5
Dipolecount,total 400
Dipolemagneticlength 15.443 m
Dipolefill factor 76.0 %
Quadmagneticlength 10.775 m
Quadfield gradient(QD1) 288.7 T/m
Quadfield gradient(QF2) 376.2 T/m
Quadfield gradient(QD3) 281.9 T/m
Quadfield gradient(QF4) 390.2 T/m

Table54: Arc anddispersionsuppressormagnetandcell parameters.

Magnet Field [T] Gradient[T/m] Aperture[mm] Length[m] Type

D1A 16 25 12.1 1-in-1
D1B 12 50 6.0 1-in-1
D2 12 50 11.1 2-in-1
Q1A 400 30 12.4 2-in-1
Q1B 600 30 12.4 2-in-1
Q2A 600 30 7.9 2-in-1
Q2B 600 30 7.9 2-in-1

Table55: Designparametersof thehigh field interactionregionmagnets.

104



RMSERROR ARC IR

QUADRUPOLES
Transverseoffset 0.25 0.2 mm
BPM to quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad
FieldError g�� [�� 0.5 0.1 9D:�� v
DIPOLES
Roll 0.5 0.5 mrad
FieldError gmÆm[�Æ 0.5 0.5 9D:�� v

Table56: Tolerancesummaryfor magnetalignment

ARC CORRECTORS
Dipole magneticlength 1.05 m
Dipole maxstrength 2.3 Tm
Skew quadlength 0.95 m
Skew quadmaxstrength 95 T
Sextupolemagneticlength 0.95 m
Sextupolemaxstrength 3700 T/m

IR CORRECTORS
Magneticlength 2.5 m
Dipole maxstrength 8.6 Tm
Skew quadmaxstrength 95 T

Table57: Correctormagneticlengthsandstrengths
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4.3 Magnet Reference Harmonics

Theexpansionfor thefield errorin adipolemagnetis written in termsof coefficients e-Ü � ¶ Þ � i asg ehÆ ± Ã # Æ ¯ ifN$Æ T 9;: � �%$�'& S e-Ü � Ã # Þ � i
·)( Ã #+*L T » � (109)

where Æ T is themaindipolefield and L T N�9D: mm is thereferenceradiusin all cases.Similarly, for a quadrupoleg�ehÆ ± Ã # Æ ¯ i N � T L T 9;: � ��$�'& � ehÜ � Ã # Þ � i
·)( Ã #,*L T » � (110)

where � T is themainquadrupolefield gradient.In thefollowing tables,for eachsetof magnets,Ü � ( Þ � ) is themeanor
systematicvalueof thenormal(skew) harmonic,g e-Ü � i is theuncertaintyof thesystematicnormalharmonic,and

¸ ehÜ � i is the
standarddeviationof thenormalharmonic.Theconventionin which �0N|@ is sextupoleis usedthroughout.

n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
1 .5 1.2 .005 .5 1.2
2 -2.0 1.0 .85 .3 .85
3 .2 .3 -.001 .2 .3
4 -.5 .2 .12 .2 .12
5 .05 -.002 .05
6 -.001 .02 .02
7 .008 .011 .008
8 -.046 .005 .005
9 .001 .003 .001

n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
1 .5 1.2 .5 1.2
2 .5 .6 .3 .6
3 .2 .3 -.001 .2 .3
4 -.001 .05 .1 .05 .1
5 .05 -.002 .05
6 -.001 .02 .02
7 .008 .011 .008
8 -.046 .005 .005
9 .001 .003 .001

Table58: Arc dipolebodyharmonics,v1.0. At injectionwith Æ N|@ T (top),andatstoragewith Æ N�9D: T (bottom).

Theinjectionenergy droppedfrom the20TeV valueusedfor v1.0harmonicsto 10 TeV. Theinjectionfield reducesfrom 2.28
T to 1.14T andinjectionfield gradientfrom 90T/m to 45 T/m. Thecomponentsof field harmonicsrelatedto thecoil
magnetizationeffectat injectionhavebeencheckedandcorrectedif necessary.
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n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
2 .75 1.875 .75 1.875
3 .004 .5 .875 .5 .875
4 .125 .375 .125 .375
5 -2.5 .25 .25 .125 .25
6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 .1 .025 .0125 .0125

n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
2 .75 1.875 .175 .75 1.875
3 .03 .50 .875 .5 .875
4 .125 .375 .125 .375
5 .03 .075 .2 .075 .2
6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 -.004 .025 .0125 .0125

Table59: Arc quadrupolebody harmonics,v1.0. At injection with � N V~: T/m (top), andat storagewith � N P~:~: T/m
(bottom).
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n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
1 .5 1.2 .5 1.2
2 -2.0 1.0 .85 .3 .85
3 .05 .35 .05 .35
4 .5 .2 .12 .2 .12
5 -.006 .006 .05 .002 .05
6 -.004 .007 .02 .02
7 .015 .015 .008 .01 .005 .008
8 -.065 .065 .005 .005
9 -.006 .006 .001 .002 .001 .001

n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
1 .5 1.2 .5 1.2
2 .5 .6 .3 .6
3 .05 .3 .05 .3
4 .05 .1 .05 .1
5 -.006 .006 .05 .002 .05
6 -.004 .007 .02 .02
7 .015 .015 .008 .01 .005 .008
8 -.065 .065 .005 .005
9 -.006 .006 .001 .002 .001 .001

Table60: Arc dipolebodyharmonics,v1.1. At injectionwith Æ N�9?>à9RP T (top),andatstoragewith Æ Nx9;: T (bottom).
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n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
2 .25 1.875 .25 1.875
3 .25 .875 .25 .875
4 .125 .375 .125 .375
5 -1.25 .25 .25 .125 .25
6 .075 .075
7 -.004 .025 .025
8 .025 .025
9 .075 .025 .013 .013 .0125

n Ü � g6Ü � ¸ e-Ü � i Þ � g Þ � ¸ e Þ � i
2 .5 1.875 .175 .5 1.875
3 .25 .875 .25 .875
4 .125 .375 .125 .375
5 .025 .025 .2 .025 .2
6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 -.004 .003 .0125 .0125

Table61: Arc quadrupolebody harmonics,v1.1. At injection with � N P7H T/m (top), andat storagewith � N P~:~: T/m
(bottom).

n Ü � g6Ü � ¸ ehÜ � i Þ � g Þ � ¸ e Þ � i
2 2 2 3 3 1
3 2 2 1 1 1
4 1 1 1.5 1.5 1
5 1 1 .5 1 .2
6 .1 .1 .5 .5 .5
7 .5 .5 .1 .2 .1
8 .1 .1 .3 .3 .1
9 .5 .5 .1 .1 .1

Table62: Interactionregionquadrupoleintegratedharmonicsfor Q1andQ2,v1.0.
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