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Preface

A six-monthdesignstudyfor a future high enegy hadroncollider wasinitiated by the Fermilabdirectorin October2000.
Therequestwasto studya stagedapproachwherea large circumferenceunnelis built thatinitially would housea low field
(~2 T) collider with centerof-massenegy greaterthan30 TeV anda peak(initial) luminosity of 1034cm~2s~1. Thetunnel
wasto be scopedhowever, to supportafutureupgradego a centerof-massenepgy greaterthan150TeV with a peakluminosity
of 2 x 10%*cm~2sec! usinghighfield (~10T) superconductingnagnetechnology

In acollaborationwith BrookhavenNationalLaboratoryandLawrenceBerkeley NationalLaboratoryareportof the Design
Studywasproducedby Fermilabin June2001! The DesignStudyfocusedon a Stagel, 20 x 20 TeV collider usinga 2-in-1
transmissiorine magnetandleadsto a Stage?, 87.5 x 87.5 TeV colliderusing10 T Nbs Snmagnettechnology

Thearticlethatfollows is a compilationof acceleratophysicsdesignsand computationatesultswhich contributedto the
DesignStudy Many of the parametersoundin this reportevolved during the study andthusslight differencesetweerthis
text andthe DesignStudyreportcanbefound. The presentext, however, presentthe majoracceleratophysicsissuesof the
Very Large HadronCollider as examinedby the DesignStudy collaborationand providesa basisfor discussionand further
studiesof VLHC acceleratoparameteranddesignphilosophies.

Steve PgggsandMik e Syphersgditors.

1pJ.Limon, etal., “Design Studyfor a StagedVery Large HadronCollider” Fermilab-TM-2149,June2001.



1 MACHINE LAYOUTS

1.1 Two Colliders in One Tunnel

Thedesireof the DesignStudy[1] is to generate low field (approximately2 T) collider designin atunnelwhich alsocanbe
usedfor afuturehigh field (approximatelyl0 T) collider. While the secondcollideris farin thefuture,oneneeddo anticipate
its requirementasbestonecanbeforelaying outthe componentsf thefirst machinesincethey ultimatelymustresidein same
tunnel. This entailsanticipatingthe geometricrequirementshbeamoptics requirementsand physicalspacerequirementgor
futuretechnicalequipment muchof whichmaynotbeknown yet. In theparagraphshatfollow, we discusssomeof theissues
thatwereinvolvedwith the designsanddescribepartof the designstratey followed for makingsomeof the choicesfor this
study Furtheropticaldetailscanbefoundin this chapterin thefollowing chapterandelsevhere[2].

1.1.1 Footprint Issues

For the DesignStudyit hasbeenervisionedthatthe Low Field (LF) ring will becomprisedf long, combinedunctionmagnets
— the bendingof the centraltrajectoryandthe focusingof the particlebeamwill be performedusinggradientmagnetswith a
centralfield strengthon the orderof 2 T. The High Field (HF) ring will useseparatedunction magnets- dipole magnetgor
bendingthecentraltrajectoryandquadrupolanagnetsor focusing.Sinceover 75 percenbf thecircumferencavill bemadeup
of bendingmagnetsthe designof thestandardendingmodulesn thearcsof bothcollidersmustbeperformedsimultaneously
Both rings musthave the sameaverageradiusof curvaturesothatthey follow eachother The samecell length— thedistance
over which the bendingandfocusingcharacteristicsepeathemseles— is usedfor bothrings. Althoughthe LF andHF will
usedifferentlengthbendingmagnetghearcsof thetwo colliderswill follow eachotherwith minimalrelative trans\erseoffsets
by maintainingthe sameaverageradiusof curvature.

Onecomplicationof the geometrycomesaboutat the transitionregionsbetweerbendingandnon-bendingportionsof the
acceleratorsSpecialopticalmodules- DispersionSuppressoréDS) — areusedto bring the orbits of off-momentumparticles
to coincidewith eachotherin thelong straightsections.Sincethe LF andHF designshave differentfocusingcharacteristics,
thedispersiorsuppressomustalsobedesignedgimultaneouslyo ensurehatthe LF andHF orbitsline up appropriatelywhen
enteringthelong straightsectiongor the InteractionRegions(IR) andUtility Regions(UT).

While the size of the arcsis determinedorimarily by the low magneticfield of the first stagecollider, the lengthsof the
major straightsectionsare determinedorimarily by the high magneticrigidity of the beamin the secondstagecollider. The
interactionregionsmustbemadeong enougho accommodaté&ajectoryandopticsmanipulation®f highenegy protonbeams
usingreasonablguesse$or sizesof future high enepgy, high luminosity detectorsThe utility straightsectionregionsmustbe
madelong enoughto provide spacefor extractinga very high enegy protonbeamtoward abeamdumpandfor beamscraping
andbeaminstrumentatiorat high enepgy. All of thesefunctionswill berequiredfor the LF collider aswell, of course but the
technologiesusedfor injection, extraction,accelerationandsoforth will be similar for the two rings. Thus,the requirements
of the HF designwill setthe scalefor the straightsections.

During the designof the two colliders,“virtual survey monuments’areusedto ensurethatgeometricdifferencedetween
theirfootprintsaresmallandtolerable. Theseé'markers” areplacedat strat@ic locationsin thelayoutof eachring — interaction
points,beginningof arcs,etc.—andateachdesigniterationthegeometrie®f theringsarechecledto ensurehatthesemarkers
have notmoved. This methodguaranteethatthetwo acceleratortine up atthedesiredocations.

1.1.2 Optics Issues

In additionto the geometriclayout of the two rings, mary otheroptical propertiesmustalsobe simultaneoushdecided.The
low field ring usesgradientmagnetsn the arcsof the collider, while the high field ring usesquadrupoleFODO cells. For
simplicity of instrumentationpower distribution, cableruns, etc.,it is desirablefor the maximumbeamsizelocationsin the
HF arcto correspondvith thosein the LF arc. Traditionally, dispersiorsuppressoregionsaremadeusing“missing magnet”
scenariosThefractionof bendingmagnetdo leave out dependsiponthe phaseadvancepercell. In combinedunctionlattices,
suchasin theLF designthebendingmagnetsalsoprovide focusing,sothis tacticmustbe modified. While combinedfunction
designsof dispersiorsuppressorhave beenperformedin the past(e.g.,FermilabRegycler), the choiceof cell phaseadvance
andcell lengthsmustbe settleduponfor bothringsto ensurea consistentlispersiorsuppressodesign.(Obviously, thisis an
issuefor bothopticsandgeometryaswell.) Thisis anotherreasorthatit waschoserto give thetwo collidersequalcell lengths
andequalbetatronphaseadvancesercell.

Eachcollider, LF andHF, is madeof two separatebut linked,acceleratorsThechoicemustbemadeasto whetheradjacent
magnetshave the sameor oppositefocusingcharacteristiavith respecteachotherfor the beamtraveling throughthem. This



affectsthematchingof sectionggoinginto andout of straightsectionsaswell asthe designof thebeamtransfersystemjoining
the LF andHF rings. Thedecisionmustbe madein coordinatiorwith the magnetdesigneffort.

Finally, themagnetchoicefor the LF collideris a horizontallyseparatetivo-in-oneiron dominatednagnet.To ensurehat
thetwo beamtrajectorieshave the samepathlength,the beamswill needto be crossedseveraltimesaboutthe circumference.
Spaceandoptical designanustbe incorporatednto the layoutto accommodatéhis feature. The two beamsof the high field
collider arenaturallyseparatedertically in the commoncoil arcmagnets.

1.1.3 DesignApproach

To allow for lattice and componentdesignsto progresssimultaneouslyfor both the LF and HF colliders, a generallayout
composeaf basicmodulesvasdeveloped.As indicatedin Figurel, eachcollideris madeup of two majorarcswhich connect
two clustersof straightsections Theclusterscontainspaceor two nearbyinteractionregionssurroundedy two utility regions
which areusedfor injectionandextraction,acceleratingavities, etc. Shortetbendingregions(DM, DM8) arelocatedbetween
eachlR andUT region to allow collision debrisandmuonvectorsto missthe downstreamdetectorandutility enclosuresAt
the outset,only oneclusterregion — locatedat or nearthe Fermilabsite — will be equippedwith full IR andUT optics. The
otherclusterregionwill havethesamestraightsectionlengths but opticallywill consistof simpler FODO-typemodulesvhere
applicable with the exceptionof a specialstraightsectiondesignto accommodatéuture beamtransfersbetweerthe LF and
HF acceleratorsMore detaileddescriptionof thelatticescanbefoundin Chapter and3.
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Figurel: Schematidayoutof collider modules.Thefigureis notto scale emphasizinghe straightsectionfunctions.

Historically, the half cell lengthof high enegy synchrotron$asscaledroughlywith the squareroot of enegy. The space
for injection/extractiondevicesandthe spacefor final focusingat the InteractionPoints(IPs) scaleroughly equivalently. Thus,
it wasdecidedo make eachof the specialmodulesof thecollider— interactionregions, utility regions,dispersiorsuppressors
to have overalllengthsequalto anintegernumberof standardarc half-cells,a designfeaturealsoadoptedor the SSCproject.
By scalingthe Tevatronhalf cell lengthto the LF enenpy, the distancebetweenquadrupolesn the arcsof the new colliders
would be approximatelyl35m. The HF ring could probablytoleratelongercells, but strongerfocusingwill be adoptedo be
consistenwith the LF ring. The exactlengthof the standarctcell will be determinedy the choserbunchspacing.To ensure
thatbuncheswill collide at arny detectorin the design,regardlesof what modulesexist betweeninteractionpoints,the ring
modulelengthsaredesignedn unitsof the bunchspacing.

Dispersionsuppressomodulesare adoptedfollowing the SSCdesign,which was also later usedin the FermilabMain
Injector. A cell phaseadvanceof 90 deggreeshasbeenchosenfor whichadispersiorsuppressocanbe madeusingfour special
cells,each3/4 the lengthof a standarctell andeachcontaining2/3 the bendingof a standarccell. Thesemodulesreducethe
periodicarcdispersiorfunctionto zeroatthe outputof four suchcells. The shortbendingregionsbetweerinteractionregions
andutility regionswill be composedf back-to-bacldispersiorsuppressomodules.If additionalbendingis requiredin these
regions,it canbegeneratedby insertingstandardalf cellsbetweerthe DS modules.



1.1.4 Tunnel Considerations

A configurationwith two rings in one tunnel certainly placesdemandson tunnel diameter The Fermilab Main Ring and
Tevatronsynchrotronsccupieda single 10 ft diametertunnel. The LEP tunnelat CERN wasdesignedor two rings (though
it will only have one)andhasa 12 ft diameter The SSCdesignwhich hadtwo separateingle-cold-massagnetspneabove
theother useda 12 ft diametertunnel.For this designwe will assumea 12 ft diametertunnelaswell.

The LF ring is ervisionedto lie nearthe floor of the 12 ft diametertunnel. The HF ring will have magnetof largercross
section,andthuswill belocatedon magnetstandsabove the LF ring wherethe tunnelis wider. A cartoonview of thetunnel
crosssectionis shavn in Figure2. TheHF magnetdesignusestwo vertically separatetheams.The mid-pointof the highfield
beamsawill beaboutl m above the mid-pointof thetwo low field beams.

Figure2: Cartoondrawing of the tunnelcrosssectionin the VLHC collider arc, shaving the low field ring with horizontally
separatetheamsbelon the highfield ring with vertically separatetheams.

1.2 Footprint and Optical Modules

Tablel liststhefundamentaparametersf the VLHC footprint, asusedin the DesignStudy[1]. In thetransitionfrom Stagel
to Stage2 operationthe experimentswill remaincenteredn the sameinteractionpoints. (At thesametimeiit is ervisagedhat
they will be upgradedo take up morespacealongthe beamline, increasinghe distancefrom the IP to thefirst magnet,L*,
from 20to 30 m.) It is thereforenecessaryo allow for abypasgo keepthelow field ring beamsawell clearof the experiments
. This mustbe donewithout changingthe total low field ring circumference Figure 3 is a cartoonshaving the layout of the
interactionandutility regionsonthe Fermilabsite,includingabypasswith anapproximatdengthof 8 km.

Figure4 shavs, to scale thesamdayoutof the on-siteopticalmoduleswithoutthebypassput includingtheexactlocation
of the2 interactionpoints(IPs). Injectionfrom the Tevatronis away from the 2 IPs, sincethe VLHC is about100metersbelow
the groundsurface. Oneof the two abortlines perring is shavn, missingthe neighboringlP by about40 meters.A common
abortdumpareais possiblefor the four beamsapproximatelyl00 metersfrom the horizontalcrossingpoint “X” of the low
field ring. Figure4 alsoshaows thatthe muonplume emanatiorfrom onelP misseghe otherexperimentby approximately70
meters.

Both low field andhigh field ring latticesare constructedrom optical modulesplacedendto endlik e lego blocks. Each
opticalmodule— anarc, dispersiorsuppressginteractionregion straight,et cetera— hasan overall lengthwhich is aninteger
multiple of L, the archalf cell length. Low andhigh field moduleswith the samefunction canbe quite differentin imple-
mentation.For example thelow field archalf cell contains2 combinedfunctionbendingmagnetswhile thehighfield archalf



Circumference( 233.037 km
Averagearcradius,R 35.0 km
Numberof interactionpoints 2
Half cell length, Ly, 135.486 m
Half cell bendangle gy, 3.875 mrad
Half cell count 1720
Half cell harmonicn 24
Bunchspacing(53.1MHz), Sg 5645 m
18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 degy
Revolution frequeny 1.286 kHz
Revolution period,T' 778 ms
Harmonicnumber h 371520
RFfrequeny (9 x 53.1) 478.0 MHz

Tablel: Fundamentdhttice parametersommonto bothlow andhigh field rings.

cell contains7 puredipoles. Nonethelessppticalmodulesin bothlow field andhigh field rings alwayshave the sameoverall
lengthandthe samebendingangle.For example,in bothlow andhighfield ringsadispersiorSuppressomoduleis 3 Ly, long,
constructedrom 4 dispersionsuppressohalf cellsof length3/4 L;,., eachwith 2/3 of the bendingof aregulararchalf cell.

Table? liststhe sequencef opticalmodulesin theregion onthe Fermilabsiteregionin detail,andintroducesshortaliases
suchas“IR” for the InteractionRegion modules,'DM” for the DispersionModulesand“lA” for the Injection/Abortstraight.
The footprint geometryfor the off-site region half way aroundthe VLHC is identical. Thesetwo regions are separatedy
identicalarcs.

Oneadwantageof modularconstructioris thatlow andhigh field latticesareguaranteedbo have almostidenticalfootprints,
andthereforeto fit in the sametunnel,solong ascorrespondindgow andhigh field modulesare placedon top of eachother
Figure5 shaows the trans\erseoffset of the high field ring relative to the low field ring. The maximumdeviation is only about
6 mm, easilyallowing onering to be placedon top of the otheratall locationsin the VLHC tunnel.

1.2.1 Half celllength

The averagebendingradiusof the arcsis madeas closeas possibleto the goal valueof R = 35 km by adjustingthe total
equivalentnumberof (bending)arccellsin eachring. Eachof the 4 shorthalf cellsin eachdispersiorsuppressohas2/3 the
bendingof anarchalf cell. Thus,the 20 dispersiorsuppressoréon eithersideof 10 straights)have a total bendingequialent
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Figure 3: Interactionand utility regionson the Fermilabsite, including a bypassto transportlow field ring beamspastthe
experimentdn Stage2 operation.
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to 160/3archalf cells. If thereare N = 784 archalf cellsin eachhalf of the VLHC, thenthebendperhalf cell is

2w
= — =23 1
on N + 1603 3.875 [mrad) Q)
andthe averagearcbendradiusis
L
=2 — 34961 [km] @)
ehc
Is thenominalarchalf cell lengthof L. = 135.4865 m closeto anoptimum?Whatotherlengthsarepossible?
MODULE ALIAS L/Lp. COMMENT
DispersionSuppressor DS 3
Injection/Abortstraight 1A 10
DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12
DispersionModule DM 6
Crossingd'straight” X 2
DispersionModule DM 6
InteractionRegion IR 12
DispersionModule DM8 8 contains2 archalf cells
Injection/Abortstraight 1A 10
DispersionSuppressor DS 3
Utility total 80
Arc 780
GRAND TOTAL 1720 2 arcsplus?2 utilities

Table2: Sequencef optical modulesin the on-siteclusterregion. Thereis anothermregion of identicalfootprint geometryon
thefarsideof thering. Thetwo clustersareseparatedby two arcs,each780half cellslong.

nx  Lpc [M] COMMON FACTORS
18 101.6149 2*3*3 236918

20 112.9054 2*2*5 2451020

22 1241959 2*11 21122

24 135.4865 2*2*2*3 234681224

26 146.7770 2*13 21326

28 158.0676 2*2*7 2471428

30 169.3581 2*3*5 2356101530

32 180.6486 2*2*2*2*2 2481632

34 191.9392 2*17 21734

Table3: Potentialarchalf cell harmonicsandlengths.The bunchspacingcantrivially be multiplied from its nominalvalueby
ary of thecommonfactorsof the“half cell harmonicfactor”, n.

An importantadvantageof modulardesignis the ability to independentlynodify oneparticularmodulewithout adjusting
ary othermodules.For example,it is possibleto increaseor decrease¢he lengthof a modulein quantaof L. while (almost)
trivially maintainingopticalmatchingconditions.Suchlengthmodificationswill notdisturbthebunchspacing-or theinjection
schemeor the RF system et cetera—if thearchalf cell lengthis anintegertimesthe minimumallowed bunchspacing.In this



casethetotal circumferencés guaranteetb correspondo anintegernumberof evenly spacedunchesThe (minimum)bunch
spacingSp is takento beone53.1MHz RF wavelengthin the Tevatron

2, 0007
S8 =53 = —773

Thisguaranteethatthefilling schemegrom the Tevatronwill berelatively simple. Thebunchtime spacingof about18.8nsis
notunreasonablghallengingo the experiments.
Thusthe half cell lengthis

= 5.645 meters )

Lhc = n)\SB (4)

The bunchspacingcantrivially beincreasedfor exampleduringcommissioningpy ary of the commonfactorsof the “half

cell harmonicnumber’n . Table3 shavs all theevenvaluesof ny in thehalf cell lengthrangefrom 100 meterso 200 meters.
Thevalueof n) = 24 waschoserfor bothlow andhighfield ringsin the DesignStudy[1], correspondingo a half cell length
of L. = 135.4865 meters.

This half cell lengthis shortenoughto keepthe naturalhorizontalemittancedueto synchrotrorradiationin the high field
rng, enq¢ = 0.04 pm, muchsmallerthanthe horizontalemittancee, =~ 0.20 pm which mustbe maintained(by heating)to
avoid beam-beantimits in thestore.Figure6 shavsthe cubicdependencef thenaturalemittanceon the half cell lengthunder
thereasonablapproximatiorof a purelyFODO cell latticewith thin quadrupolesind100%dipole packingfraction[3, 4].

Equilibrium emittance, B = 9.77[T], E = 87.5 [TeV]
0.4 ‘ ‘ ; ‘ ‘

o o
N w
T T

Normalized emittance, g, [um]
o
|_\

1 L 1 L
0 100 200 300
Half cell length, L, [m]

Figure6: Naturalemittancefrom synchrotrorradiationversusarc half cell lengthin the highfield ring.

A strongerimit to the maximumarc half cell lengthis the needto limit the vulnerability of the low andhigh field rings
to systematidield harmonicerrorsin the arcbendingmagnetsThisis morecritical for thelow field ring, simply becauséhe
injection enegy is an orderof magnitudelower (1 TeV) thanfor the high field ring (10 TeV). A crudecalculation[5] shavs
thatthe systematicharmonicb,, mustobey

b — 1 (2 [ By (n—1)/2
— < AQ,—L — 5
g @ D, he m2e, ®)

whererqg = 10 mm is the referenceradius,A/@; is the maximum allowed tune shift, D,, is a numericalcoeficient (see
Table4), andm is boththe horizontalbetatronamplitudein units of o,, andthe constantmomentumoffsetin units of o, /p.



Equation5 assumegully packed FODO cellswith thin quads,andassumeshatthe betatronbeamsizeat an F quadis equal
to the momentumspreadsize [5]. Although crude,Eqn. 5 correctly shavs the scalingwith respecto injection enegy and
cell length. Tracking studiesare necessaryhenincreasedaccurag is required. Figure 7 illustrateshow the sensitvity to
systematiharmonicsdepend®nthe half cell lengthaccordingto Eqn. 5, in thelow andhighfield ringsrespectiely.

In conclusionthecurrentvalueof Ly, = 135.4865 mis by nomeandully optimized,notleastbecauseve donotaccurately
understandvhatvaluesof systematienagnetharmonicanightbeachiesedin industrialproductionof thearcbendingmagnets.

n Multipole D,

Quadrupole .8333
Setupole  2.412
Octupole 6.712
Decapole  19.18
12-pole 56.49
14-pole 170.9

U WN P

Table4: LowestorderD,, valueswith a phaseadvanceof ¢, = 90 degreesper FODOcell.
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2 STAGE 1: THE LOW-FIELD RING

The first stagelow-field collider will have a top enegy of 20 TeV and peak (initial) luminosity of 103* cm—2sec’!. The
colliderwill usethe Tevatronasits injectoroperatingat a transferenegy of 900 GeV. For this studya trans\erseemittanceof
1.5m mmmrad(rms,normalized)s used whichis typical for the FermilabBoosterthoughabouthalf thevalueatthe Tevatron
underrecentnormaloperationslt is anticipatedhatwith furtherRunll experiencetheefficiengy of emittancepreserationwill

increase Utilizing the presentacceleratiorsystemsf the Tevatroninjector chain,the collider hasa bunchspacingof 5.645m
(53.1 MHz) which setsthe numberof available RF buckets. With a 90% filling fraction to allow for gapsin the beamfor
variouskicker rise times,the numberof protonsperbunchrequiredin the Stagel collider is approximately2.6 x 100, similar
to Tevatronbunchintensitiesduring previous Fixed TargetoperationsUsing aninteractionregion designwith a 8* = 0.3 m,
we arrive atthe desirednitial luminosity. Tables lists thegenerabarametersf the Stagel collider.

Luminosity, bunch intensity versus time Emittance evolution versus time
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Figure8: Evolution of collider parametersluringatypical store.

Typical store parametetevolution is depictedin Figure 8. The figure shavs the proton bunch intensity and luminosity
decreasinglueto collisions. The verticalemittancealsodecreaseslightly dueto synchrotrorradiationdampingwhich occurs
with adampingtime of about100hr. Dueto theuseof gradientmagnetsn the Stagel colliderthehorizontalemittanceactually
will beanti-dampedandwill increaseat approximatelythe samerate. This shouldnot be problematicsincestoretimeswill
be muchlessthan100 hours. While horizontaldampingcanbe restoredby adjustingthe lengthsandstrengthf the gradient
magnetstherequiredchangesn bendradiusfor the F andD magnetsareapproximately+10%.
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Storageenegy 20 TeV

Peakluminosity 10%*  cm
Numberof interactionpoints 2
Circumference 233.037 km
Arc averageradius 35.0 km
Packingfraction 89 %
Injectionenegy 09 TeV
Trans\ersenormalizedemittancerms (H&V, inject) 15 pum
Initial bunchintensity 2.6 x1010
Numberof buncheq90%fill fraction) 37152
Total protonsperbeam 9.5x10
Averagebeamcurrent 195 mA
Storedenegy perbeamat collision 3.0 GJ
Bendfield atstorage 20 T
Bendmagnefgradient 9.0 T/m
Maximumarchbeta 411 m
Maximumarcdispersion 156 m
Phaseadvancepercell 90.0 dgy
Betatrontunes(H, V) 218.419218.425
Transitiongamma 192.1
Max RMS arcbeamsize(inject) 1.2 mm
Bunchspacing(53.1MHz) 5645 m
18.8 nsec
Bunchlength 30 mm
Longitudinalemittancerms (inject) 0.4 eVs
RF voltageat storage 50 MV
Fill time 60 min
Accelerationtime 1000 sec
Beamsize(rms)atIP (storage) 46 pum
Total crossingangle(100 separatiorin drift space) 153 prad
Distancefrom IP to first magnet 21 m
g* atlP (H& V) 30 cm
Maximuminteractionspercrossing 20
Debrispower atIP (eachdirection) 3 kw
SYNCHROTRON RADIATION AT STORE
Enegy lossperturn perparticle 38 keV
Radiationdampingtime (7o) 100 hr

(anti-dampingin H plane)

Table5: Nominalstoreparametersor thelow field collider.
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2.1 Lattice

Thebulk of thelatticeis characterizedby its constructiorfrom justthreeoptical building blocks- arc, dispersionsuppressing,
andstraight-sectiorcells. Unlike the HF ring, the LF ring arc andsuppressocells are constructedrom combinedfunction
magnets. Parameterslescribingthesestandardmodulesappearin Table 6. (The LF and HF ring geometriesare detailed
elsavhere). The arc and suppressocells have spaceallocatedat maximumy# sitesfor 4 correctionelements. Additional
correctorspaces availableatthe quartercell locations(3, = 3,) for lumpedcorrectionof systematianultipoles.[q

Cell Type || CellLength(m) | MagnetType || Lyagnetic (M) | #/cell | B(T) | B’ (T/m)
Arc 270.973 GF/GD 65.75 4 1.966| +9.278
Suppressof 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 90° of phaseadwanceper cell,
ﬂmaz =411m, andnmaz =1.56m.

Figure9 illustratesthe lattice functionsat injection throughthe single clusterof specializedstraightsectionsin thering.
Two utility straights,eachof which mustaccommodat®00 GeV injectionfrom the Tevatronplusabortof 20 TeV beamsare
shavn. The beamscollide with a horizontalcrossingangleat two interactionpointswhereg,,,,,, = 30 cm. In a specialcell,
midway betweenthe IPs, the beamsare madeto crossover betweenthe inner and outerhorizontalapertures.Diametrically
opposedn thering, amirror of this cell is installedto ensurddenticalpathlengthsfor thetwo circulatingbeams.

UT, IR & X Straights
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Figure9: Injectionlattice functionsthroughthe clusterregion containingthe interactionregions, utility straightsandasingle
cell (center)wherethe beamscrosshetweertheinnerandouterapertures.

2.1.1 Interaction Regions

Thefinal foci in the IRs areanti-symmetridriplets, formedfrom single-bore 300 T/m magnets.Four additionalquadrupole
circuits,comprisingdouble-bore70 T/m magnetsarealsousedin opticalmatching. With a total of 6 independently-tunable
guadrupoleircuitsavailableit is possibleto matchthefour 5’s anda’s from thelP to regularFODO cells, plushold the phase
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adwvanceAy constantcrosshe IR throughthe squeezdrom 8* = 6.00m — 0.30m. Fixing Ay eliminatesthe necessityof a
specialphaseromboneto maintainthe nominaloperatingpoint. Figure 10 shows the lattice functionsthroughthe IR during
collisions,andTable7 lists quadrupolegradientsbothat injectionandcollision.

¥ =0380m ; fuu = 11.27 km

1201 111 Ll Ol o (T il |
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o

Figurel0: IR lattice functionsin the collision configuration.

Quad# || Lyagnetic | GradientdT/m) | GradientgT/m)
(m) B* =6.00m B* =0.30m

[Bmaz =575M] | [Bmaz = 11.3km]
1 10.90 ¥301.5 F298.2
2a& 2b 9.22 +304.3 +294.5
3 10.90 ¥301.5 F298.2
4 12.19 F51.11 +62.40
5a& 5b 12.19 +69.44 ¥65.51
6a& 6b 12.19 F62.00 ¥65.51
7 7.62 +0.802 +66.69

Table7: IR gradientsat 20 TeV for injection (5* = 6 m) andcollision (8* = 30 cm) optics. The phaseadvancesacrosshe IR
arefixedat Au, = Ap, = 2.250throughthe squeezeHighlightedentriesindicatequadrupoleshatchangepolarity.

The circulatingbeamsare separatedhorizontallyby 15 cm throughoutthe arcsand 70 T/m straight-sectiomuads. Four
dipoles,13.6m eachat 1.97T, situatedbetweenthe Q3 and Q4 quadrupoledring the beamstogetherat the entranceto the
triplet for collisionsatthelP. Dipolesdownstreanof the IP separatéhe beamsagainandchannethembackinto theinnerand
outerrings. A half-crossingangleof 77 ur atthe IP gives10c separatiorbetweerthe beamsat thefirst parasiticcrossing(e v
= 1.5 pm at20 TeV).

2.1.2 Injection / Abort

To accommodat®00 GeV injectionfrom the Tevatron,aswell as20 TeV protonabort,5 straight-sectiorcellsaremodifiedas
shavnin Figurell. A longdrift spacg377m) is createdby triplet focusingto producesufiicientroomfor abortLambertsons
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(notshowvn) andbeamextraction. Quadrupoleropertiesaregivenin Table8.

Quad# | Liegnetic (M) | Gradient{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 matchingbetweerthelong centraldrift andstandard-ODO parameters.

Utility Straight : Abort & Tev Injection
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Figurel1: Layoutof a utility straightsupportingopeamtransferfrom the Tevatronand20 TeV abort.

Dipolesseparateahe circulatingbeamsthroughthe UT straightto make room for RF cavities downstreamof the second
triplet. Three21.54m dipolesat 2 T bendthe beamsapartby 40 cm, followedimmediatelyby 3 moredipolesthatflattenout
thetrajectories.This patternis reverseddownstreanof the RF to bring the beamsbackinto standardiouble-boremagnets.

2.1.3 BeamCrosswers

With the beamsseparatedorizontallyin the arcsit is necessaryo move the beamsbetweenthe inner and outer rings to
maintainidenticalpathlengths.In the LF ring 2 cross-@er cells (Figure 12) areinsertedon oppositesidesof thering. Four
rolled dipolesmove the beamsthe 15 cm from one channelto the other Eachdipoleis 36 m at 1.944T. The first dipole is
rolled by0.12radto startseparatinghe beamsvertically, while bringingthemclosertogetherhorizontally Thesecondendis
rolled by -0.12radto flattenthe verticaltrajectory At the crossingpointthe beamsareseparatedertically by 9 mm. With 3,
=165m, anden = 1.57 pm, thisis 17.75 attheinjectionenegy of 900GeV. Rolled dipolesafterthe crossingpointremove
thevertical offsetsandcompletethe 15 cm trans\ersetransferof beamso the oppositechannel.

2.1.4 Miscellaneousinsertions

For momentuncollimationalocalizeddispersionwvave is generatedn a 5-cell straightsection(Figure13). Four 45 m dipoles
(2T @ 20 TeV) attheupstreamendof the straightmove thebeamdrans\erselyby 0.36m, creating+70 cm of dispersionFour
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moredipolesdownstreanbring the beamshackontotheir nominaltrajectoryandcancelthedispersion.

Holes in the Arcs
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Figurel4: Achromaticgeneratiorof free spacdn the arcsfor damperssnales,etc.

Freespacecanbe createdin the arcshy replacingstandardarc gradientmagnetswith a shorter modified versionplus a
smallquadrupoleln the exampleillustratedby Figure14,thereis 7.0 m of spaceat eachof the 8 locationsindicated.Through
thisinsertion,the 8’s, a’'s, andphaseadvanceof anarccell areexactly reproducedy a gradientmagnetwith B’ =9.185T/m
(1% wealerthantheregulararcmagnetsplusa 2.0m quadrupolevith B’ = 26.14T/m. Thelow field of the quadrupolemakes
it justalongerversionof the normalarctrim quads.Thedispersionwave createcby the holesis canceledocally with 90° of
phaseadvancepercell.
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2.2 Dynamic Apertur e and Field Quality

Therequireddynamicapertures determinedy the availablemechanicabperture Collimatorsdefinethelimiting aperturan
mostcasesandthey areusuallyplacedat around6o from the centerof thebeampipe. Thisallows 3o for thebeamdistribution,
andanother3o for injection errorsandorbit drifts over time. The realdynamicaperturethereforemustbe greaterthan6o in
orderto avoid significantlossesof particlesat placesin thering outsidethe beamcleaningsection.

Errors, time dependenfields and otherimperfectionsin a real machinecan never be modeledaccuratelyenoughin a
simulationso the dynamicaperturecalculatedby a simulationalways exceedshe measuredlynamicaperture.Obsenations
atthe Tevatron,HERA, andSPShave shavn thatthe agreemenbetweerthe measureéndcalculateddynamicaperturevaries
between20-100%. As a consequencthe LHC, for example,requiresthat the calculateddynamicapertureafter 10° turnsat
bothinjectionandcollision (with only magneticnonlinearitiesequall2s. It is usefulto considerthe sourcef discrepancies
betweerthemodelandtheacceleratgiistedfor exampleby Koutchoul{7] in Table9. The LHC dynamicaperturecalculations
from [7] areprovidedin Table10.

Sourceor Uncertainty Impact| D.Aino
TargetDA after10° turns 12.0
Finite meshsize -5%
Linearimperfections -5%
Amplituderatioz; /y; -5%
Extrapolationto 4x 107 turns | -7% 9.6
Time-dependentultipoles -10%

Ripple -10%
Safetymamin -20%
Long-termDA 6.2

Table9: Sourcef uncertaintiesn the numericalcalculationof dynamicaperturefakenfrom [7].

Thelinearimperfectionsncludeorbit errorsdueto misalignmentandgradienterrorsandthe lossof 5% is assignedafter
correctionof theseerrors.Sincethe errorslisted above arejustaslik ely for the VLHC, it seemseasonabléo adopta dynamic
aperturgrequiremendf 120 after 10° turns.

The dynamicaperturein the LHC at injection is dominatedby systematicmultipolesin the dipoles. The lowestorder
allowedharmonics- sextupoleanddecapole- arecorrectedoy small correctioncoils at theendof eachLHC dipole.

2.2.1 Scalingthe Main Injector Err ors

Thefield harmonicsin the low-field magnetswill be measuredn the summeror fall of 2001. As a startinghypothesisthe
errorsin the Main Injectorareusedasa scalingbasis,assuminghatthe mechanicaérrorsscalewith the poletip gap. Thuswe
assumahatthefield errorsin the VLHC low field transmissiorine magnetsat a poletip radiusof 10 mm arethe sameasthe
errorsin the Main Injectormagnetsat a poletip radiusof 1 inch.

Theexpansionfor thefield errorin adipole magnettanbewritten in termsof coeficients(b,, a,,) as

o n

A[B, +iB.](r,6) = Bo 3 (bn + i) ( r ) it (6)
n=1 Rref

Non-linearity Injection | Collision

Chromaticitysextupoles 28 ~ 70

Multipolesin dipoles 6.5 > 27

Multipolesin lattice quads ~ 12 > 27

Multipolesin low-45 quads > 23 6.5

Long-rangebeam-beankicks 6.5 6

Table10: Thedynamicaperturein unitsof rmsbeamsizes dueto variousnonlinearitiesn the LHC, takenfrom [7].
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ataradiusr andazimuthd. Here By is the main dipole field and R, is the referenceradius. Our assumptioris that the
relativeerrors arethe sameat eachazimuthé,

A[By + iB,)M!(r = 25.4mm,6) _ A[B, +iB,]"#%(r = 10mm, §)
BMI - BYLHO )

Thebendfieldsin the Main Injectorat 8 GeV andin thelow field VLHC ataninjectionenegy of 1 TeV arenearlythe same:
BMI=0.101T, By £#¢=0.098T.

We malke the someavhatstrongermssumptionthatthe equalityis satisfiedfor every harmonicn sothatwe obtainthefollow-
ing scalingrelationbetweerthe multipole coeficientsin the Main Injectorandthosein thelow field VLHC,

b 1 VLHC b MI

n Gnp n (429

n o = (254)" X | 5, 5 8)
Rref Rref ] Rref Rref

Ordern || (bn) | {an) || 0(bn) | o(an)
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

6

0.000 | 0.000| 0.100| 0.500
0.000 | 0.000| 0.250| 0.250

Table11: Systemati) andrandomo momentf multipole coeficientsusedfor trackingthelow field ring, scaledrom Main
InjectormagnetsusingEquation(8). The coeficientsareshowvn in unitsof 104, atareferenceradiusof 10 mm.

Table 11 shows the derived harmonicsfor the low field magnets.We have assumedhat the measuredsystematicskew
harmonicsn the Main Injector magnetsarethe resultof the top down asymmetnjin the magnetuswork [8]. This shouldnot
be anissuefor the low-field magnetssincethe bus work is symmetric,andsothe nonlinearskew harmonicshave beensetto
zero.

2.2.2 Dynamic Apertur e at Injection

Thefield errorsin thearcmagnetswill determinghedynamicapertureatinjectionenegy. Thefield quality in thetransmission
line magnetds not know asof this writing. We assumeéhata goodapproximatiorto theseerrorsmay be obtainedby scaling

theerrorsof theMain InjectormagnetsThe dynamicaperturas calculatedoy trackingsingleparticles,usuallyfor 1024turns,

throughmagnetswith theseerrors. The mainissueis to determinewhetherthefield quality is goodenoughto meetthetarget

setfor the acceptablalynamicaperture.If not, a nonlinearcorrectorsystemthatincreaseshe dynamicapertureto the target

valuemustbedeveloped.

Our aim hereis to make a roughestimateof the dynamicaperturewith a limited numberof initial conditionsandwith a
small subsebf machineimperfections.Thesecalculationscanbe refinedat a later stagewhenmoreinformationon thefield
quality is available. For mostcalculationsreportedhere,particlesaretracked for 1024 turnswithout synchrotronoscillations
in a perfectlyalignedlattice. The only nonlinearitiesare the chromaticitysextupolesandthe field errorsin the arc magnets.
Sourcef couplingarenotintroducedso correctionwith skew quadrupoless not necessaryT hefractionaltunesaresetto the
Tevatronvaluesy, =0.581,v, = 0.575.

Figure 15 shaws the dynamicaperturewith only chromaticitysextupoles,only randomerrors,only systematicerrorsand
all theerrors. Thedynamicaperturewith all errorsis nearlythe sameasthatwith only the randomerrors. Figures16 and17
shawv thedynamicaperturesvith only randomandwith only systematicerrors.

Trackingup to 1024 turnswith all thefield errorsat injection shows thatthe dynamicapertureis about20s asshown in
Table12. Increasinghe numberof turnsto 100,000typically resultsin adecreasef thedynamicapertureby about2-3s. This
would indicatethatthetargetdynamicapertureof 120 at 100,000turnsshouldbe metwith this setof assumedrrors.

Improving thedynamicaperture

Theimpactof linear couplingis reducedvhenthereis a differencein theintegerpartof the horizontalandverticaltunes.
In the perfectalignedlatticethereareno sourceof linearcoupling. Neverthelessve studiedtheinfluenceof tunesplitson the
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Dynamic Aperture of VLHC Low Field Lattice

Atinjection energy 1 TeV, (v,=0.581,v =0.575), normalized emittance(}): 1.5trmm.mrad
40.0 -————F———F————— 77—

G—=© With only chromaticity sextupoles(CS)
35.0 [ E—=& With CS & random errors

With CS & systematic errors
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Figurel5: Dynamicapertureatinjectionwith only chromaticitysextupoles,only randomerrors,only systematicandall errors.

Errors DynamicAperture(o)
Average| Minimum
Only chromaticitysextupoles(CS) 30.9 25.4
CSandonly randomerrors 20.0 18.4
CSandonly systematicerrors 23.4 21.1
CSandall errors 19.7 184
CSandonly randomerrorsando (b)) = o(az2) =0 204 18.6
CSandonly randomerrorsando (bs) = o(asz) =0 20.2 17.6
CSandonly (b2) # 0 315 25.2
CSandonly (bs) # 0 24.5 21.1

Table 12: Dynamicapertureat injection enegy with varioussetsof errorsin the arc magnets. Theseresultsshov that the
randomerrorstogethehave asomeavhatlargerimpacton thedynamicapertureghanthetwo “allowed” systematicomponents,
(b2) and{bs). Thedynamicaperturewith all theerrorsis aboutthe same(200) aswithout the systemati@rrors.
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Dynamic Aperture of VLHC Low Field Lattice
At injection Energy 1 TeV, (v,=0.581,,=0.575), normalized emittanceq(t 1.5mm.mrad
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Figure16: Dynamicapertureatinjectionwith only randomerrors.

Dynamic Aperture of VLHC Low Field Lattice

At injection energy 1 TeV, (v,=.581y,=.575), normalized emittancef}t1.5mmm.mrad
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Figure17: Dynamicapertureatinjectionwith only systematicerrors.
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Dynamic Aperture of VLHC Low Beta Lattice at Injection 1 TeV
Synchrotron Oscilation +CS+misalignments+field errors, (v,=.585,v, =.570),
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Figure18: Dynamicaperturewith synchrotroroscillationsandclosedorbit errors.Particlesweretrackedfor 10,000turnsand
with threerandomseeds.

dynamicaperturefor the cases/, — v, = £2,+4,£6. In no casedid the dynamicapertureéimprove andin somecaseshe
aperturewvasreducedsignificantly presumablydueto the betabeating.

If atafuturestagetherevisedfield harmonicshaw thatthesystematicomponentfiave asignificantimpactonthedynamic
aperturethenoneway of mitigating their effectsis to alternatethe signsof the systematiccomponentsfter every cell. The
polaritiesof thefield componentganbe switchedby reversingthe leadandreturnendsof the magnet.This requiresnot only
rotatingthe magnet®ndto endbut alsopoweringthem“backwards”. In this scenariothe evennormalcomponentgb,,,) and
the odd skew componentgas,+1) changesign[9]. If the systematiccomponentiave oppositesignsbetweeradjacentells,
therewill apartialcancellatiorin thesignsof the nonlinearkicks andthe amplitudegrowth will notbeasstrong.Thedynamic
aperturewith a configurationwherethe signsof all the systematicomponentsb,,) reverseevery successie cell wasstudied
andwasfoundto increasghe dynamicaperturesignificantly

After correctionof the orbit with misalignedmagnetsthe rms closedorbit deviations were reducedto (x),m,s = 0.22
mm, (y)rms = 0.21 mm. The fractionaltuneswerev, = 0.585, v, = 0.573. Figure 18 shows the averageandminimum
dynamicaperturewith synchrotronoscillationsandclosedorbit errorsas a function of the momentumdeviation amplitude.
The averageand minimum are taken over threerandomseeds. The averagedynamicapertureat p/p = 0 is 19 while at
dp/p = 3 x 10~* =~ 30,, the averagedynamicaperturedropsto about11 ¢ whichis only slightly underthetargetvalue.

2.2.3 Dynamic Apertur e at Collision

The dynamicapertureat collision opticswill be dominatedby the field errorsof the IR quadrupolesiueto the large beam
sizesin thesemagnets.This is true for the LHC designandwasalsotrue for the SSCdesign.The IR quadrupolesith their
highgradientswill bebuilt with “conventional”’superconductinghagnetsThenonlineatharmonicdn thesemagnetsaremuch
betterunderstoodollowing decadef developmentand also throughthe Fermilabprogramof building thesequadrupoles
for the LHC. The errorsin the arc magnetshuilt with conventionaltechnologyusually are not significantin determiningthe
dynamicapertureat top enegy. For example,thetargetdynamicaperturan the LHC attop enegy is setat 120 with only the
IR quadrupol€ield errors.We will adoptthe sametargetdynamicapertureof 120 in thesimulations.

Thearcmagnetsn the Stagel collider, however, arebuilt with transmissioriine magnetsvhich have differentcharacteris-
ticsfrom corventionalsuperconductingnagnetsAt high current,thefield in theiron saturateseadingto adropin thegradient
anda large negative sextupolecomponentb.). While the changan gradientwill be compensatety quadrupolecorrectordn
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Ordern | (bn) | {an) | d(bn) | dan) || o(bn) | o(an)
2 0 0 | 05 | 05 09 | 09
3 0 0 | 01 | o1 03 | 03
4 0 0 | 005 | 0.05 | 006 | 0.06
5 0015 0 | 01 | 001 || 01 | 005
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

Table 13: Field harmonicsof the low field IR quadrupole§10Q]. {b,), {a,) arethe systematicerrors,d(b,), d{a,) arethe
uncertaintiesn the systematicsandob,,, oa,, aretherandomerrors. The errorsareexpressedn unitsof 1074, atareference
radiusof 10 mm.

every cell to maintainthe correctphaseadvancepercell, the compensatiof the sextupolecomponents amoreseriousssue.
If the nonlinearfields dueto magnetsaturatiorhave a significantimpacton the dynamicaperture thenthis could potentially
limit the maximumenenpy reachof thelow field collider.

Thestraightfornardapproacto compensatinghe saturatiorb, components to usethe chromaticitysextupolesin thecells
to correctthelinearchromaticity At large |b»| this leadsto strongchromaticitysextupoleslumpedat two locationsin the cell,
oneSFnext to thefocusingmagnet(F), the otherSD next to the defocusingnagnetD). A calculationof the dynamicaperture
at20TeV withouttheIR errorsbut with theb, componentn thearcmagnetslueto saturatiorshavsthatthe dynamicaperture
is quitelargeevenupto 10unitsof b,. Thisis seenin Figure19. Theintegratedsextupolestrengthsequiredto compensatéhe
saturatiorsextupolecomponenareshovn in Figure20. At b, = 0, integratedstrengthsequiredfor theF andD typesextupoles
are(946,1761)T/m respectiely. At positive by < 3, the F sextupolesdecreaseandD sextupolesincreasdn magnitudeand
vice versaat negative b, > —3. At largerabsolutevaluesof by, both sextupolesincreasdén magnitude If required,additional
sextupolescouldbe placedin the 1 m gapbetweerthe F andD andthe D andF magnetgo correctthe chromaticitygenerated
by theiron saturation.This would lower theintegratedsextupolestrengthsandallow for largervaluesof b, to becompensated.

The impactof magnetsaturationshould,however, be determinedn the presenceof the dominantfield errorsof the IR
guadrupolesWe have basedour dynamicaperturecalculationson the expectedfield errorscalculatecby G. Ambrosioet al.
[10], shavnin Table13.

Thedynamicaperturevascalculatedor threeseeddor therandomerrorswith the signsof the uncertaintiesn the system-
aticsalternatingbetweerpositive andnegative. The randomerrorsweretruncatedat 30. For eachseedthe dynamicaperture
wascalculatedwvith —10 < b, < 10. Figure21 showvsthe dynamicapertureaveragedverthethreeseeddor eachvalueof b,.

At b2 = 0, the dynamicaperturedropsto around20s in the presenceof the IR errors,comparedo a value of around
130s without theseerrorsbut only chromaticitysextupoles. Figure21 shows thatthe averagedynamicaperturevariesover a
smallrangeof 20-230 when|bz| < 10. Clearly the saturationsextupolesdo not have a significantimpacton the dynamic
apertureat 20 TeV. The maximumtolerablevalue of b, may insteadbe limited by the sextupole strengthgequiredto correct
thechromaticity

2.3 Tolerancesand Corr ections
2.3.1 Arcs

Closedorbit

Distortionsof the ideal closedtrajectoryin the collider will be primarily generatedy trans\ersealignmenterrors. The
trajectoryin the horizontalplanewill also be influencedby errorsin the main bendfield of the magnets,and the vertical
trajectorywill befurtherdistorteddueto roll errorsin the mainbendingfield.

For abendingmagnetof length L with gradientB’ whichis displacedrans\erselyfrom its ideal positionby anamountd,
aparticlewith magneticrigidity Bp = p/e will have its trajectorydeflectedhroughanangled = (B'L/Bp) - d. For thelow
field collider, the gradientmagnetdhave lengthsroughly equalto the half-cell lengthandwill be supportedalongits lengthby
severaladjustablenagnetstands.If the arc magnetsaredividedinto n equal-lengthsectionsfor supportandalignment,then
the rms expectedclosedorbit deviationsin the horizontal(z) andvertical (y) degreesof freedomat maximump locationsin
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Dynamic Aperture at 20TeV with saturation sextupoles
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Figure19: Dynamicapertureat top enegy asa function of the saturatiorb, in the arc magnetswithout field errorsin the IR
guadrupoles.
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Figure20: Strengthof the chromaticitycorrectionsextupolesasa function of the saturatiorbs.
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Dynamic Aperture with IR Errors and Saturation Sextupoles
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Figure21: Dynamicapertureasa function of the saturatiorb, in the arcmagnetswith errorsin the IR quadrupolesTheerror
barsrepresenthe variationover threeseeddor the randomerrors. The dynamicaperturedoesnot changesignificantly over
this rangeof bs.

thearcsaregivenby

Ap - N 1 ( B'dpms 2+ AB\?
Peo = 2|sm7r1/| 2 n By By ) s
/N 1|/Bd
AACO_ - ms
Y 2|sm7r1/| ( ) n ( By ) +¢Tms]

where(AB/By)rms is thermsfield strengthdeviation of thefull magnetd,.,s is thermsdisplacemenatthen locations,and
drms 1S the rmsroll angle(with respecto vertical) at the n locationswithin a half-cell. NV is the numberof half-cellsin the
collider.

For typical valuesof the above variableswe usen = 5 over a half cell lengthof L = 67 m, ,B =411m, () =250m, By =
2T, B' =9T/m, dppms = 250 um, ¢yms = 0.5mrad,and(AB/By) = 10~%. Fromadistribution of errorsoverthe 780arccells
in the collider, we obtainexpectedrmsorbit errorson the scaleof

and

AZcp ~ 9.5 mm,

Ageo ~ 10.3 mm.

Theclosedorbit will clearlyventureoutsideary reasonabldeampiperadius.
To correctthe orbit distortions,we assumaedipole correctorsareplacedat maximumg locationsin the arcs,anda standard
3-bump algorithmis performed. The correctorstrengthnecessaryo performthe correctionusingthe parametersntroduced

above would be
V2 [(B) (BOL> 1 (derms>2 (AB)2
O, = - — | —— = + | =
sin p B Bp n By By /.5
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and

Bp

L= Y2 B (BOL) 1 (B'drms>2+ o
sin i B8 n

By

wherey is the cell phaseadvance.For p = 90°, andthe sameparametewaluesasbefore thermscorrectorstrengthsare
0, ~ 2.3 yrad,

0, ~ 3.2 prad.

At 20 TeV, a 3 prad bendanglerequiresan integratedfield strengthof 0.2 T-m. To be ableto correctat the 2.5-¢ level, the
steeringcorrectorsshouldhave strengthf approximately0.5T-m.

Quadrupolesaturation

Thequadrupolggradientin thetransmissiotine magnetsiropssteeplyathighfieldsdueto saturatiorof theiron. Quadrupole
correctorspnein eachplanewill beplacedin every arccell to maintainthe requiredphaseadvanceof 90° percell. At present
thesecorrectorsare0.5m long andplacedat the beginning of eachhalf cell. A 5% dropin the gradientof the mainmagnetsat
2.0TeV will requireagradientof 80 T/m in thesecorrectordo maintainthe phaseadvancein the cells.

Tunecontmol

Sourcesof errorsin the tune include gradienterrorsand closedorbit distortionsin the nonlinearmagnets. Quadrupole
correctorsgn thearcswill beusedto controltheglobaltunesandto split theintegertunesto reducethe sensitvity to systematic
linearcouplingsources.

Betabeating

It will be importantto restrictthe beta-beatingo a low value everywhere,both for on-momentumand off-momentum
particles. It will be speciallyimportantto isolatethe interactionregionsfrom beta-beatingrrorsgenerateclsavherein the
ring. Quadrupolest the entrancesandexits of the arcsandat the entrancesind exits of the straightsectionscanbe usedto
controlboththeamplitudeandphaseof AS/ 8.

Coupling

Sourcef couplinginclude skew quadrupoleerrorsin the main magnetsyolls of the gradientmagnetsandvertical orbit
distortionthroughthe nonlinearmagnets.The tolerancefor the allowed couplingmay be setby requiringthatthe minimum
tunesplit belessthan0.05beforecorrection.Largervaluesmake couplingcorrectionwith skew quadrupoleglifficult.

Skew quadrupoleplacedin regionsof horizontaldispersiorwill generatevertical dispersionwhich will needadditional
correction. It is thereforepreferableto placethesequadrupolesn straightsections.Two familiesof skew quadrupolesn the
utility straightsectionsandthelRswill besufiicientto controlthe effectsdueto the differenceresonance, — v, = p. These
familieswill be placedsothatthe differencein phases), — v, differsby 7 /2 at the families. The couplingsumresonance
vz + vy = p mayalsoneedto becorrecteddependingnthestrengthof the skew quadrupoleerrors).In this caseanadditional
two familieswill berequired placedsothaty, + v, differsby = /2 atthesefamilies.

Dispersioncontmol

Normal quadrupolegradienterrorsand skew quadrupolegradienterrorswill contribute to horizontalandvertical disper
sion beatingrespectiely. The errorsgeneratedn the arcsandutility straightsectionswill be correctedeitherby quadrupole
correctorsor by the closedorbit correctors.lt will beimportantto keepthe dispersiorat the IPsvery small. Local dispersion
correctionwithin thelRs will be necessaryo correctthe dispersiorgeneratedby the crossingangle.

26



Chromaticityand momentundependenbetafunctions

The linear chromaticityis controlledby two familiesof sextupoles,onein eachplane,placedin every arccell. This will
suffice provided the nonlinearchangeof tunewith momentumis small over the requiredmomentumaperture. If the global
nonlinearchromaticityrequirescorrection,thentwo families of sextupolesin eachplanefor the 90° cells will be required.
It would thereforebe desirableto placesextupoles(of saythe F type) in every othercell on onebus andthe otherfamily of
sextupolesin the othercellson anotherbus. Similarly for the othertype.

In additionto the chromaticitydueto the quadrupolesthereis additionalchromaticitydueto sextupolefields causedoy
iron saturatioratfieldscloseto 2 T. This chromaticitymustalsobe compensatetly the chromaticitysextupoles.Thishasbeen
discussedh the sectionon the dynamicapertureat collision.

If thebetafunctionis stronglydependenbnthe momentumthenit canleadto anincreasedpotsizeif notcorrectecatthe
IPsandto emittancegrowth dueto injectionerrorsif notcorrectedattheinjectionpoint. Correctingthe momentundependence
of thebetafunctionswill requireadditionalsextupolefamilies.

2.3.2 Interaction Regions

Alignmenttolerancesn theIRs
Thesetolerancesairemorestringentfor the IR quadrupoleshanfor any othermagnetsn thering. Several criteriahaveto
bemetincluding:

¢ DispersionatthelP shouldbe small,bothto attainmaximumluminosity andto avoid synchro-betatroresonances.
e Beamexcursionsn thetripletsshouldbelimited to presere the dynamicaperture.
e Separationbetweerthe beamsat the parasiticcollision pointsshouldnot decrease.

Table 14 shows the effectsof the IR quadrupolemisalignmentn the beamoptics. In the IR quadrupoleshe betafunctions
changerapidly and are not symmetricaboutthe quadrupolecenter As a consequencepitch and yaw misalignmentawill
introducesubstantiabeamseparationst the IPs if not corrected. Due to the crossinganglea roll misalignmentof an IR
quadrupolewill introduceorbit shiftsin the planeorthogonalto the crossingplane. This is in additionto the extra coupling
generatetby theroll angle. Thusmisalignmentsn all six degreesof freedomof theselR quadrupoleseedto bewell controlled
andcorrected.Otherdeformationsn straightnesssuchasthe naturalsagof the magnetsmustbe correctedwith the support
structureof thesemagnets.

MISALIGNMENT EFFECT

Trans\ersedisplacements  Orbit shift
Tuneshift (with nonlineamrmagnets)

Longitudinaldisplacement Tuneshift, betabeat,dispersiorbeat

PitchandYaw Orbit shift
Tuneshift (with nonlineamrmagnets)

Roll Enhanceaoupling,orbit shift(with crossingangle)
Betabeat,dispersiorbeat

Table14: Rigid misalignment®f quadrupolesndtheir effectson the beamoptics.

Offsetsat theIPs
The orbit offsetat the IP z,7¢5.¢(IP) dueto a trans\ersedisplacemeniAzg of anIR quadrupolefassumedo be at 90
degreesrom thelP) is

zoffset(IP) \V4 B*BQ
AzQ < F (9)
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Here (¢ is the betafunction at the quadrupoleand F is the focal lengthof the displacedguadrupole.The maximumoffset
of the quadrupolethat canbe correctedwith orbit correctorsis proportionalto this ratio z, ¢ sse: (IP)/Azg. In Table15 we
comparethe parametergor the quadrupolewvherethe betafunctionis the largest. Tolerancedor the LHC quadrupolesvere

Parameter LHCIR | VLHC (LF) IR
B* [m] 0.5 0.3
gmer [m] 4567 11263
Focallength F' [m] 21.2 18.7
zoffset(IP)/AzQ ~ 2.3 ~ 3.1

Table15: Parameter®f the strongestR quadrupolén the LHC andin thelow field VLHC

derivedin [11]. The rmstolerancefor the offsetwasobtainedto be 0.27 mm. Scalingthis numberby the ratio 2.3/3.1,we
obtainatoleranceof 0.2 mmfor the IR quadrupolesThis assumeshatcorrectorstrengthsimilar to thosein the LHC (in kick
angle)will beusedin thelow field VLHC.

Correctorgo correctthe orbit atthe IP arebestplacedat 90 degreesfrom the IP. As in the LHC, correctionpackagesvith
dipole and skew dipole correctioncoils shouldbe placedat several high betalocationsnext to the IR quadrupoles.Spaces
betweernQ2 andQ3 andafter Q3 would beideallocationsfor thesecorrectors.

Quadrupoleroll angles

Tolerancesn the allowed roll anglesof the IR quadrupolesnay be setby specifyingthe minimum tune split tolerable
beforecorrection.We will assumehatthis tunesplit dueto roll anglesin all sixteenquadrupolegrom thetwo IRs is lessthan
0.05beforecorrection.The minimumtunedifferencedueto aroll angleA¢ is givenby

AQuin = Yy e ag (10)

™

An rmsroll angleof 0.5 mradcanbetoleratedfor the IR quadsassuminghatall the IR quadrupoleassembliegcludea skew
qguadrupolecorrector

Normally two familiesof skew quadrupolesrerequiredto correctboth the real andimaginarypartsof the couplingres-
onanceterm. However the phaseadvancethroughthe IRs is very small and so the imaginarypart of the resonanceéerm is
negligibly small. Thusonly a singleskew quadrupoleon eachsideof the IP will suffice to locally correctthe couplingin the
IR. Theintegratedstrengthof the skew quadrupolecorrectormaybe calculatedrom [11]

1
Kl)spew = ——F————R 11
D (VeFu)scosh, .
8
R = 23 (VBaBy)iKiAdili cosb; (12)

The phaseargumentat a quadrupoledistants from the IP is 6; = [, — 10y — (v, — v, — p)%li- R is thereal partof the
differencecouplingresonancéermdrivenby the rolled quadrupolesn the IR, eachwith aroll A¢; wherei runsover all the
eight quadrupolesn eachlR. Theseexpressionscanbe usedto calculatethe rmsroll anglethat can be correctedwith the
availableskew quadrupolecorrectors.

Table 16 summarizeghe misalignmenttolerancedor the IR quadrupoles.Theseare basedon scalingfrom tolerances
derivedfor the LHC andshouldbereplacedat a later stagewith moreexactcalculations.

Misalignment Tolerance
Offsets[mm] 0.2
Longitudinalplacemenfmm] 1

Roll [mrad] 0.5

Table 16: Misalignmenttolerancedor the low field VLHC IR quadrupoleglerived by scalingfrom the LHC IR quadrupole
tolerance$11].
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Crossingangle
A crossingangleis requiredto separatehe beamsat the parasiticcollisions. As is well known, the crossinganglehas
severaleffectson thelinearandnonlinearopticsandbeamdynamics.Someof theseeffectswhich requirecorrectioninclude:

¢ Dispersionwave dueto orbit offsetin thequadrupoles
e Changen couplingdueto skaw multipole errorsin thequadrupoles
e Feeddown of higherordermultipoles.

Local dispersioncontrolis requiredto preventthe dispersionwavesfrom propagatingnto the arcs. This canbe performed
adjustingpairs of quadrupolesn the cells adjacento the IRs wherethereis naturaldispersion.A schemesuchasthis was
proposedor the SSC[12]. Correctionof local couplingfrom this andothersourceswill requireskew quadrupolesn thelR as
alreadymentioned.Thelineareffectsfrom feed-davn of higherordermultipoleswill becorrectedy orbit andtunecorrectors.
Nonlineareffectswill requirenonlinearcorrectionpackage$n thelRs similarto thosein theLHC andRHIC.

Local chromaticitycorrection

A local chromaticitycorrectionsystemfor the IRs wasproposedor the SSC[13] which increasedhe momentunmaperture
from about2.50,, with linear chromaticitycorrectionto about8s,, with correctionof the nonlinearchromaticitygeneratedy
thelRs. A similar suchsystemmay berequiredfor theIRsif the momentumapertureneedgo beincreased.

2.4 Ground Motion and Emittance Growth

Slow groundmotionin the 300-ftdeepdolomiteConcominein Aurora, IL, about3 mileswestof Fermilab,is beingmeasured.
Thegoalof thestudiess to recordandanalyzeverticalgroundmotionin 8 pointsseparatethy 30 metersoveratime interval of
aboutl year Theexperimentin Auroramine startedn October2000. Thefirst datarevealthatdolomitemine motionis rather
smallandcanbe describeddy the ATL law with coeficientof A = (6.8 £+ 2.7) x 10~ " mum?/m/s [14, 15]. Theresulting
maximumorbit distortionthatwill becauseds of theorderof 9 mm/,/year.

The only drawback of the Aurora mine experimentis the minimal numberof sensorghat limit statisticsfor studiesof
spatialcorrelations.Therefore a systemwith about20 sensorss neededandlong term measurementshouldbe repeatedn
the larger scale. Analytical/computerstudiesof the slow groundmotion effectsand orbit correctionsystemand procedures
mustbe performed.

Turn-to-turndipole magnetidield fluctuationsandvibration of quadrupolanagnetsareof concernpecausdhey canexcite
coherenbeammotion. If themotionis notcorrectedverthe decoheencetime of aboutl /&peqm—peam = 1000 turns,thenthe
coherenmotionwill be corvertedinto trans\erseemittanceéncreaseandcancausesubstantiaemittancegrowth overabout10
hoursof the store.Sofar, experimentallymeasuredigh-frequeng groundor magnetvibrationsdo not posea big problemfor
VLHC [16]. Neverthelessmoredetailedanalysison how thelattice mayaffectthetolerancess neededFor examplereference
[17] claimsthattolerance®n vibration amplitudein alattice with combinedfunction magnetss about3 timesthetolerances
in aseparatedunction FODOlattices.

In 1999experimentalktudiesof high-frequeny magneticfield fluctuationsin the Tevatronsuperconductingipole magnet
werecarriedout. It wasfoundthatthe effective rmsdB/B ~ 10710 is about10 timesthetolerancefor the VLHC, i.e. that
which might causeemittancedoubling after about6 minutes. The measurementbave to be repeatedn the VLHC dipole
prototypes.Again, we needto analyzeand performcomputersimulationsfor latticeswith separatednd combinedfunction
magnets.

Suppressiomf the emittancegrowth canbe provided by low noisefeedback. The first analysisof the requiredfeedback
systemis presentedn [18]. The systemhasto have sub-micronequivalentinput noise.Designandtestof sucha systemat the
Tevatronis adesirableVLHC beamphysicsR&D topic.
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2.5 Stability Issues
2.5.1 TheRings,Injection, and RF

In Stagel, bunchesreinjectedfrom the Tevatroninto thelow-field ringsat 900 GeV andareacceleratedb 20 TeV. Therings
of bothphasesrechoserto be of thesamesize, 27 R = 233.037 km in circumferenceandsamerf frequeng. In orderto have
shorterbunchestherf frequenciesn bothstagesarechoser® timeshigherthanthatof the Tevatron,sothatthe bunchesn the
VLHC will beseparatetby 9 rf buckets. Therf harmonicis h = 9h, R/ R, = 371520, whereh, = 1113 is therf harmonicof
theTevatronand R = 1.0 km is its meanradius.
Here,we concentraten the stability issuesof the low-field rings only, wheretherf voltagehasbeenchoseno be V¢ =

50 MV. In orderto avoid or reducethe possibility of longitudinalandtrans\ersesinglebunchinstabilities,thermsbuncharea
of bunchesinside the low field bucketsarechosenas A = 2.0 e\:s, very muchlargerthanthe A, = 0.4 eV-s rms bunch
area[19] of the Tevatronbunchesat 900 GeV. However, with V¢ = 50 MV, the maximumenepy spreacandbucket areaare,

respectiely,
[ﬁ] = 2V 9091073 (13)
E bucket 7T]'L|’I7|E
8 [2eVieE
Abucket = w—o,/ whlizl =5.01 eVs, (14)

wheren = 2.9110~? is theslip factorof the VLHC ringsin bothstagesfo = wo/(27) = 1.29 kHz their revolution frequeng,

and E = 900 GeV theinjection enegy. This bucket is definitely too small for the rms 2 eV-s bunchat this enegy. In the
discussiondelow, we assumethat the bunchesin the low-field rings injectedfrom the Tevatronwill be of rms buncharea
0.4eV-s. As we shallsee,a bunchcoalescingschemewill beimplementedieforestoragewhich will increaseghermsbunch
areaof thefinal bunchegdo nearthe desiredvalue.

Incidentally the Tevatronrf hasits maximumvoltageat 1 MV only, the bunchlengthbeingtoo long andthe momentum
spreadoo smallto fit the bucketsatinjection. Thus,the Tevatronbunchesmustbe shortenedy eithera bunchrotationor the
installationof a higherrf voltagebeforethe transferto the VLHC is possible. Somerelevantrf andbeamparametersf the
Stagel ring arelistedin Table17 for corvenience.

A bunchexcited by forcesin the vacuumchamberoscillatesin the longitudinalphasespacein modesdescribabléby the
radialmodeparameter,. designating:, radialnodesandthe azimuthalmodeparametern designatingm| azimuthalnodes.
For agivenm, the mosteasilyexcitedradialmodeis n,, = |m| andonly theseradialmodeswill beincludedin thediscussion
below. AImostdistributionindependenthe spectrunfor the modedesignatedy m # 0 peaksatfrequeny

_ml+1

fom) ® o7, (15)

wherer, is thetotal lengthof the bunchin time. In Gaussiandistribution, we approximatet by the 95%lengthr, = 2v/60,
whereo - is the rms bunchlength. Actually, the spectrumof this modeis nonzeroonly at the m-th synchrotronsidebands
of, respectiely, the revolution harmonicdor longitudinaldiscussiorandthe betatrontunelinesfor trans\ersediscussion For
m = 0, thespectrumhasafrequeny spreadrom — f(g) to + f() With f(qy givenby Eqn.(15). Both f(o) and f(;) arelistedin
Table17. Notethatthesefrequenciegor the VLHC bunchmodesarein the GHzrange.

2.5.2 Resistive Wall

Thelongitudinalimpedancef thewall of a cylindrical beampipe of radiusb is, atangularfrequeng w or harmonicn,

V4 By
2] =)+l (16)
wall,cyl 1

n
= /E (17)
Wop

is the skin depthat therevolution harmonicandy the magnetigpermeability The VLHC beampipesfor thelow-field ringsare
warmwith anelliptical crosssectionof radii h = 9 mmandw = 14.0 mm. Thelongitudinalimpedances givenby

2 2
| = (2 F, (18)
N | wan n wall,cyl
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Table17: Parameter®f the Stagel ring atinjectionandstorage For thelastrow, seeSec.2.5.5.

STAGE 1
Injection Storage

Ringsand RF
CircumferenceC' =27 R 233.037 233.037 km
Enegy E 0.9 20.0 TeVv
Bunchseparation 9 9 buckets
Rf harmonich 371520 371520
Rf voltageV;s 50 50
Slip factor 2.190107°% 2.19010°3
Synchrotrortunewv; 8461073  1.7910°°
Max. enegy spread 2.091073  4.4410°*
Bucketarea 5.013 23.631 eVs
Betatrontunevs 214 214
Beams
Bunchfrequeny 53.105 53.105 MHz
Bunchfilling 90% 90%
Numberof bunches 37152 37152
Numberperbunch Ny 2.6 10'° 2.6 10'°
rmsbuncharea 0.4 2.00 eV:s
rmsbunchlengthay/o, 6.03/0.201 6.55/0.219 cm/ns
rmsenegy spreadrs 6.3110~*  1.4610~*
Freq.atbunchmode

m =0, f() 0.507 0.467 GHz

m =1, fu) 1.015 0.934 GHz

Mot = 0.304, f(m) 0.169 0.156 GHz
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with b = h, while thetrans\erseimpedances

2R
2

2

] Fy oy, (19)
" 1 wall,cyl

[Zv,H]wan =

with |n|~1/2 replacedby [n — v5|~'/2. In above, the form factorsare F, = 0.938, F, = 0.821, and F}, = 0.408, for this

particularelliptic beampipe. Thesearecomputedor analuminumbeampipe (p = 2.65 10~8 Q-m atroomtemperaturesand

acopperbeampipe (p = 1.70 10~8 Q-m atroomtemperature)Theresultsaretatulatedin Table18.
Pawerdissipatedatthewall of thebeampipeby M bunchesachcontainingV, protonsis

Nyec 2 Zop 172
— 3
P_F(Z)M[ o7 :| |: 9 0’3/21)7 (20)

4

wherel“(%) = 1.225416702 is the Gammafunction at %, andthe beampipe hasbeenapproximatedo be cylindrical with

radiusb. Notethatthe powerlossis proportionalto 0[3/2 whereo, = o,c is thermsbunchlengthandc thevelocity of light.
As is displayedn Table18,the powerlossin eachaluminumbeambeampipeis 30to 27 kW for injectionto storage For each
copperbeampipe,the powerlossis 24to 21 kW.

Theresistive wall impedancesf thebeampipedominatebecausef its largesizeandsmallpiperadii. At afixedfrequeng?
w/(2m), thewall impedancescaleas

7 1 [R 1 [RS8
[7] . XX E Z and [ZJ—]wall X h_3 U . (21)

whereR is the radiusof thering. On the otherhand,the inductive partsof the impedance®f the beamposition monitors
(BPMs),for example,scaleas

1 VR
X m and [ZL]BPM 0.8 % ) (22)

&

n ]BPM

wherewe have assumehat the betatrontune and thereforethe numberof BPM setsscaleasv/R. The contritutionsof the
BPMs areplottedalongsidewith the contritutionsof the resistve wall in Fig. 22. We seethatthe contributionsof the BPMs
areaboutanorderof magnitudesmallerthanthoseof theresistve wall, evenif thecold copperpipesaretakenasreference.

2.5.3 Potential-Well Distortion

Thebunchof the prescribedengtho,. andenegy spreadsy; listedin Table17 will matchtherf bucket setup atthe voltageof
Vir = 50 MV (or 200MV for Stage? at storage).In the presencef aninductive impedanceZmZ /n, the particlesinsidea
bunchseeanadditionalforce proportionalto the gradientof the particledistribution. Providing thatthebunchis short,abeam
particleatatime advancer with respecto the synchronouparticleseesa potentialdropor voltageof

eNy ﬂnZ” T
V2rwee2 N oy’

which is to be subtractedrom the rf voltagesuppliedby the klystron. Thus,for aninductive impedanceat the rf harmonic,
this inducedvoltagecounteractghe suppliedrf voltage. The bunchshapewill be distortedandits lengthincreased.As an
illustration, we evaluatethis voltagedistortionat the 95% of the bunchor 7 = v/60,. As showvn in Table 18, this inductive
voltage, Ving, is lessthan1 MV for the aluminumpipe and copperpipe. Sincethe low-field beampipe will be madeof
aluminumwith or withoutaninternalcoppercoating,thebunchshapewill notbeaffectedmuchby theinductivewall. In other
words,potential-vall distortionis of noimportancenere.

V;nd = (23)

2.5.4 Longitudinal Mode-Coupling

For only motionin the longitudinalphasespace modem = 0 representstatic motion lik e the potential-welldistortionthat
we discussedefore. The next modesarethe dipole modem = 1, quadrupolenodem = 2, etc. In the presencef coupling

2| ooking at afixedrevolution harmonictheright sideof eachequationin Eqns(21) and(22) shouldbe multiplied by afactorof v/R.
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Figure22: LongitudinalimpedanceZ; /n (upperplot) andtrans\erseimpedancelower plot). In eachplot, from top: real or
imaginarypartsof resistve wall contribution for an aluminumbeampipe anda cold copperbeampipe. Lower curves: real
andimaginarypartsof the BPM contribution. All beampipesareelliptical with half-axes9 mm and14 mm. Onesetof BPM
striplines, eitherhorizontalor vertical, is assumedt eachlocationof a FODO quadrupole.Eachstripline is of length8 cm
subtendinganangleof 30° atthe centerof the pipe.
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Table18: Collective instability limits of thelow field VLHC bunches.

STAGE 1
Injection Storage
Beampiperadii h/w 9/14 9/14 mm
Rf voltageV,¢ 50 50 MV
Mode couplinglimit (Z) /n)em 6.26 8.05
Mode couplinglimit (Z )es 112 576 MQ/m
Resistvity of aluminump 2.6510°% 2.6510°% Q-m
Skindepthatn =1, §; 0.23 0.23 cm
Wall imp. atn = 1, [Z)/n]y 44.7 447 (145)Q
Zh 3.5610*  3.5610* (1+4)MQ/m
Re or Im(Z) /n)wan atrf freq 0.0736 0.0736 O
Voltagedistortion 0.869 0.735 MV
Re orEn(Z”/n)wau atm =1 0.0505 0.0527 O
Re or Im(Z | )wan atmes 98.5 103 MQ/m
Powerloss 30.3 26.7 kW
Multi-bunchgrowth time 1.20 26.8 turns
Resistvity of copperp 1.7010~% 1.7010~% Q-m
Skindepthatn =1, §; 0.018 0.018 cm
Wall imp. atn = 1, [Z);/n]y 35.8 35.8 (14+4)Q
[Z. )1 28.510°  28.510° (14j)MQ/m
Re or Im(Z) /n)wan atrf freq 0.0589 0.0589 0
Voltagedistortion 0.696 0.589 MV
Re or Tm(Zj| /n)wan atm = 1 0.0405  0.0422 0
Re orIm(ZL)wau atmeg 78.9 82.3 MQ/m
Powerloss 24.3 21.4 kW
Multi-bunchgrowth time 15 33.4 turns
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impedancethesynchrotrorsidebandsirenolongerequallyseparatedvith them-th sidebandat £mv;, fo,. Them = 2 sideband
will movetowardsthem = 1 sidebandascouplingimpedancend/orbunchintensityincrease Whenthetwo sidebandsnemge
into one,them = 1 andm = 2 modescoupleandaninstability develops.Thisinstability is not deaththreateningstability will
beregainedafterthebunchis lengthenedndtheenegy spreadncreasesThethresholdf theinstabilityis givenapproximately
by, for Gaussiardistribution,

[]}nZ”] < 27r|7’)‘E0'}23 (24)
n g el
wherelx = eNy/ (V20 ;) is thebunchpeakcurrent,andthe effectiveimpedances
TnZ /dw ” wohm (w)
— = , (25)
n eff

andh, (w) thepower spectrunof modem and | dw impliesdiscretesummatioroverall them-th synchrotrorsidebandsThe
longitudinalmode-couplingstability limits arelistedin Table18for varioussituationsof operation.Theinstability will develop
firstnearm = 1. Thuswe evaluatethe resistve wall impedanceat f,), with resultsshovn in Table18. We seethatwith an
aluminumbeampipe, the impedanceZ /n at f(1) in Stagel is only 0.051/0.0532 at injection/collision,andis very much
lower thanthe stability limit of 6.26/8.052. Thus,no longitudinalmode-couplingnstability will occur

Let us understandhow the stability limit scalesasthe size of the acceleratoring increases.Notice that || ~ 1/52 in a
FODOllatticeandthereforescalesas|n| o« R~1. Thereforewhentheimpedancef thering is dominatedby theresistie wall,
the microwave stability criterionin Eqn.(24) scalesas,atafixedfrequeng,

Ao, Aog

RY/2< 22
~RL, °°N,

(26)
whereEqn.(21) hasbeenused.Thustheinstability becomesvorseas/R asthesizeof thering increases.

2.5.5 TransverseMode-Coupling

With transwersemotion,them = 0 is avalid mode,which describeshebunchmakingrigid dipoleoscillationsin thetrans\erse
plane. This correspondso just the pure betatronsidebandsDrivenby the trans\erseimpedancethe betatrontunedecreases
andthe purebetatronsidebandnovestowardsits first lowerm = —1 synchrotrorsideband An instability will developwhen
thetwo overlap,whichwe call trans\ersemode-couplingnstability (TMCI). Unlike thelongitudinalcounterpartthisinstability
is devastating.The growth time is usuallysmall.

For anaveragebunchcurrently, thethresholddriving impedances

< 8Bwivpvsor

ImZ N 27
[ J—]eff erc ( )
wherethe effective trans\erseimpedanceés
dwImZ | (w)hm(w)
ImZ = 28

and | dw implies discretesummationover them = 0 synchrotronsideband®f the betatrontunelines (or just the betatron
sidebands).Theselimits for variousoperationsarelistedin Table18. It appearghatthe resistve wall impedanceshouldbe
evaluatedat frequeny betweenf o) and f(1), wherethetwo modescollide. In fact, for a Gaussiarbunchinteractingwith the
resistive wall impedancethis effective frequeny canbe computed. Substitutingthe Gaussiarspectrumand Egn. (19) into
Eqn.(28) gives

ImZ
[TmZ e = % (29)
Nefr
with 4 2 0.304
7 .
— = = 30
Neff CUO0'7-F2 (%) or feﬂ O'TF2 (%) 20'-,— ) ( )
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whereT'(1) = 3.63561 is the Gammafunctionevaluatedat 1. This correspondso f(,,_,.) With mes = 0.304 if Eqn.(15)is
used.As anexample for analuminumbeampipetheresultsasseenin Table18 shav thattheimpedances 98.5/102. M Q/m
atinjection/collision,whichis smallerthanthe stability limit of 125.7/643.9MQ/m. Thus,no TMCI will occur Equation(27)
is just an approximateway to determinethe thresholdof the instability by equatingthe shift of them = 0 modeby v;, the
synchrotrontune. A more exact methodis to computethe eigenmode®f a numberof modesnearm = 0 andm = —1 as
a function of the beamcurrentor couplingimpedance .Blaskiavicz [20] madesucha computationfor the high-field ring at
injection. On the otherhand,the thresholdgiven by Eqn. (27) is 33%larger. This senesasa verificationthat Eqn. (27) will
give a reasonablyestimate.On the otherhand,the more exact numericalsolutionmay arrive at a lower thresholdand easily
pushthebunchesatinjectionto a TMCI.
As thessizeof thering increasesthe stability criterionof Eqn.(27) scalesaccordingto

R3/2 < \/}_21/30'7-
TN,
Thus, TMCI becomesworseas R. Comparingwith Eqn. (26), TMCI will have a lower thresholdthan the longitudinal mi-
crowave instability asthesizeof thering increases.

(31)

2.5.6 Coupled-BunchInstability

Therevolution frequencieof the VLHC ringsareonly 1.29kHz. Thusthetrans\erseresistve wall impedancet the betatron
sidebandf lowestnegative frequeny becomewery largeandwill drive a coupled-lunchinstability.

For M, identicalequally spacedbunchesin thering, therearep = 0, --- , M, —1 trans\ersecoupledmodeswhenthe
centerof massof onebunchlagsbehindits predecessdny the betatronphaseof 2w /M. At the sametime, eachbunchcan
executelongitudinalmotionwith m = 0, 1, - -- nodes.Thegrowth ratefor the um-th modeis

1 1 MI,
— = e ve Z ReZ, [(kMs — p + vg + mus)wo Fy, (W —X) , (32)
k

Tum  1+mdngE

wherelM is thenumberof bunches Strictly speakingeqn.(32)is correctonly if M = M, or if thebunchesareequallyspaced.
Accordingto the 9-bucket spacingthe VLHC ringswill beonly 90%filled. ThusEqn.(32) will notbeanaccuratedescription
of thebeamdynamics.

As thefrequeny w — +0, the real part of the resistve-wall impedanceapproachesirst +|w|~'/2, then|w|~" whenthe
skindepthexceedghethicknessf thepipewall, andfinally zerowhenthefrequeng is exactly zero. Thereforethereis always
amodey thatcorrespondso alargenegative ReZ | anddrivesthetrans\ersecoupled-tunchinstability. For example,with the
betatrontunevg = 214.4, modey, = 215 or frequeny —0.6 wy/(27) = 0.776 kHz with £ = 0 in the summatiorof Eqn.(32)
contritutesthe largestnegative Re Z, , whichis —5.63 10* MQ/m if the Stagel beampipeis of aluminum.Here,we stick to
the +|w|~'/? dependengof theresistve wall impedancdor simplicity, althoughat sucha low frequeng, the thicknessof the
beampipewall maybethinnerthanthe skin depth.Thenext contributionwith & = 1 will give ReZ, = +227 MQ/m whichis
negligibly smallcomparedvith the contribution atharmonic—0.6, which thereforedominateshe contribution.

The growth ratesturn out to be extremelyfastin all situation. The e-folding growth time is 1.2/27turnsfor Stagel at
injection/storagewherealuminumpipesareconsideredFortunately the frequeng of this modeis very low, aroundl kHz. A
dampercanbeeasilydesigned.

As thessizeof the acceleratoring increasesit is easyto shav thatthe growth time in revolutionturnsscalesas

N,
Growth timein turnso fb , (33)

which explainswhy this trans\ersecoupled-lunchinstability drivenby theresistive wall is a concerrfor the VLHC.

2.5.7 Longitudinal Head-Tall

Longitudinal head-tailinstability hasbeenobseredin the Tevatronandwe would like to examineits effect in the VLHC.
This instability is a resultof the asymmetriadependencef the momentumcompactiorfactora = ag(1 + a1d) + - - - onthe
momentundeviation §. Thus,abunchwill have slightly differentlengthandtherefordoseenegy differentlyin theupperand
lower halvesof thelongitudinalphasespace . The growth rateof the synchrotroroscillationamplitudeis givenby
1 _ _fo dUu Or

T EdaTEX’

(34)
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wheretheenegy lossperparticleperturnis

Ulor) =N [ dolp(o)f* Rezj(w). (35)
and ( 3)
a(an —n+ 3 3
X:—O ! 2 %al—i-— (36)
n 2

denotegheasymmetrywhichis roughly 2 sincea; ~ % for aFODOlattice.

Theinstability canbedrivenby asharpresonancék e thefundamentaimodeof therf cavities. For the Tevatron,thequality
factor@) ~ 7000 andtheshuntimpedances R, = 1.2 MQ. Here,for the VLHC, it is reasonabléo assume&) to bethe same
while R, /@ = 1710, aboutl0timeslarger. Thus,thegrowth rateof Eqn.(34) scalesas

1 1 1

T *RET R
Thus,we expectthe growth rateto be very smallfor the VLHC. As shavn in Table 19, thesegrowth ratesarevery muchless
than86400~! = 1.151075 s~1, implying thattherewill notbe ary appreciategrowth of the synchrotronramplitudein a day.
The smallgrowth ratesarea resultof the low rf frequeny andshortbunchlength,which represents point on the upperplot
of Fig. 23.totheveryleft of the —dU/do; ) o peak.

Thelongitudinalhead-taiinstability canalsobedrivenby abroad-bandesonancef thecouplingimpedancelf weassume
Z(l)l/" ~ 1 doesnot changemuchwith the sizeof thering, R,/ will increaseastheradiusR of thering. Thus,the growth
ratedrivenby thebroad-bandmpedancescalesas

(37)

1 1 1
SN EX R 9

andwill dominatethe growth driven by the sharpresonancef the rf cavities. The lower plot in Fig. 23 givesthe reduced
differentialenegy loss,(dU/do, )o, asafunctionof f.o, with f,. denotingthefrequeng of thebroad-band.

Table19: Parametersf the VLHC ring in Stagel andStage2, atinjectionandat storage.

STAGE 1
Injection Storage

Drivenby rf resonance
fe£ =477.9MHz, R, /Q = 1710 Q, Q = 7000

Growth rates 7.77107% 3.89010~7 s7!
Driven by broad-bandwith R, /n = 1.0 Q

Growthrates(f, =3 GHzQ=1) 1.8410~% 6.4410°° s!
Growthrates(f,=2 GHzQ =1) 2.72107% 9.54107% s7!
Growthrates(f,=1 GHzQ=1) 3.9610~% 1.55107* s7!
Growthrates(f,=1 GHzQ =2) 2.8510=% 1.0910~* st

Driven by resistve wall

Resistvity of aluminump 2.65107% 2.65107% Q-m
Growth rate 463105 1.8410% !
Resistity of copperp 1.7010~% 1.7010=% Q-m
Growth rate 3.71107% 1.4710°% s!

The growth ratesdriven by a broad-bandmpedanceat variousfrequenciesarelisted in Table 19. For the injectioninto
the low-field rings, all growth ratesfrom the table exceed3600~! = 2.78 10~ s~! or with growth time lessthanan hour.
Unfortunately the injection into the low-field ringsis slow andis aboutanhour. Thustherewill be significantgrowth of the
synchrotroramplitudeandthusthe buncharea.
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Figure23: Plot of differentialbunchenegy loss (dU/do;)o, versusf,o, dueto a sharpresonancgupper)or a broad-band
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At storagethe growth rateis 6.4410~% s~ whenf, = 3 GHzandQ = 1, or growth time of 4.31hours. This number
appeargo beinsignificantfor a storethatlastsup to 10 hours. However, if theresonanfrequeng is reducedthe growth rate
will increasewhich correspond$o moving towardsthe peakof the —(dU/do; )o - plot from theright sidein thelower plot of
Fig. 23. Asindicatedin Table19,when@ = 1 andf, = 1 GHz,thegrowth timereducego 1.79hoursandbecomesignificant.
It is alsoshavn in thetablethatthe growth ratewill dropif thequality factor increases.

The longitudinal head-tailinstability can alsobe driven by the resistize wall impedance.The differentialenegy lossin
Eqn(36) integratesto

U __30(3) eN[ReZy]s
T 82 wéﬂai/? ’

o (39)

where [ReZtl)']l is the resistive part of the wall impedanceat revolution frequeng. The resultsin Table 19 shav that this
instability is insignificant. For example,at the injection of Stagel, the growth time for the aluminumpipeis longerthanthe
onehourinjectiontime. At storagethegrowth time is tensof hours.Howeverthe growth rateis inverselyproportionatlto 03/2.
Thereforewhenthe bunchlengthis furthershortenedn future designor operationJongitudinalhead-tailinstability drivenby
theresistive wall impedancenaybecomemportant.

2.5.8 Laslett Tune Shifts and Other Effects

We have not studiedall typesof instability. Therearemary bunchesn thecolliderring. Therefore coupled-tunchinstabilities
in boththe longitudinalandtrans\erseplanesby sharpresonancesanbe serious,andaninvestigationis required. The beam
pipe hasasmallbore.As aresult,theimagecontribution to the coherentandincoherenbetatrorntuneshifts canbeimportant.

The very low revolution frequeng leadsto a variationin the magneticimageLasletttuneshift whenthering is partially
filled during the injection process.The variationis dueto the fact that the revolution periodis comparableo the magnetic
diffusiontime throughthe beampipe. Initial estimatesf the latter effect producetune shift variationsof order0.3 alongthe
bunchtrain for a half filled ring. Increasingthe vacuumpipe thicknessand/orradiuscould reduceboth of theseproblems.
Increasingthe dipole magnetgapfrom 20 mm to 28 mm reduceghe DC Lasletttune shift from 1.0to 0.6. The variationin
tunealongthe bunchtrain could be reducedby quadrupolesunningat multiplesof the revolution frequeng. It is envisioned,
however, thatinjecting beamin an appropriatelysymmetricmanneywith bunchesenteringthe ring far apartfrom eachother
andgraduallyfilling in betweerthealreadyinjectedbunchesthetunevariationscanbealleviated.

2.5.9 Bunch Coalescence

The thresholdof transwersemodecouplinginstability (TMCI) for the low-field VLHC hasbeencomputedby Burov et al.,
[21] usinga matrix approachby including 5 radialand5 azimuthalmodesandalsoparticletracking. The samethresholdhas
alsobeenestimatedy equatingthe downshift of the dipole betatronfrequeng to a synchrotrorfrequeng. The latter givesa
thresholdabout40%higherthanthe Burov’sresult. Onesourceof discrepang is relatedto thefactthatthetrans\ersecoupling
impedancalriving theinstability is dominatedby theresistive wall ratherthanabroadband.Thetrans\erseresistize wake goes
to infinity astheinversesquareroot of the distancebetweernthe sourceandthetestparticles,andthis distancehasbeentaken
asthermsbunchlengthin the estimationusingthe simple downshift formula. On the otherhand,the matrix approactbrings
up numericalcorvergenceguestiongrom the divergenceof thewake at smalldistancesThis discrepang is very importantfor
thelow-field VLHC, becausehethresholdfrom Burov’'s matrix calculationat injectionwith the nominalsetof parameterss
only abouthalf the designedntensity

With thedangerof TMCI andtheinability to estimateanaccurateheoreticathresholdjt is advisableto divide the bunch
into a numberof lessintensebunchesat injection and performa coalescencat a higherenegy. Below, we estimatethe rf
voltagerequiredfor the coalescence.

Coalescence

A low-field VLHC bunchhasan intensity of 2.6 10'° particlesin a w.s/(2w) = 478.0 MHz rf bucket with rf harmonic
h = 371520, correspondingdo aring circumferenceof C' = 233.037 km. Assumethatthis bunchis dividedinto 5 bunchesat
consecutie bucketsatinjection. The coalescenceperationconsistf thefollowing steps:

(1) Thecoalescencés to be performedat 20 TeV whenthe rf voltageis Vi = 50 MV. The parametelists suppliedby
Foster[22] call for a rms bunchareaof 2.0 eV-s at storage.We thereforeassumehe rms bunchareaof eachbunchbefore
coalescencbe~ 2.0/5 = 0.4 eV-s, or atotal buncharead ~ 2.4 eV-s. The half enegy spreadandhalf width of the bunch
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are,respectiely,

E w|n|E
A
(A7), = ﬂ_lgw ) =0.239ns, (40)

wherew,; /(2) is thesynchrotrorfrequeng attherf voltageV; = 50 MV andn = 2.19 10~° is theslip factor
(2) Therf voltageVit is snappediown to V;> sothatthe bucket heightis equalto theenegy spreadf the bunch.We have

Va  wnlh <AE)2 .
2= (22) =3231077, (41)
E 2 E ),

orVa, = 6.47 MV.
(3) Thebunchis allowedto rotate90° with synchrotrorfrequeny

wsz _[InlheVa wo
= ‘/TTE 5y = 0835 Ha, (42)

wherewg /(27) = 1.29 kHz is therevolutionfrequeng. The half enegy spreacbecomes

AE) Ws2 _5
— ) == (A7), =5.74107°. (43)
( E J, Il !

(4) Therf isthenturnedoff andthe coalescence with afrequeny of 478.0/9=53.11MHz (h. = h/9) is turnedon. The
5 bunchesarerotatedin thelongitudinalphasespaceby 90° andthe478.0MHz rf is thenswitchedonto capturethesebunches
into onebucket. For total capture the half enegy spread AE/ E), of thebunchesmustrotateto a half width (A7), lessthan
k timeshalf arf wavelengthr /wy s, wherek < 1. Noticethatthe phaseequationof motionis

dr 0F
— =p—=. 44
7 -"F% (44)
We thereforerequire
ln| [AE km
Ar) = —) S— 45
( T)c wsc E 5 ~ wrf ) ( )
where
h.eV,
Wse = Wo % (46)
is thesynchrotrorfrequeny drivenby the53.11MHz rf systematvoltageV,. Theresultis
2 2 7
eVe > h*In| (AE _ 15310 7 (47)
E 7 2nk?h. \ E ], k2

or V, 2 3.05 k~2 MV. The half enegy spreadof the coalescedunchwill be roughly 5 timesthe original multiplied by the
factork?, or

AE 5 (AE 4.9
— | = — ) =2871 . 4
(85) wae (32) —asruo-s @
Thevoltageof the capturedf ath = 9k, mustbeatleast
hn|E (AE\? kr)?
v, = ThnlE (AE ~ (2ETY v 90.0k2 MV (49)
2e E coales 6

Therf voltageis thenraisedto 50 MV adiabaticallysothatthe coalescedunch,having a rms bunchareaof roughly, 2 eV-s
will have the designedunchlengthfor collision.
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An alternatemethod
In Step3 of the coalescencethe synchrotronfrequeny is 0.834Hz. Thusit takes 0.30 s for the bunchto rotate 90°
andspreadout. It is importantto checkwhetherlongitudinal microwave instability will developor notin this long duration.
At the endof the spreadthe bunchoccupiesthe whole width of the bucket, whichis C/(ch) = 2.09 ns, or a rmslengthof
o, ~ 0.427 ns. Thecoalescedunchshouldhave adesignedntensityof 2.6 10'° particles.Beforecoalescenceheintensityof
eachbunchis 1/5of it, or N, = 0.52 101, correspondingo apeakcurrentl,, = eNy/(v/2mo,) = 0.77 A. TheKrinsky-Wang

instability thresholds [23]
Z(IJ‘ _ 2m|n|Ec?,

=12Q. (50)
n elpk

Theresistve wall impedancdor the VLHC beampipe composingf stainlessteelwasfoundto beonly Re Z(l)| /n =0.389 Q
atrf frequeng. [24] We canthereforeconcludethatlongitudinalmicrowave instability will notoccut

Sincewe arefar away from this instability, insteadof snapping,one may also chooseto reducethe 478.0MHz rf volt-
ageadiabaticallyin Step2 so thatthe bunchfills the whole bucket. This methodwill leadto a lower enegy spreadbefore
coalescencendthereforea lower coalescenceoltagein the 53.11MHz rf. Thelowestrf voltagerequiredis

Va2 _ minlh (hwoA

2
= =4.03 1078 1
= 5 B ) 031078, (51)

or ¥, = 0.8064 MV. The half enegy spreads the sameasthe bucket height,or

AE 2V, _
=) = =56310°. 52
(E)2 \ 7hin|E >-0310 (52)

Step3is nolongernecessaryWe goto Step4 wherethe coalescencd is turnedonto

2 -7
eVe > 9hn| (AE _ 14710 7 (53)
E 2rk2 \ E ), k2
orV, 2 2.94 k2 MV. Thehalf enegy spreads now
AFE 5 (AE 449
— | =~ — ] =2821 .
(85) =5 (32) —2s2104 -
Thevoltageof the capturedf ath = 9k, mustbeatleast
E (AE\’ 2
v, = Thin| <—) = (5’“—”> V, = 20.1k> MV . (55)
2e E coales 6
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2.6 Influence of Magnetic Fields on Damping Rates

The variation of dampingratesin a combinedfunction machinewas consideredoy A. Hofmannand B. Zotter [25]. The
discussiorherefollows their treatment.Dampingtimesin the threeplanescanbe expressedn termsof the dampingpartition
numbersJ,, Jy, J; as

T0 — ﬁ (56)
Herer,, 7y, 7, arethe amplitudedampingtimes, E is the particle enegy and U is the enegy lost per turn to synchrotron
radiation.The partitionnumbersaregivenby

Iy I
Je=1=7, =1 Jy=2+ 7 (57)
wherethe synchrotrorradiationintegralsare

ds
o= $5 (58)

p

21 Do

Iy = ¢ [1+2Kp’] Fds (59)

In separatedunction magnetsthe secondermin squarebracletsin Eq. (59) never contributesas K p? = 0 in bothdipoleand
guadrupolemagnetsin thesemagnets], ~ 0 soJ, ~ 1, J; ~ 2 andmotionis dampedn all threeplanes.

In a combinedfunction magnet,the secondtermin Eq. (59) hasa significantcontribution. The straightsectionsdo not
contrituteto the above integralsandwe canestimatetheintegralsby the following sumsoverthe F andD magnets,

.. L L
L=N [(1 +2Kep}) L DE) + (1= 2K o) Z2(D2) (60)
F D

whereN is the numberof F magnetgsameasthe numberof D magnets) Kz, K p arethe absolutevaluesof the normalized
gradientswhich in generalmay be unequalascanthe bendradiuspr, pp. SinceKp? > 1 in thearcsof the VLHC, we can
write to avery goodapproximation

I, = 2N[EEZE (pry - EPLD iy, 6D)
PF PD
In acombinedfunctionmagnettheaveragedispersionsaregivenby
1 5 G
Dy) = [1+rr2 —+1] 62
(D) = e [k (©2)
1 1+7r,r%) G
Dby = [ K 1] 63
(D) ppKp ro,rxk Op (63)
where
sin8g sinh 6p
= 4
¢ ri sin O coshfp — cosOp sinh p ’ (64)
1 K
0r,p = ZLrp\/Krp, 71,= pr e (65)
2 PD Kp
Similarly
LF r%( LF
L=N—(0+-—=>2= = —
2 p%‘ ( + TL) ) TL LD (66)
CombiningEgs.(66) and(61) togethelyieldsfor thedampingpartitionnumber
_ 2
Jz — _1_2(1 TP)(1+TPTK)£ (67)

1+r,2,/rL 0r
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Horizontal damping rate vs asymmetry in bend field
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Figure24: Dampingratein 1/hrsasafunctionof thebendfield asymmetry. The motionis justdampedvhentheasymmetry
is about10%.

Oneconsequencef thisrelationis thatin aring wherethe F andD magnetdave thesamebendstrengthpr = pp orr, =1,
we have
Jr =—1 (68)

Thusthe horizontalmotion is always anti-dampedn sucha ring irrespectve of the lengthsand gradientsKr, Kp of the
magnets.

The above generalexpressiorfor J, canbe simplifiedfor the VLHC wherewe assume(i) equalphaseadwancesin both
planessothatr;r% = KrLr/(KpLp) = 1 and(ii) equallengthsof theF andD magnetsothatr;, = 1 whichthenimplies
equalgradientsKr = Kp. In thiscase,

(rp—=1(r,+1) G

Jr=—1+2 — 69
+ 1+ 7“2)/’{'[, Or ( )
Thephaseadvancepercell ¢ is relatedto 6 generallyas
1— 2
cos o = cos 20 cosh 20p + TTK sin 20 sinh 26 p (70)
K
Specializingto the casewith rx = 1 andfr = 6p,
cos o = cos 20 cosh 20 (71)
Whenthe phaseadvancepercell is uc = 7 /2, thisequationshovsthatfr = /4 whichimpliesthatG /0, = 2.426.
We assumeéhatonly asmallchangdn bendfieldsbetweerthe F andD magnetswill be physicallypossible Writing
pr=po(l+e€), pp=po(l—ce) (72)
wherep, is thenominalbendradius,the horizontaldampingrateasa functionof theasymmetryparametet is
1 1 4e
— = — |14+ ——(2.42 73
T. 270 + 1+ €2 (2.426) (73)

Figure24 shavsthedampingrateasafunctionof thebendfield asymmetry. In thenominalcasewith e = 0, thehorizontal
anti-dampingtime is 7, = 117 hrs. A £10% changein the bendfields (the bendshouldbe wealer wherethe dispersionis
larger)is enoughto corvertthisto justdampedmotion. Smallerthan10%change€anincreasaheanti-dampingateto avalue
wherethis doesnot causeary appreciableemittancegrowth over the lengthof a store- about10 hours. The priceto pay for
this additionalknobis thatthe F andD magnetsave to be on separatéuses.
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2.7 Polarization

Someinterestexistswithin the particlephysicscommunityfor colliding beamexperimentswith high enegy polarizedprotons.
(e.g.in [26]) The VLHC Stagel pp—colliderwould offer a greatopportunityto achieve polarizedpp collisionsat or closeto
\/s =40TeV.

In [27] it wasshowvn thata CombinedFunction(CF) lattice providesa uniquefeatureat high enegy. For a CF lattice the
ervelopeof the linear intrinsic spin—obitresonance¢LISORs)decreaseasymptoticallywith 1/, /v, wherery is the Lorentz
factor whereador aseparateduinction(SF)latticetheervelopeincreasesvith , /7. This effect canbeexplainedperturbatvely
by the rapid spin precessiorcomponentroundthe vertical in the bendingfield of the CF magnetswvhich cancelsto a great
extentthetilt away from theverticaldueto the gradientfield. In a SFlatticethereis no bendingfield in the quadrupoles.

Thedecreasef the LISORswith enegy is a 1-stordereffect, but the LISORsarethe largestcontribution to the off—orbit
T-BMT driving termandin theapproximatiorof leadingpowersin Gy [28, 29] (G = (g—2)/2 ~ 1.79 beingthegyromagnetic
anomalyof theproton),i.e. athigh enepy, they arethe dominantcontribution to the higherorder(kinetic) spinorbit coupling.

The key conceptdfor polarizationin the presenceof spin orbit coupling are the Derbene—Kondatenk n—axis [30, 31]
and the amplitudedependenspin tune [32, 31] v. Given Py, the modulusof the averageof 7 over an invarianttorus
describedby the normalizedaction vector J, the long term polarizationaverageof a beam P can be factorized[29] as
P = fP]im(f)den(f) aJ, where Pyy,, is the averageof the spin action$ - 7 over the spinson eachtorus. P, is com-
pletely determinedoy the lattice, the enegy and J, whereasPy,, dependson the “history” of the beam,i.e. the polarization
at injection and the acceleratiorprocess. It hasbeenshown [33] that Pyy,, is an adiabaticinvariant,i.e. is hardly changed
duringsufiiciently slow acceleration P, andtheacceleratiomatefor preserationof Py, areparticularlylow wheneverthe
non—perturbativeesonanceonditionv(J,y) = k,Q, + k,Qy + k. Q. is (sufiiciently closely)fulfilled (e.g. [34, 33, 29)).
Herethe @; aretheorbitaltunesandk; € Z.

SimulationsusingthecodeSPRI NT [35] andanearlyversionof the Stagel lattice[36] without 5—squeezshowvedthatthe
strengthsof the LISORsindeeddecaysapproximatelywith 1/,/7 andthatthe highestresonancestrengthsarearoundl.1 for
purelyverticalmotionwith 2.5¢ verticalamplitude(assumingms = 1.57 mmmrad).After choosinga suitableverticaltune
(about217.2862)andintroducingl, 3 or 5 identical pairsof SiberianSnaleswith snale angledifferenceof 90° in eachpair
(Lee—Couranschemese.g.[37]) distributedaroundthe ring sothatthe on—orbitspintuneis 1/2 independentf enegy, we
have simulatedP;;,, andv with upto 5 ¢ verticalorbitalamplitudein 3 enegy rangegstrongresonancaroundnjection,strong
resonanceloseto 20 TeV & region without strongresonancesloseto 20 TeV — potentialworking point). The simulations
wereperformedusingthe SODOM 2 algorithm[38] implementedn SPRI NT. The simulationssofar did not shav any higher
order (kinetic) spin orbit resonancesip to 4 ¢ with 6 snalesandup to 5 ¢ with 10 snales. In a 10 GeV rangearoundthe
potentialworking pointthe spintunespreadvaslessthan.15and P, wasmorethan92%upto 5 o with 6 snales.

Furthersimulationsg.g.includinghorizontalandlongitudinalamplitudesandmisalignmentareof coursenecessaryMore-
over, spindynamicsin theinjectionchainhasto be studiedandmostlik ely modificationsto the pre-acceleratonwill beneces-
sary

Our preliminary simulationssuggesthat the VLHC Stagel CF ring could be a uniqueopportunityto obtainpolarized
protonsat high enegy. If onewantsto take this opportunityit is essentiato make spin dynamicsa designissueat an early
stageof the project.
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3 STAGE 2: THE HIGH-FIELD RING

3.1 Luminosity VersusEnergy

The high field VLHC ring will be the first cryogeniccollider to operatein the synchrotronradiationdominatedregime, in
which theradiationdampingtime is shorterthanthe storagetime. In this regimetherearepracticalandeconomidimits to the
cryogenicsystermwhich canbeinstalled. Thereis amaximumvalue P, for thesynchrotrorradiationwhich canbeabsorbed
in eachring. It is necessaryo adjustthe beamparameterso staywithin the installedpower limit, resultingin a maximum
luminositywhich depend®n thebeamenegy E accordingo
P,

Theexactversionof this “maximumpower law” is derivedasfollows.

Thetotalnumberof protonsburnt off perbeam,n a storetime of lengthT;,,.. in acolliderwith N p interactionpoints,is

Nourn = N1pLgveOtot Tstore (75)

whereoy,; is thetotal crosssectionand L, . is the averageluminosity. The numberof protonsin eachbeamatthe beginning
of thestoremustbe atleastthis large,so

whereN is the numberof protonsin eachof the M bunchesThetotal synchrotrorradiationpower perring is
P = (%) NM (77)

whereUj is theenegy radiatedperprotonperturn,andT is therevolution period. The synchrotrorradiationdampingtime is
closelyrelated,

T
To = (70) E (78)
sothat,simply
NME
P = i (79)

Puttingall this togetherandrecognizingthatthe synchrotrorpower s limited
P < Py (80)

thentheminimumsynchrotrorpower is achiezedwhenevery singleprotonis burnt off, sothat

P, 1 To
Lo < Torwo ( )( > 81
E Nrpotot Tstore ( )

Thisis the exactform of the maximumpower law.

Althoughthereis aclearadvantagen reducingthestoragdime, Ts;,r. mustremainsignificantlylargerthanT 4, in order
to take advantageof radiatvely dampedbeamsizes.Otherfactors(suchastherefill time) will alsoplay arole in determining
theoptimumvalueof T, but is safeto estimatethat

To

Tstore

~ 0.2 (82)

Exceptfor someuncertaintyin this factor the maximumpower law clearly statesthat the installed capacityto absorbsyn-
chrotronradiationat cryogenictemperaturedirectly limits the attainableproductof averagduminosity andenegy.
Similarly, if the beamstoredenegy perring U = N M E mustbe keptbelorv a maximumvalue— for exampleif thebeam

dumphasa limited capacity—then
Umaz 1 1
Love < 83
E (NIPUtot ) (Tstore ) ( )

Insofar asthe storedenenpy is a practicallimit to high field performance- to the productL,,.E — thenthereis pressurdo
reduceT,-., andhenceto increasehedipolefield, to reducethe circumferenceandto reducetherefill time.
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Storageenegy, £ 875 TeV
Peakluminosity, L., q 2x10% cm2s!
Inelasticcrosssection 130 mbarn
Total crosssection 169 mbarn
Collision debrispower, perIP 73 kW
Dipolefield atstorage 9.765 T
Distancefrom IP to first magnet 30 m
Injectionenegy 10 TeV
Fill time 30 s
Acceleratiorntime 2000 s
Synchrotrorradiationdampingtime, T 248 h
Enegy lossperturn, Uy 15.3 MeV
Naturaltrans\erseemittance(H) .0397 pum
NaturalRMS momentunmwidth 55 106
Numberof bunches M 37152
Fractionof bucketsfilled 90 %
Collisionbetahorz, 5 3.7 m
Collision betavert, 3, 0.37 m
Equilibrium emittanceatio, x 0.1

Initial bunchintensity N 7.5 10°
Protonsperbeam 2.79 104
Beamcurrent 57.4 mA
Synch.rad. power, perbeamP .88 MW
Dipole linearheatload 4.7 W/m
Storedenengy, perbeamU 39 GJ

Table20: Nominalparametersor storesin thehighfield ring.

3.2 Operational Performance

Thehighfield ring will bethefirst hadroncollider ableto join all electroncollidersin takingadwantageof naturallyflat beams.
Theinstantaneoukiminosityis

M N?
L = T P (84)
- M N (85)
47T ,/ezeyﬂ;ﬂ;
whereT is therevolution period,andthe flathesof thebeamis corvenientlymeasuredby
k=L (86)

€z

Figure6 shovshow thenaturalhorizontalemittancevarieswith thearchalf cell length,with anominalvalueof €4+ = 0.04 um.
If the linear couplingandthe vertical dispersionin the arcsare both well controlled,andin the absencedf stray sourcesof
diffusion, the horizontalemittancewill decreaséo this value. The equilibriumverticalemittancecanbecomemuchsmaller—
thebeamscanbecomeveryflat. Thehighfield ring shouldbe ableto achieve k < 0.1, in commonwith corventionalelectron
storageings.

Thetotal numberof protonsin thering, M N, is approximatelysetby the needto provide enoughfor “luminosity burn-
off”, plusanoverheadfractionthatis dumpedat the endof the store. Sincethe numberof bunchesM is fixed, the needfor
a given peakluminosity thensetsthe singlebunchpopulationNV. Nominalvaluesfor theseandotherparametersincludinga
conserativevalueof k = 0.1, aregivenin Table20.
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It is theheadon beam-beanmteractionwhich setsthe minimumhorizontalemittancewhetherthebeamsareflat or round.
Figure 25 shaws the horizontaland vertical emittancesiecreasingo plateauvaluesof €, ande, thatareconsistenwith the
beam-beantimit, andwhich are maintainedby trans\ersebeamheating. Figure 26 shavs the correspondingvolution of
instantaneoukiminaosity, andits average duringthe store.

It is shavn immediatelybelow that, at the beam-beantimit, flat beamspermit the producte,e, to be greatly reduced,
relative to roundbeams.Equation85 shaws thatthis thenpermitslargervaluesfor g; and g, atfixedluminosity. Flatbeams
permitmorerelaxed IR optics,evenbeforetheincreasecefficienciesof doubletopticsareconsidered.

3.2.1 The Head On Beam-Beaminteraction
Thehorizontalandverticaltuneshift parameteror bi-Gaussiarbeamsare

ro_ NBay
2my o3, (0% + 03)

gz,y = (87)

wherer = 1.535 x 10~'8m is theclassicaradiusof the proton. Whenthe beamsareround(8; = g%, et = €,) thisreducego

Yy

r N

b =& = o (88)
with no dependencen+ or §*. By comparisonif thebeamsareveryflat, K < 1, then

r N
=t = 5o (89)
Thehorizontalandverticalbeam-beanparameteraremadeequalin theflat beamcaseby assertinghatthe 5* ratiois alsox
- &% _ @.: Q. (90)

€ B ok

Equations88 and 89 show that, whetherthe beamis roundor flat, the beam-beanparametedependsnly on the horizontal
emittancee,.. Sincethe collision betafunctionsf; andg;; donotinfluencethe beam-beanparametershey areadjustedwith
afixedratio x, andfor givenvaluesof M, N, ande,) in orderto achieve therequiredpeakluminosity.

Thebeam-beantimit is expectedto be approximatelythe samefor roundor flat beamsgivenby

€ < 0.008 (91)

Thisvalueis justifiedby practicalexperienceatthe SPSandatthe Tevatron. The SPSoperatedaté ~ 0.004 (or slightly higher)
with 6 collisionsperturn. More recently in Run b the Tevatronoperatedvith £ ~ 0.0075 with only 2 headon collisionsper
turn (asin the VLHC). Simulationspredictthatradiationdampingmight give the high field ring a slight additionaladvantage,
whichis by no meansasstrongasthatcommonlyobsenedin electronstorageings. Thenumericalvalueof 0.008is illustrated
in Figure 27, which displaysempirical datacompiledby Keil and Talmanfor electronstoragerings [39]. The “damping
decrementfor the highfield VLHC —thefractionof adampingperiodperheadon collision—is approximatelyl0~7.

Equations88 and 89 shav thatthe minimumvalueof ¢, permittedby the beam-beaneffect is the samefor flat or round
beamswithin aboutafactorof 2. Then,re-writing EQn.85 as

M N2y

= T repr (92)

it is explicitly clearthatwith flat beamsthe value of 8} canbe increasedby a factor of aboutl/«, a large amountanda
significantadvantage Equation90 thenshaws thatthevalueof 3; is aboutthe samefor flat or roundbeams.

Figure 28 shaws how the horizontalandvertical beam-beanparametergvolve during a flat beamstore. About 80% of
the original beamis burnedoff after 20 hours. Storeevolution parametersincluding RF andlongitudinal,are summarizedn
Table21.
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Figure 27: The beam-beantimit versusdampingdecremenin electroncolliders, extrapolatedby tracking towardsVLHC
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Figure28: Evolution of beam-beanparametersandthe singlebunchintensity duringthe store.
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INJECTION

Emittanceyms(H andV) 15 pum
Momentumwidth, rms 233.1 106
Arc bunchsize(betatron) 254  pum
Arc bunchsize(dispersion) 330 um
RF voltage 50.0 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrortune .00280
Synchrotrorfrequengy 3.60 Hz
STOREBEGINNING

Emittanceyms(H andV) 15 um
Momentumwidth, rms 64.8 10
Arc bunchsize(betatron) 86 pum
Arc bunchsize(dispersion) 92.0 um
Full crossingangle 30.6 prad
RF voltage 200 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz
EARLY PLATEAU (Flatbeams)
Beam-beanparameter .008
Emittanceyms(H) 161 pm
Emittanceyms (V) .016 pm
Momentumwidth, rms 50.0 10°¢
Arc bunchsize(betatron) 28.2 um
Arc bunchsize(dispersion) 71.0 pm
IP bunchsize(H) 253 um
IP bunchsize (V) 25 pum
Full crossingangle 10.0 prad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz

Table21: StoreparameterdncludinglongitudinalandRF
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3.2.2 CrossingAnglesand Parasitic Beam-BeamCollisions.

Thehorizontalandverticaltuneshiftsdueto a singleparasiticcollisionsare

TN By
2y A2

Aday (93)
wherethe approximationis valid if the full beamseparatiom\ is muchgreaterthanboth horizontalandvertical beamsizes,
sothatthe beamactslike a moving line chage. The tuneshift is positive in the planeof the separation.The total separation
increasedinearly with respecto thedistances from the IP, andis proportionalto thetotal crossinganglea, whichis naturally
scaledto theangulardivergenceof thebeamby thefactorn

A =as =no's & no (94)

Thisis illustratedin Figure29, wherethe crossinganglea evolvesto alwayskeepthe beamsa constannumberof horizontal
sigmasapart. In the drift region next to the IP the horizontalandverticalangulardivergencesf the beamareequal,evenfor

flat beamssince
% *
o _ &b [5_, (95)
ol By €x K

For parasiticcollisions(exceptthefirst) the beamsareessentiallyround,evenwith flat beamsat the IP!

If thebeamsarethoroughlyseparatedinto separatédeampipes,or with very large separationsjt a distancelL ., from the
IP, thenthereare4 L,.,/Sg parasiticcollisionsaroundeachlP, whereSg is thelongitudinalbunchseparationMany (or all)
of thesecollisionsoccurin thedrift region, wherethe betafunctionsaregivenby
s2 82

B~ B

andtheapproximationis valid whens > * —thatis, for all exceptperhapghefirst parasiticcollision. Puttingall thistogethey
thetotal tuneshiftsfrom all parasiticcollisionsin oneinteractionregionare

=5+ (96)

rN 4 Ly

AQ, — -
Qasy 21y Sp B ,0°

(97)

wherethe approximationis mostvalid if the beamsarefully separatedeforethefirst IR quadrupole.The lasttermin this
expressiorcontaingthe optical variablesof the mostinterest- L,,,,, 8*, anda.
Thehorizontalbetafunctionat eachcollision is muchlessthanthevertical

Ba _ By
— ===k 98
By Bz (98)
sothat,taking Eqns97 and 98 togethemjives
AQ: ~ —KAQy (99)

The horizontaltuneshift is greatlysuppressedith flat beamsto be muchsmallerthanit is with roundbeams- if the values
of L., anda compareavorably betweerthetwo cases.

Equation97 shows that,if the beamseparatiorplaneis changedrom horizontalto verticalwith the total crossinganglea
heldfixed,thenthelong rangetuneshiftschangesignwith almostunchanged@bsolutevalues.If theseparatiomplaneis vertical
atonelP, andhorizontalattheother thensignificanttuneshift cancellationganbeachieved. However, thebeamsarevertically
separatet¢h thearcs,no matterwhatthelocal crossingplane becaus@®f the useof commoncoil magnetechnologyin thearc
cells. Corversionfrom ahorizontalbeamseparatiorplaneto vertical separatiorin the arcsis not expectedo befundamentally
difficult, eventhoughthe optical designof sucha scheméhasnot yet beenaddressed.
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Figure29: Evolution of thelong rangetuneshifts,andthetotal horizontalcrossingangle duringthe store.
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3.2.3 Intra BeamScattering and Diffusion

IntrabeamscatteringIBS) is animportanteffectin thehigh field ring, asillustratedfor nominalstoreparameterg Figure30.
Thehorizontalgrowth rateis by farthe strongestwith growth timesof lessthan10 hoursaftera coupleof dampingtimes,when
the 6-dimensionaphasespacedensityis largest. This minimumgrowth time is controlledby heatingthe beamdongitudinally,
to preventthermsmomentunspreadrom falling belov aminimumvalueof o, /p, asdemonstrateth Figure25. It alsohelps
that, in orderto respectthe beam-beantimit, the horizontalemittanceis heatedto maintaina minimum valuethatis much
largerthanits naturalvalue.

It is interestingio considewhatfundamentalimits IBS placeson theflatnessf the beam-how smallcank be?Figure31
shavs how the minimum flatnessdependsn the momentumspreads,, /p which is maintainedby longitudinalheating. The
minimum value k.,,;,, is definedasthat value at which the horizontalIBS growth time is equalto the synchrotronradiation
dampingtime. The resultsshavn in Figure 31 assumehat the RF voltageis held fixed. In contrast,Figure 32 shov how
the minimum flatnessdependn the RMS bunchlengthe s, whenthe momentumspreads, /p is heldfixed. In this casethe
RF voltagechangessignificantly scalinglike V;.; ~ 1/02. Figure33 shavs the sametwo datasets,plottedasa function of
the longitudinalemittance.lt is clearthatflatnessesssmallask ~ 0.001 are possible from the perspectie of our present
theoreticalunderstandingf IBS [40, 41].

The relative paucity of world dataon IBS resultsin cautiouspredictions,but it is reasonableo expectthat IBS will be
significantbut not dominantin the high field ring of the VLHC. Fortunately the copiousdataexpectedin the next few years
from RHIC operationshouldgreatlyimprove our understandingf the topic.

Any unwantedsourceof diffusion— whetherlBS, power supply ripple, fundamentabeamdynamics,or ary unexpected
source— could have a profoundunwantedeffect on the luminosity performanceof the high field ring. A deepaccelerator
physicsunderstandingf the spectrunof diffusionmechanismss requiredfor a confidenthigh field design.

V. = 200 [MV], B, = 520 [m]
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Figure31: Theeffectof IBS onthe minimumflatnesss,:,, atfixedRF voltageVrr = 200 MV, andg,; = 520 m.
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3.3 Advantagesand Disadvantagesof Flat Beams

All electroncolliders,whethercircularor straight,take advantageof flat beamsandusedoubletoptics. However, it hasnever
beforebeenpossibleto useflat beamsn ahadroncollider. Flatbeamshave the advantagesnddisadwantagesliscussedbelow,
which continueto beinvestigatedShoulda majorflaw beidentifiedwith flat protonbeamsit is alwayspossibleto fall backto
thecorventionalhadronsolutionof roundbeamsandtriplet optics.

Flat beamsrequirethe first quadrupoleon both sidesof the IP to be vertically focusingto both countefrotatingbeams
(whetherthe crossingangleis verticalor horizontal). Thus,the opticsmustbe symmetricacrosgheIP, andthefirst quadrupole
mustbe a 2-in-1 magnet. This is unlike the corventionalround beamtriplet solution,in which the opticsis usually (but not
necessarilypnti-symmetricandboth beamspassthrougha single quadrupolebore. Becausdlat beamsmustenterseparate
guadrupolebores,thereis a needfor dipole beamseparatorsnboard of the first quadrupole. On the one hand, this early
separations a relative disadwantageto doubletoptics, sincethe first quadrupoldas pushedfurther away from the IP. On the
other hand, early separatioris good for long rangebeam-beaneffects, sincethereare (effectively) no parasiticcollisions
beyondthebeginning of thefirst beamsplitting dipole.

Table 22 compareghe performanceof flat androundbeamin the high field ring. In both caseshe beam-beantimit of
& = .008 isreached or 6 hoursinto the store whentheluminosityis atits peak.Thehorizontalandverticalemittancevalues
recordedin Table 22 are thosewhich areinitially maintained(preventing further emittanceshrinkage)whenthe horizontal
andverticalbeam-beanparameteréirst saturate The samepeakluminosity is achievedin bothflat androundbeamcasedy
adjustingthe horizontalandvertical 3* values.

FLAT ROUND
Flatnesgparameterx 0.1 1
Beam-beanparametet, = &, .008 .008
Peakluminosity L (1034 cm—2s1) 2.0 2.0
Averagduminosity, 20 hr Ly, (1034 cm=2s7!)  1.02 0.98
Initial bunchintensity N (10°) 7.5 7.5
Collision betahorz 8 (m) 3.7 0.71
Collision betavert3; (m) 0.37 0.71
Maximum betahorzB; (km) 7.84 14.58
Maximumbetavert3, (km) 10.75  14.58
Horizontalemittancee,, (um) 161 .082
Verticalemittancee, (um) .016 .082
Collision beamsizehorzs}; (pm) 2.53 0.79
Collision beamsizeverto, (um) 0.25 0.79
Maximumbeamsizehorza, (um) 116 113
Maximumbeamsizevertag, (um) 43 113
Angularbeamsizehorzg), (ur) 0.68 1.11
Angularbeamsizeverto, (ur) 0.68 111
Total crossinganglea (ur) 10.0 10.0
Separatiordistance L, (m) 30 120
Numberof long rangecollisionsperIR 20 84
Long rangetuneshift periR, horz|AQ,| .0008 .0166
Longrangetuneshift perIR, vert|AQ, | .0081 .0166

Table 22: Flat and round beamperformanceparametersguotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthe horizontalandverticalbeam-beanparameterareboth saturated.

A major advantageof flat beamscomesfrom the orderof magnitudeincreaseof 32, by a factorof about1/2«. Slightly
offsettingthis advantagethe vertical 3, decreaseby afactorof about2. Equations88, 89, 90, and92 betweerthemexplain
why thisis so—why collision opticsaremuchmorerelaxedwith flat beams.
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Anotherimportantadvantages thatdoubletopticsleadto muchlower valueof 3, themaximumbetain thelR guadrupoles.
Lower B meanssmallerbeamsizes,andlower sensitvity to a hostof dynamicaleffects. This reductionhappensot just
becauses; is increasedbut alsobecauseloubletfocusingis inherentlymuchmoreefficient thantriplet focusing[42]. It can
beunderstoodheuristicallyby consideringhefirst quadin atriplet to be presentmerelyto split the horizontalandverticalbeta
functions,in orderfor thefollowing two quadsto actasa doublet.If theinitial betafunctionsarealreadywell separated- with
flat beams-thereis no needfor the“betasplitting” first quadrupole Becausé¢he“centerof gravity” of adoubletis muchcloser
to the IP thanthe equivalenttriplet, thenthe maximumbetavaluesﬁz,y arealsomuchdecreasedEarly separatiorpusheghe
first quadrupoldurtherfrom the P, but the valuesof E recordedn Table22 still shav the strongadvantageof doubletoptics.

Doubletcollision optics contribute lessto the naturallinear chromaticities,and are gentlerto the nonlinearchromatici-
ties[42, 43]. Thisleadsto wealer chromaticitysextupolesin particular andto betternonlineardynamicalbehaior in general.
The perturbatiorstrengthof anIR quadis oftenrelatedto K L3, where K is the quadstrengthand L is the magneticlength.
While K is essentiallyconstanbetweerdoubletandtriplet optics,L andg arelesswith doubletoptics,andthethird quadrupole
is absent.

Flat beamsreduceboth horizontalandvertical long rangebeam-beantune shifts AQ ., with respecto the roundbeam
alternatve. Table22 shavs afactorof two reductionin thevertical,andanorderof magnitudereductionof approximatel\2/«
in the horizontal. The valueof the total crossinganglea is setto beidenticalwith flat or roundbeams- andis independenof
the planeof the crossingangle. Equation$97, 98, and99 shaw thatthe long rangetuneshift reductionoccursin partbecause
of theincreasedralueof 5}, andin partbecausef the reducedvalueof L.,, with flat optics. Therearefar fewer parasitic
collisionsperinteractionregion with flat beamsthanwith roundbeams.

Themostsignificantdisadwantagés thatthe designof thefirst quadrupolés difficult. A 2-in-1 magnetwith relatively close
separationwill not have asgoodfield quality a single bore element. Nonethelessthe maximumbetaﬁ is significantlyless
in the doubletdesign,so the tolerablefield errorsarelarger. The preliminaryreferenceharmonicdisted in Table 62 arethe
subjectof on-goingAcceleratorPhysicsand MagnetPhysicsevaluations. The beamsizein the quadrupoless quite small at
collisionenegies(c ~ 100 um in bothcases}ofield quality maynotbeasimportantasintuition basedbn previousexperience
suggestsilt is reasonabléo expectthatdynamicstability with respecto closedorbit deviationsbecomeselatively muchmore
importantin this new parameteregime. Detailedtrackingand simulationstudiesneedto be performedto investigatethese
issuedn detail.

Anotherdifficulty is thatneutralparticlesgeneratect the IP will aim headon for the centerof thefirst 2-in-1 quadrupole.
EachIR has~36 kW of beamgarbagegoing off in eachdirection,andthe neutralscarry about30% (11 kW) of this power.
Figures40and54 shavsa5.5m spacen thelatticebetweerthebeamsplitting dipole D1B andthefirst quadrupole1A, where
anabsorbercanbe placedto interceptthis componentndto shieldthe front faceof the quad. The severity of this problemis
difficult to quantifywithoutafull blown enegy depositionsimulationof thebeamlossesanda detaileddraft designof thefirst
guadrupoleAlthoughtheseenegy depositionsimulationshave begun(seebelow), it is clearthathere,too, a detailedanalysis
is required.

A lack of enepy flexibility may be a disadwantageto flat beams.The radiationdampingtime scaledike 1/E?, soif the
collisionenengy is halvedfrom 87.5TeV to 43.75TeV, thenthetime increaseso about20 hours,andflat beamsareno longer
viable. If suchalarge dynamicrangeof collision enegiesis desired(at fixed geometry)thenonepossibilityis to arrangethe
IR quadrupolesothatboth doubletandtriplet opticsarepossible A lattice hasbeendemonstrateth which 4 IR quadrupoles
canswingeitherway — canactasadoubletor asatriplet [44].

An operationaldisadwantages the needfor carefultuning to keepthe vertical emittancesmall. Electronrings routinely
achievze beamflatnessedn therange0.001 < « < 0.01 by controlling 2 linear quantities:the vertical dispersionin the arcs,
andglobal betatroncoupling. The mathematicdehindthe control room algorithmsfor suchcleanliving is well understood,
andshaws no sign of significantdifferencesetweerthe electronandhadroncolliders,exceptfor the muchdifferentradiation
dampingtimes. It is not unreasonabléor high field ring studiesto also considerlessconsenrative flathessvalues,of say
k = 0.01, which arecloserto every dayelectronstoragering experience.

Figure 34 shaws the evolution of a nominalroundstore,with the parameterdistedin Table22. It is to be comparedwith
theequivalentflat beamperformancalisplayedn Figures25, 26, 28,29, and30.
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3.4 Lattice Optics

Thelatticefor thehigh field (HF) ring is groupednto four units. Thetwo arcsarejoined with two clusterregionsthatcontain
dispersiorsuppressorsbortutility regions,interactionregions(IR), injectionandextractionseptaandkickers,et cetera.The
lattice geometricallymatcheghelow field (LF) ring lattice sothatthey bothfit in the sametunnel. For conveniencea shortlist
of someof the HF lattice parameterss shavn in Table23.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13

Slip factor 26.53 10°¢
Maximumarchbeta 459 m
Maximumarcdispersion  1.42 m
Rigidity atinjection 33.36 10* Tm
Rigidity atstore 291.9 10° Tm
Vertical 3* (store) 037 m
Horizontal 3* (store) 3.7 m
MaximumB, injection .61 km
MaximumHorz B store 7.84 km
MaximumVertE, store 10.75 km

Table23: Shortlist of somehighfield lattice parameters.

The first major moduleto describeis the arc cell. The half cell lengthis 135.4865m. Both rings defineoptical modules
with lengthsin multiples of the half cell length. This is doneto keepthe geometriegthe same. Furtherrequirementof the
cell designarethat the dipole magneticlengthmustbe lessthan 17 m, andthat spool piecesare requiredfor correctorsand
sextupoles. The arc quadrupolegradientis restrictedto 400 T/m andthe maximumfield of the dipoleis 10 T. Furthermore,
dualplaneBeamPositionMonitors (BPM) areplacedbetweerthe quadrupoleandspoolpiece. Table24 shavs the parameters
for thearccell andfor for thedispersiorsuppressocell.

The othermajorarc moduleis the dispersiorsuppressorTherearetwo types,onebringingthe dispersiorto zeroandthe
othermatchingthe zerodispersiorregionsto arc cell Twiss functionvalues.The dispersiorsuppressofollows the “3/4, 2/3”
rule, in which the cell lengthis 3/4 of the standardarc cell, andthe bendangleis 2/3 of the standarcarc cell. This is usedto
achieze maximumpackingfraction. Thesetwo dispersiormodulesonly differ in their quadrupolestrengths.

Thelayoutandparameterfor arcanddispersiorsuppressocellsareshovn in Figures35and36, andtheir Twissfunctions
in Figures37 and38.

Therearetwo clusterregions. The one on the Fermilabsite containsthe abortinsertion, InteractionRegions, et cetera.
The off-site clusterregion is simply filled with FODO cells, with andwithout dipoles,anddispersiorsuppressorskigure 39
displaysthe Twissfunctionsfor the off-site clusterregion.

ThelR gives30m freespacdrom theinteractionpointto thefirst magneticelement.Thefirst magneencountereds ahigh
field smallboremagnetof 16 T field. This canhandlethe beamsuntil they total separatiorbecomes8 mm. Thenthebeams
entera lower field, 12 T, magnetwith a larger bore. Thesebeamseparatiordipolesbendthe beamvertically. This crossing
regionrequireghatthebeamseparatiorat thefirst quadrupolde 30 mm. With thesedimensionghefirst quadrupolés limited
to 400 T/m gradient.As the beamsseparatea higherquadrupoldield canbe attainedwith alimit of 600 T/m. A schematiof
this designis shovn in Fig. 40.

With this designof the crossingregion, an IR is designedo fit at two locationin the on-siteclusterregion. The 5* was
variedfrom 0.37mto 7.12m (vertically, 3* horizontallyis 10timeslarger). The maximumbetaﬁ is 10.6km with thecollision
opticsandonly about760 m atinjection. Figure41 shows the g* squeezevery 0.25m. Figure42 shows the injectionand
collision opticsof theinteractionregion. Note that, dueto the vertical crossingdipolesthereis vertical dispersiorthroughout
thering. Thiswill be dealtwith asthe designof theinsertionprogresseskurthermorethe phaseadvanceacrosgheinsertion
hasnot beenfixed. Thereare additionalquadsthat canbe variedto fix the phaseadvance. The abortregion hasyet to be
designed.
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DIPOLE

Fieldatinjection 1116 T
Field atstore 9.765 T
Bendradius 29.887 km
Coil full width 40 mm
Liner full width 20 mm
Verticalboreseparation 29 m
Storedenegy (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
Dipole count,total 10976
Dipole magnetidength 16.546 m
Dipolefill factor 855 %
Quadmagnetidength 8.066 m
Quadfield gradient 385.4 T/m
DISPERSIONSUPPRESSORELLS

Half cell harmonic 18

Half cell length 101.614 m
Half cell bendangle 2.583 mrad
Half cell count 80
Dipolesperhalf cell 5
Dipole count,total 400
Dipole magnetidength 15.443 m
Dipolefill factor 76.0 %
Quadmagnetidength 10.775 m
Quadfield gradient(QD1) 288.7 T/m
Quadfield gradient(QF2) 376.2 T/m
Quadfield gradient(QD3) 2819 T/m
Quadfield gradient(QF4) 390.2 T/m

Table24: Arc anddispersiorsuppressomagnetandcell parameters.

59



Quad Spool 7 Dipoles
H Fﬁﬁﬂ} i i i i i i

-l
|

vy L

Half cell length = 135.486 m

Quad G =400T/m Sextupole Dip. Corr. Dipole B=9.77T
BPM
Lmag <17 m
0.5m 8.066 m 05m 0.1m0.95m1.05m0.1m 0.6m 16.546 m 0.6m
-
9.066 m 22m 17.746 m

Figure35: Layoutandparametersf a highfield archalf cell.
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Figure40: ThelR layout. Shavn hereis thefirst crossingpoint dipolesandthe doubletquadrupoleQ1 and Q2. Note, the
guadrupolesresplitinto two piecesto provide spaceor correctors.Thebeamanglesandheightrelative to the centralline are

shawvn. Note,the beamseparations twice the height.
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3.4.1 Round BeamTriplet Optics

Although doubletopticsare more naturally suitedto the flat beamsof the high-field ring, collisionscould be creatednstead
usinganti-symmetridriplets for the final focusing. Theroundbeammodeldiscussedereis qualitatvely similar to the low-
field IR design. The triplet quadrupolesre 400 T/m single-boremagnets.Four additionalcircuits, comprisingdouble-bore
400 T/m magnetsarealsousedfor optical matching. With a total of 6 independently-tunablguadrupolecircuits availableit
is possibleto matchthe four 8’s anda’s from the IP into the regular FODO cells, plus hold the phaseadvanceAp constant
acrossthe IR throughthe squeezdrom 5 = 12.0 — 0.50 m. Fixing Ay eliminatesthe needfor a specialphasetrombone
somavherein the ring to maintainthe nominaloperatingpoint. Figure 43 shows the lattice functionsthroughthe insertion
region atinjectionandcollision. The correspondingnagnetgradientsarelistedin Table25, andthe completegradienttuning
curvesthroughthelow-b squeezeppeain Figure44.
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Figure43: Latticefunctionsatoneof thelPsatinjection (top) andin collision (bottom),with roundbeamtriplet optics.
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Quad#  Lyagnetic GradientT/m)  GradientgT/m)
(m) B* =12.00m B* =0.50m
[Brmaz=895M]  [Bmaz =20.7km]

1 23.58 F400.1 F394.0
2a& 2b 18.98 +397.8 +382.4
3 23.58 F400.1 F394.0
4 10.47 F229.8 +397.9
5a& 5b 15.09 +324.7 F391.9
6a& 6b 15.09 F342.5 F329.4
7 10.47 +101.7 +373.9

Table25: IR quadrupolegradientsat 87.5TeV/c for injection(8* = 12 m) andcollision (5* = 50 cm), with roundbeamtriplet
optics. Throughouthesqueezé\ i, = Ay, = 2.250is heldfixed. Highlightedentriesindicatequadrupoleshatchangepolarity.

Thecirculatingbeamsareseparatedertically everywherein thering, exceptin thetriplet quadrupolesFour 10 T dipoles
betweenthe Q3 and Q4 quadrupoledring the beamstogetherat the entranceto the triplet for collisions at the IP. Dipoles
downstreamof the IP separatehe beamsagainvertically and channelthem backinto the upperand lower rings. A half-
crossingangleof 28.8 ur gives100 separatiorbetweerthe beamsat thefirst parasiticcrossing2.823m downstreanof the IP
(ey =1.5um at87.5TeV/c).
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Figure44: Tuningcurvesfor the IR quadrupoleswith roundbeamitriplet optics,in alow-3 squeezep* = 12.0 — 0.50 m.
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3.5 Interaction RegionMagnets

The flat beamIR and luminosity performanceof the high field ring dependsignificantly on a small numberof high field
magnets.Given the importanceof thesefew magnetsstateof the art superconductorare usedin the design. The amount
of superconductousedin the magnetwill go down andthe designwill becomesimplerwith the further improvementsin
superconductaiechnology

The parametersf variousIR magnetsaregivenin Table26. Thelayoutis shovn in Fig. 40. The major considerationgn
thedesignof IR magnetsn thehighfield ring are:

e Smallaperturgspeciallyin quadrupoles$or generatindhigh gradients)
¢ Brittle superconductorthatmustbe usedfor generatingigh field and/orgradient
e LargeLorentzforces(associatedvith highfields)

e Smallseparatiorbetweerthe two aperturegassociateavith the doubletoptics)

The endsof corventionalcosinethetadesignsput a practicallimit on the minimum aperture particularlyin quadrupole
magnetsnadewith brittle material. To overcomethis andotherlimitations the high field interactionregion is basedon non-
traditionalmagnetesignswvith racetrackcoils. Thedesignphilosophyadoptechereis in partsimilarto thecommoncoil design
usedin main dipole magnets.Theseareconductorfriendly designswith large bendradii andaresuitablefor containinglarge
Lorentzforces.

Magnet Field[T] GradienfT/m] Aperturelmm] 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: Designparametersf the high field interactionregion magnets.

Theminimumseparatiombetweerthetwo aperturesn Q1A determineshelayoutof theentirehighfield interactionregion,
andthe maximumbeamsizefor the givenoptics. In addition,it alsoestablisheshe maximumpoletip field of this andother
magnetsin cornventional2-in-1 designstheminimumseparatioris determinedy the conductowidth requiredfor generating
field gradientand the supportstructurerequiredfor containinglarge Lorentzforces. In the proposeddesignthe amountof
conductorbetweerthe two aperturess muchsmallerthanon ary othersideandno supportstructureis requiredbetweerthe
two aperturesThis bringsa largereductionin spacing(by abouta factorof five) betweerthetwo aperturesThecrosssection
of the proposediesignis shavn in Figure45. In orderto facilitatelarge bendradii, the returnpathof all turnsis further away
from the aperture.Field contoursandfield linesin the apertureof this magnetarealsoshowvn in Fig. 45. The designis based
on“ReactandWind” Nbs; Snsuperconductawith a currentdensityof 2500A/mm? at 12T.

Magnetsbasedon thesedesignprinciples use a much larger amountof conductorthan that in a corventionaldesign.
However, the costof conductoris not a major issuein designinga few critical high performancenagnets.This designalso
introducesastrongcouplingandacrosgalk betweerthetwo aperturesThesuperimpositionof adipolefield onthequadrupole
coilsincreaseshe peakfield on the conductorandreduceshe maximumachiezablegradient. The maximumgradientin Q1A
(minimumseparationjs, therefore 400 T/m ascomparedo 600 T/m in Q1B, Q2A andQ2B wherethis effectis muchsmaller
Thegoalis to minimize the crosstalk inducedharmonicswith the exceptionof thedipolefield. By symmetrythenormaleven
harmonicsand skew odd harmonicsaretheoreticallyzero. The targetfield harmonicsaregivenin Table 62, which includes
harmonicsrom bothdesignandconstructiorerrors. Thesevalueswill be obtainedeitherby designor by correction.Table62
harmonicsare dominatedby designerrors,which are expectedto decreasasthe designevolves. All four quadrupoleswill
have a differentcrosssection.
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Figure45: A conceptuabtlesignof 2-in-1 IR QuadrupoleQ1A (left) andfield contoursandfield linesin the apertureregion of
themagnef(right). Thedesignminimizesthe spacingbetweertwo apertures.

Thehighfield interactionregion usesthreetypesof dipole magnetsThedesignof all insertionregion dipolesis alsobased
onracetrackcoils. D1A, D1B (oneeachon eachside)aresingleaperturedipolesandD2 (two on eachside)is a 2-in-1 dipole.
Theoperatingfield in the smalleraperturg25 mm) dipole D1A is 16 T, with aquenchfield of ~18T. It useshightemperature
superconductofBSCC02212)in ahybrid design.Theoperatingdfield in thelargeraperturg 50 mm) dipole D1B is reducedo
12T to reducethe Lorentzforcesin largeraperture This field canbe entirely obtainedoy NbzSnsuperconductor

Theinteractionregionwill alsocontainanumberof correctormagnetsThehigherorderharmoniccorrectorswill bebased
on multi-layer coils within the samecold mass.
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3.6 Dynamic Apertur e and Field Quality

To estimateheeffectof themagnetidield errorsonthesingleparticledynamic thenonlinearchromaticity thetunespreadrom
nonlinearfieldsandthe 1000-turndynamicapertureverecomputedat injectionandstoragesnegy. 1000turnsis equialentto
0.7 secondsealtime in the VLHC.

The tune changeas a function of relative momentumdeviation is computedfor particlesof up to threetimesthe rms
momentundeviation. Thetunespreadrom nonlinearfieldsis computedor on-momentunparticleswith betatronamplitudes
of upto 6 o of thetrans\ersermsbeamsize.Five differentratiosof horizontalto verticalemittancenverechosen.

To determinghedynamicapertureparticlesweretrackedover 1000turns(0.7 secondsealtime). 10 differentrandomdis-
tributions(“seeds”)of magneticfield errorswereinvestigated Thetotal trans\erseemittances distributedontothe horizontal
andverticalemittancdn 5 ratios:

€2 =0.96 €r0ta1 €y = 0.04 - €40ta1 (100)
€ =075 €tota1 €y = 0.25 - €total (101)
€z = 0.50 - €t0tar €y = 0.50 - €s0tar (102)
€z = 0.25- €rotat €y = 0.75 - €0tal (103)
€ =0.04- €0ta1 €y = 0.96 - €totar (104)

For both,injectionandstoragesnegy, aroundbeamwasassumeavith equalhorizontalandverticalemittance Theaccommo-
dationof a roundbeamis moredemandinghantheflat beamat storagethatresultsfrom radiationdamping.No synchrotron
motionwasincludedbut particleshada relative momentundeviation of threetimesthe rms momentundeviation.
Experimentshave shavn thatthe dynamicaperturecanbe computedfor storageringswith nonlinearfield errorswithin a
30%errorwhenthefield errorsarewell known [46, 47]. For afuture machinehowever, alargersafetymaigin is required.

3.6.1 Injection

Theeffectof themagnetidield quality on the dynamicaperturaevasinvestigatedittheinjectionenegy of 10 TeV. At injection

thebeamsizehasits maximumanderrorsin thearcmagnetslominatethedynamicaperture With thecurrentone-turninjection

scenarioa storageime in theorderof secondss suficient. In thelattice thatis usedfor the evaluation,no interactionregions

wereinsertedsincethe dynamicaperturds dominatedy thearcs.Arc magneterrortablesversionl.0wereused(seeTabs.58

and59). In thesetables,field errorsat injection were estimatedor a 2.0 T field in the dipoles. However, an injection of a

10 TeV beamwould correspondo a 1.4 T field in the dipoles. The differencein the mainfield shouldnot affect field errors

causeby geometry Only the sextupolecomponenin the dipoles,causedoy coil magnetizationis expectedto be materially

different. The systematicerror were computedasthe maximumpossibleabsolutevalue with given meananduncertainties.
Randomerrorswerecreatedrom a Gaussiardistribution, cut attwo sigma.

Quadrupolesvere horizontallyandvertically displacedrandomlywith a Gaussiardistribution with a 0.3 mm rmsvalue,
cutatthreesigma.ln addition,beampositionmonitorsweredisplacedwvith a0.2 mmrmsvalue. Theresultingnon-zeroclosed
orbit wascorrectedo zeroin the beampositionmonitorswith horizontalorbit correctorsat focusingquadrupolesndvertical
orbit correctorsat defocusingguadrupolesSkew quadrupoleerrorsin the arcsweredisregardandno couplingcorrectionwas
necessaryThetrans\ersetunesweresetto (218.190,212.18). Both horizontalandverticalchromaticityweresetto 2. Tracked
particleshad a momentumdeviation of up to Ap/p = 7.2 - 10~%, correspondingo threetimesthe rms of the momentum
distribution. The physicalapertureof 1 cmin thearcscorrespondso 35 ¢ of thetrans\ersebeamsizein the quadrupoles.

In Fig. 46 the horizontaland vertical tunesare shavn as a function of the relatve momentumdeviation. With relative
momentundeviationsof up to 0.00072 thetunesshift by upto 0.008.Fig. 47 shavs thetunespaceneededor on-momentum
particleswith betatronamplitudesof up to 6 sigmaof the transwerserms beamsize. The size of the neededune spaceis
dominatedby the systematicoctupoleerrorin thedipole. This is shovn in Fig. 48 wherethe systematicoctupoleerrorswere
setto zero. Fig. 49 shavs dynamicapertureaveragedover the 10 seedsalongwith the minimum of the 10 seeds.The error
barsof the averagedynamicaperturearethe rms valueof 10 seeds.Although linear couplingandsynchrotronmotion were
disregardedin the determinatiorof the dynamicaperturethefield quality with the magneffield errortableV1.0 is sufficient
for injection. In addition,A reductionin the systemati@ctupoleerroris likely to yield a furthergainin dynamicaperturesince
thisfield errordominateghetunespreadrom nonlineamagnetidield errors.
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size,ataninjectionenepgy of 10 TeV.
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Figure48: Tunespaceneededor on-momentunparticleswith betatroramplitudesof upto 6 sigmaof thetrans\ersermsbeam

size,without systemati@ctupoleerrorsin dipoles,ataninjectionenegy of 10 TeV.

w
o
I

Vertical beam size §,]
= N N

[6)] o [6)]

L L L

=
o
!

—&— Average over 10 seeds
- =~ Minimum of 10 seeds
——Physical aperture in arcs

a1
I

0 T T T T T T T

0 5 10 15 20 25 30 35
Horizontal beam size §,]

40 45
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3.6.2 Minimum Injection Energy

For a givenmaximumenengy, how low cantheinjectionenegy be? An estimateof the plausiblemaximum“dynamicenegy
range”of ahighfield ring is crucialin comparingstagedcandnon-staged/LHC scenariosThetrackingresultsabove show that
theinjectionenegy canreadilybereducedelon 10 TeV —thatthe nominaldynamicenepgy rangeof aboutl10is consenrative.
Althoughanexactdiscussiorof the complecissueswvhich determinghemaximumrangeis notpossiblehere nonethelessome
preliminaryobsenationscanbe made.

HERA shavs thata dynamicenepgy rangeof 20 works, despitestrongpersistenturrentandsnap-bacleffectsatinjection
andat the startof the acceleratiorramp. Theseeffectswill be strongerat the LHC, which hasa dynamicrangeof about16.
A “rule of thumb” physicalmodelrestsin the hysteretichehavior of (b;) — the systematicsextupolein the arc dipoles— as
sketchedin Figure50. Thevalueof (b;) hasa minimumvalueon the up-goingsideof the hysteresicurve. Both HERA and
LHC injectcloseto thisminimum. It is practicallyimpossibleto operateat dipole currentsmuchbelow this minimum,because
of therapidrateof changeof (b,) with current,andbecausef the even more severe hysteresieffects. The minimum field
value B,,;,, is expectedto be about0.5T for the NbsSn 10 T high field dipole. Hence,a dynamicenegy rangeof about20
shouldbe possiblefor the highfield ring, correspondingo a minimuminjectionenegy of about5 TeV.

Systematic sextupole, sb >

A

Dipole current

/

Bmin
Figure50: Sketchof systematicsextupole hysteresisn superconductingrc dipoles. It is practicallyimpossibleto operateat
dipolecurrentsbelow the minimumvalueof (b2 ), whichis expectedio occurat B,,;, ~ 0.5 Tin al0T dipole.

Otherconsiderationslsocomeinto play. As alreadydiscussedthe half cell lengthis the samein bothlow andhigh field
rings. This leadsto tighter focusingthanmight otherwisebe choserfor the high field ring. Thanksto adiabaticdamping,the
injectedbeamin the highfield ring is thereforemuchsmallerthanthe beamatinjectionin thelow field ring. Consequentlythe
highfield ring is relatively robustagainstsystematierrorssuchas(b.), asshavn in Equation5 andFigure?.

At HERA andthe LHC the sextupole componentsare measuredn a small numberof referencemagnetsup the ramp,
and correctionsare applied. In addition,the LHC hopesto measureand correctthe chromaticityat abouta 1 Hz rate up
the acceleratiomamp. A reliableand continuousheambasedchromaticitymeasuremerand correctionsystemis requiredto
achieve thelargestdynamicenegy range,in the presencef strongpersistenturrenteffects.

Recentprogressin magnetdevelopmentmay lead to significantsuppressiorof the snap-backeffect [45]. If snap-back
dynamicscanbe sufficiently suppressedhencloserattentioncanbe paidto the passve correctionof injectionfield harmonics
throughcorventionalmeangsuchasshims),anddynamicenegy rangedargerthan20 mightbe possible.
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3.6.3 Storage

At the storageenegy of 87.5TeV thebeamsizeis small comparedhe physicalaperture.In the arcsthe physicalapertures
largerthan100rms beamsizes.The dynamicaperturas dominatedby magneticfield errorsin the interactionregion magnets
wherethe betafunctionsreachvaluesof severalkilometers.Storageimesareseveralhours. Herethe caseof roundbeamsat
theendof accelerations considered.

Versionl.1 of the arc magneterrorsandversionl.0 of the interactionregion magneterrorswere used(seeTabs.60, 61,
and62). However, only Q1 and Q2 magnetdn the interactionregionswere assignecerrorssinceno estimatesxist for the
othermagnets.Trackingwasdonewithout quadrupoledisplacementslf suchdisplacementsareintroducedandcorrectedn
thearcs,thesmallresidualorbit distortionsleakinginto theinteractionregionsmale ary testparticleunstable As for injection,
thetrans\ersetunesweresetto (218.190,212.18D Tracked particleshada momentundeviation of upto Ap/p = 1.9 - 104,
correspondingo threetimesthermsof the momentundistribution.

In Fig. 51 the horizontaland vertical tunesare shavn as a function of the relatve momentumdeviation. With relative
momentundeviationsof up to 0.0002 the tunesshift by up to 0.005. Fig. 52 shavs the tunespaceneededor on-momentum
particleswith betatronamplitudesof up to 6 sigmaof thetrans\ersermsbeamsize.Only afew 10~2 areneededn tunespace.
Fig. 53 shavs dynamicapertureaveragedover the 10 seedsalongwith the minimumof the 10 seeds.Thedynamicapertures
about35 ¢ of thetransersermsbeamsize. Althoughthis appeardo bealargeaperturenotall interactionregion magnetshad
errorsassigned Furthermorethe closedorbit error appeargo have a significanteffect on particle stability. The closedorbit
errorandits correctionwarrantcarefulstudy
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Figure51: Horizontalandverticaltuneasa function of the relative momenturmdeviation at a storageenegy of 87.5TeV. The
horizontalscalecorrespond$o approximately3 o of themomentundistribution.
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3.7 Tolerances

In this sectionwe considerthe effect of magnetmisalignmentsaswell asthe effect of maindipole andquadrupol€ield errors
on the beamorbit andbetatrontunes. We discussthe tolerancedor misalignmentandfield errorslistedin Table27. To this
purposewe usethe high-fieldstorageopticswith 8; = 3.7mandg; = 0.37m.

RMS ERROR ARC IR
QUADRUPOLES

Trans\erseoffset 0.25 0.2 mm
BPMto quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad

FieldErrorAK/K 05 0.1 1073

DIPOLES
Roll 0.5 05 mrad
FieldError AB/B 05 05 103

Table27: Tolerancesummaryfor magnetalignment.

3.7.1 Orbit Errors

Possiblesourcesof orbit error include trans\ersequadrupolemisalignmentgin both the horizontaland vertical directions),

maindipolefield integral errors(for the horizontalorbit), androll of the maindipole magnetgfor theverticalorbit). In order

to estimateand comparethe value of the orbit distortioncoming from thesedifferenttypesof error sourcesthe rms closed

orbit hasbeencalculated.The calculationsassumedhe rms magnetmisalignmentdistedin Table27. Eachof five different

individual perturbatiorsourcesvereconsideredn turn. In somecasesheerrorsareintroducedn all magnetsn theaccelerator
arcs,while in othersthe errorsareappliedto the quadrupolesf oneof theinteractionregion doublets.

The calculatedresultsare summarizedn Table28. Horizontal (X) andvertical (Y) rmsorbit valuescharacterizehe con-
tribution comingfrom the differentperturbatiorsources The correctorstrengthgequiredto compensatéor the perturbations
arealsolisted. Thesestrengthsvere calculatedassuminghatin the arcregionshorizontalcorrectorsare placednext to each
focusingquadandverticalarenext to defocusingquads.In theinteractionregion doubletsthereis onecorrectomperplane. The
biggesteffectcomesfrom quadrupoleffsets. Thedipoleintegralfield erroranddipoleroll errorsquotedin Table27 havelittle
influenceon therequiredcorrectorstrength.

Errortype 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

Table 28: RMS horizontalandvertical dipole correctorsstrengthsrequiredto correctthe closedorbit underthe influenceof
differenterror sources(BPM-to-Quadmisalignmengeffectis includedin quadoffset.)
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3.7.2 Tune Err or, Coupling and IR Chromatic Effects

The betatrontune shift causedoy an rms quadrupoléfield error of 10~* andthe betatroncoupling effect producedby rms
guadrupolerolls of 1 mradhave beencalculated. Table 29 shows the effect producedby quadrupolegradienterrors,while
Table30 showvsthecouplingeffect producedby quadrupoleolls.

The tolerancefor arc quadrupoleerror canbe put at 5 x 10~* providing a 2.5 rms beta-beating/alue of about9% is
acceptable. A small numberof quadrupolecorrectorsplacedin the arcswill easilycompensatéor this beta-beating.Field
errorsin interactionregion quadrupoleganbe correctedby adjustingthe currentsof power supplyfor thesequads.After the
currentadjustments donethe currentfluctuationsshouldbe keptwell belov the 10~ level. Both globalcorrectionin thearcs
andlocal skew quadrupolecorrectionin theinteractionregionsarerequiredfor the compensationf betatroncouplingeffects.
With thesecorrectionsystemsn placeit is possibleto relaxthe quadroll tolerancego about0.5 mrad.

rmsAQ [1073] rmsAB/S [%]

All arcquads 1.15 0.75
IR doubletquads 3.0 3.26

Table29: Theeffectsof quadrupolegradienterrorswith anrmsvalueof AK/K = 10~*.

rmSAQmin [10_3]

All arcquads 11.4
IR doubletquads 30.0

Table30: Thebetatroncouplingeffect dueto anrmsquadrupoleoll angleof 1.0 mrad.

Becausef theverylargemaximumg valuesin theinteractionregion quadrupolesthe chromaticeffectsproducecdy these
quadrupole$iave beenevaluated.For the designvalueof rms momentumspreadof 5 x 10~ the amplitudeof the chromatic
vertical beta-vave wasfound to be just a few percent. Thusthe effectis not large, mainly dueto the small rms momentum
spread.The vertical chromaticityproducedby the quadrupolegrom oneinteractionregion hasbeenfoundto be about—42.
Thehorizontalchromaticeffectsaresmallerthanthe vertical.

3.7.3 Corrector Strengths

Themaximumdipolecorrectorstrengthglisplayedn Table31 are2.5timesthermsvaluewhenall errorsourcesarecombined
in quadrature. Assuminga maximumachievable field of 3.5 T for the IR dipole correctors,and2.2 T for the arc dipole
correctorsmagnetidengthsof 1.05m in thearcsand2.5m in the IRs arerequired. If the maximumcorrectorstrengthsare
increasedo highervaluesthanthosecitedin Table31,thenthecorrespondingolerancesn Table27 canberelaxedaccordingly
Eventhe maximumdipole correctorstrengthdistedin Table31 cannot make up for the magnetffsetdiffusioncausedy
thegroundmotionthatis describecelsavherein this report. Groundmotion might put magnetffsetswell beyondthe defined
tolerancesafter few yearsof movement. Thus, periodicmagnetrealignmentwill be necessarySomemeansto simplify the
realignmenproceduresuchasusingsteppingmotors,shouldbe evaluated.

3.8 Corrections

The high field VLHC collider is a machinethat relies on powerful diagnosticsand correctionsystemso reachits ultimate
performancesimilarly to existing andplannedhadroncolliderslike RHIC andthe LHC. Staticcorrectionsof trajectory orbit,

optical errorsanddistortionsarerequiredaswell asdynamiccorrectionsof machinecharacteristiaduring rampingandbeta
squeezeThe effectivenesf feedbacksystemdasto be evaluatedwith respecof thetighteningof tolerancesin the present
chaptemwe will specifya correctionsystemfor VLHC on the basisof the errortolerancesvorked out for the VLHC itself and
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ARC CORRECRS

Dipole magnetidength 1.05 m
Dipole maxstrength 23 Tm
Skew quadlength 095 m
Skew quadmaxstrength 95 T
Sextupolemagnetidength 095 m

Sextupolemaxstrength,L(d> B/dz?) 7400 T/m

IR CORRECTDRS

Magneticlength 25 m
Dipole maxstrength 86 Tm
Skew quadmaxstrength 95 T

Table31: Correctormagneticlengthsand strengths.The maximumstrengthsare 2.5 timesthe rms valuerequiredwhenall
contributionsareaddedn quadrature.

experiencerom recentlybuilt or designedhadroncolliders. Thefollowing two sectionsdescribehearccorrectionsystemand
the specialcorrectionrequirementsf theinteractionregions.

3.8.1 Arc Correction System

The arc correctionsystemconsistsof an orbit correctionsystem,a couplingcorrectionsystemanda chromaticitycorrection
system.The correctionplanis to usethe arc systemso correctthe injection configurationwith enoughstrengthto propagate
the correctiongo top enegy. Additional errorsandeffect arisingfrom the collision opticsandconfigurationareaddressety
the Interactionregion (IR) system.This stratgy hasbeensuccessfullyusedin RHIC. Preliminarysimulationresultswith the
VLHC injection opticsandpredictedfield imperfectiondeadto the conclusionthatthereis no needfor nonlinearcorrectors
in the arc cells otherthanthe chromaticitysextupoles. The orbit correctionsystemconsistsof dipole correctorsplacednext
to eacharc quadrupole.The configurationof the arc correctorpackagegdipole, sextupole) andthe tolerancesvere already
discussedh the previouschaptersThe specificatiorfor the correctorstrengthsrelistedin Table31.

Automaticorbit correction basedon a menuof algorithmswill be provided,basedon fastorbit acquisitionfrom thebeam
positionmonitor system ncludingturn-by-turnacquisition.Sextupolecorrectorsarealsopartof the arc correctorpackageto
staticallycompensatéhe chromaticeffect anddynamicallycompensatéor time dependenéffectin the magnets.

For the correctionof coupling the proposedsolution hasthe skew quadrupoledocatedat QF and QD positionsin the
dispersionsuppressocells, in the 2 clusterregionsin the interactionregion areas. The skew quadrupolereplacethe sex-
tupolecorrectorin the arc correctionpackageconfiguration for a total of 80 skew quadrupolecorrectorsperring. The skew
guadrupoleganbe connectedn up to 4 families,which allows flexibility in choosingthe methodfor couplingcompensation.
Thesystemspecificationdhave beendeterminedy evaluatingtheleadingsourceof couplingin thearcs,theroll misalignment
errorin thearcquadrupolesandallowing somemargin for the compensatiof skew quadrupoleerrorfieldsin thedipoles.

The specificatiorfor the skew quadrupolentegratedstrengthin the correctompackage95 T, hasbeenusedto comparethe
performanceof the VLHC skew quadrupolecorrectionsystemto the similar RHIC system.As afigure of merit, we take R =
(total skew correctorstrength) [v/N * (arcquadstrength)with thenumeratobeingthetotal skew correctorstrengthavailable
in the machineandthe denominatomproportionalto the minimum tune separatiorgeneratedy a distribution of randomroll
errorsin thearcquadrupoles.

Theratio for RHIC (with 1.5 T integratedstrengthin the skew quadrupoles48 skew quadrupolegerring, and276 arc
guadrupolesat 7.81T each)is 0.56. For the VLHC (80 skew quadrupolesat 95 T and 784 arc quadrupoles8 m long anda
gradientof 400T/m) theratiois 0.18,aboutafactor3 from RHIC. Giventhattheroll misalignmenspecificatiorfor RHIC is 1
mradin thearcquadrupolestheproposedkew correctionsystenof theVLHC canadequatelgompensatarandomalignment
errorin thearcquadrupole®sf 250 urad,with somemamin for othersource®f arccoupling. Couplingeffectsarisingfrom the
interactionregionsarecorrectedwith thelR decouplingsystemandwill bediscussedn thenext section.

77



a0
IR corr ector al
IBPM Package (skew) | g2
" a3 600T/m  600T/m
12T
|P 121m  6m QZa3 Q20  7om
I A DIA %DlB 424m, 12.4m . D2
oom ¥ T e v 3M 70m | 7.9mv
oh Qld Qb
5.5m
3m b0
400T/m  600T/m | b2 g
b3 | IR corr ector
b5 | Package (normal)

Figure54: Schematic®f theinteractionregion correctionsystem.

3.8.2 Interaction RegionCorr ection System

The goal of the IR systemis to locally correctfor effectsanderrorsarising from the interactionregions. The fact that the
effect of the IRs is mostrelevantin collision optics, whenthe focusingat the interactionpoint (IP) andthe beatfunctionsin
the IR final focusquadrupolesre maximized,is what makesthis correctionmodularity possible. The independenandlocal
correctionof IR effectshasbeena guidingprinciplein the designof RHIC andthe LHC.

ThelR correctionsystemsanbefunctionallydividedin linearandnonlinear but theimplementatioroftenfavorsintegrated
solutions Jike multi-layercorrectionpackagesgiventhetight constraint®on spacenearthe IP. Theschematicgor the proposed
IR correctionsystemis displayedn Figure54.

Two correctionpackagesreplacedin the 3 m drifts betweerthe two doubletquadrupolesa skew packageetweenQ1A
andQ1B, andanormalpackageéetweerQ2A andQ2B to take advantageof the betafunctions.A detailedmagnetiadesignof
thelR regioncorrectionsystemis in progresssothespecificationaredrivenfrom therequirementsindextrapolationfrom the
correctionpackagedesignedor the arcs. The linear correctionsystemconsistsof 2 dipole correctorsand 1 skew quadrupole
layer. Thedipole correctorgprovide orbit control, IP andcrossinganglecontrol. An integratedstrengthof 8.6 Tm will correct
for thetolerancedistedin Table27. Feedbaclon beampositionat the IP andon the crossinganglemay be requiredandwill
beaddresseth thefuture.

Theskew quadrupoleorrectoris usedto compensattocally theresidualcouplingfrom thefinal focusdoubletquadrupoles.
Without local correctionatoleranceof 0.1 mradon the doubletalignmentwould be requiredto keepthe minimumtunesepa-
ration AQ,,.;» < 0.003. An uncorrectedoleranceof 0.1 mradis consistenailsowith extrapolationfrom LHC andSSC.With
anintegratedstrengthof 95T in the local skew quadrupoleat the doubletit is possibleto compensatéor a residualmisalign-
mentof 0.5mrad,thusrelaxingthe alignmenttolerance Furtheroptimizationbetweerroll alignmenttoleranceandlocal skew
guadrupolestrengthwill be necessary

The nonlinearcorrectionsystemis modeledafter the designof the RHIC andLHC systemsadaptedo the doubletoptics
configuration,and with consideratiorto the designof the VLHC doubletquadrupoles.A local sextupole, octupoleand a
dodecapoleorrectorarepartof the normalcorrectorpackageanda skew sextupoleandoctupolearein the skew packageThe
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choiceof layersis dictatedby previousexperiencewith RHIC andLHC andfrom preliminaryvaluesof thedoubletharmonics.
A moredetailedstudywill be necessaryo validatethesechoicesandto determinethe strengthsof the nonlinearcorrection
layers.With the presentechnologya 4-layercorrectoris atthelimit of feasibility. Shouldadditionalor strongercorrectorshe
necessanthey canbeinstalledin thedrift betweernQ1B andQ2A or betweernQ2B andD2.

The VLHC IRs with the nominal optics contribute —42 units of vertical chromaticityto a machinethat hasa natural
chromaticityof lessthan —200 units. The needfor a local chromaticitycompensatiosystemto correctfor the secondorder
chromaticityfrom the IRs will have to beaddressedTo this endthe sextupolecorrectorat the doubletis uselessinceit is in a
zerodispersiorocation. ShouldIR secondrderchromaticitycompensatiobe necessaryhatcanbeachievedwith 2 families
of sextupolesplacedin thearcregion adjacento thelRs. Thefirst family SX1 compensatethe secondorderIR chromaticity
thesecondramily SX2 is necessaryo suppresshefirst orderchromaticitycontributedby SX1.

Double planebeamposition monitors(BPMs) are essentiain the interactionregion andthey have to be includedin the
planningfrom thestart. TheBPM in front of D1A is themaintool to monitorthelP andmusthave capabilityof observingooth
beams.TheotherBPMsareusedfor orbit andcrossinganglemonitoring.

3.9 BeamStability

Table32lists fairly well known parameterselevantto beamstability. Unknowvn parameterincludethe broadbandimpedance
aswell asnarrov bandparasitidmpedanceskor thelatterquantitiesthe stability calculationswill beusedto obtainsafelimits.

PARAMETER INJECTION INITIAL STORE
circumference 2R = 233km

kineticenegy 10TeV 87.5TeV

RF Voltage 50MV/turn 200MV/turn
RFfrequeny 488MHz

synchrotrorfrequeny fs = 3.48Hz fs = 2.35Hz
rmsbunchlength oy = 0.273ns oy = 0.112ns
nominalbetatrontunes Q. =218.19,Q, = 212.18

beampiperadius b=1cm

rmsnormalizedirans\erseemittance 1.5um 1.5um
nominalchromaticity Q, = £2,Q, = £2 Q, = £2,Q, = £2
revolution frequeny o = 1.286kHz

Vi 194.13 194.13
rmslongitudinalemittance wo(E)o(t) = 2.0eV-s

bunchedor symmetricfill M = 41280

protons/lunch 9.0 x 10°

Table32: Parameterselevantto beamstability.

Startby consideringthe situationat injection enegy. Transwersecoupledbunch stability is largely determinedby the
resistve wall impedanceWith its large circumferenceherelevantfrequeng rangefor VLHC startsat~ 1kHz. Theskindepth
is givenby
2pe

§ =
plwl

(105)
wherep, is theelectricalconductvity, p is themagnetiqppermeabilityandw = 27 f is theangularfrequeng, with all quantities
in MKS. For purecopperat80K theelectricalresistiity dueto phononscatterings p. = 1/0. = 1.6 x 10~°Qm [48]. There
is anadditionalcomponento theresistvity dueto impurity scatteringvhich remaingo bedeterminedFor cold stainlessteel
(SS)the conductvity is p; = 1/0s = 7.3 x 10~ "Qm[49]. For afrequeny of f = 1kHz the skin depthin cold copperis
> (0.64mm,while for cold SSit is 1.4cm. The > for thecopperis dueto negglectingimpurity scattering.To reduceuncertainties
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the copperlining will be neglectedandtheresistize wall trans\erseimpedancét takento be

ZJ_,rw = M; (106)
2wb’o b,
wherewe have assumea time dependencex exp(—iwt). Notethattheresistve wall impedancewill probablydominatethe
trans\erseimpedanceso calculatingthe effect of the copperliner shouldtake precedencever estimatingthe impactof the
myriad smalladditionsto thetrans\erseimpedance.
Thecoherenbetatronfrequeng in theweakcouplinglimit of theWangformalism[5Q is

I_c > -2 2
AQm = mws — 1 Z1[(nM + 8)wo + wple™™ 7 (o)™ (107)
o 4w2‘m'|m|!<ET/q)Qﬁn;oo
wherem = ..., —1,0, 1,...isthesynchrotrormodenumber w, is theangularsynchrotrorfrequeng, I is theaveragecurrent,

M is thenumberof bunchess is the coupledbunchmodenumber Er/q is thetotal protonenegy dividedby its chage, o is
thermsbunchlengthin unitsof machineazimuth,i = nM + s + Qs — Qj/n, andn = 1/~42 — 1/~? is theslip factor

Equation(107)assumesV/ identical,equallyspacedunchessoit neglectsthe effect of the abortgap. This is a standard
formulathatcanbefoundin ZAP, Chaos book,or any numberof papers Figure55 shovs thereal (dQr) andimaginary(dQi)
partsof thetuneshift for m = @Q); = 0 attheinjectioneneny.

Themaximumgrowth ratewith Im(AQo) = 0.05 occursfor the lowestnegative sidebandvhich would have anobsened
frequeny of 0.8y = 1.03kHz. The growth rate of 0.4/ms correspondgo an e-folding time of 3.2 turns. This modeand
several otherlow frequeny modesneedto be damped. Following Marriner's suggestior{51] assumea trans\ersepickup
which is low passfiltered, amplified,andappliedto a kicker 1/4 of a betatronwavelengthdownstream.For low frequencies,
beampositionmonitorsdifferentiatetheinputsignal,whichis the productof theinstantaneousurrentwith theoffset. A simple
modelproducegheeffective transverseimpedance

2
P i N
Zialw) = =2 <l—if/fd> ' (108)

Settingf; = 5kHz, andchoosingZ. sothatthefastesdampednodehasdi = —0.4, in theabsencef theresistve wall
impedanceyieldsthe growth shovn in Figure56. With thedampeythe growth rateof the mostunstablemodeis afactorof 20
smallerthanwith no damper It is assumedhata bunchby bunchdampeiwith oneturn delay or similar device, cantake care
of ary residual rigid mode,coupledbunchinstability.

Next considerthefastheadtail instability. This is doneby choosingatune@, = 212.5 with M = 41281 ands = 20428.
Thesenumberssatisfys + Q, — M = —(s + Q) which givesgrowth ratesidentically equalto zerofor the weakcoupling
limit. In this casenstability occurswhentheimpedanceauseshecoherenfrequencie®f adjacensynchrobetatrosidebands
to collide. Theformulasmay be foundin [52]. They appeaitto be identicalto the MOSEScode[53] but no directcheckhas
beenperformed.Figure57 shows the fasthead-tailthresholdat injection enegy. The designcurrentis safeby abouta factor
of 2 evenwith the assumptiorof no copperliner. With the copperliner the tuneshifts shouldbe substantiallysmallersoan rf
voltageof 50 MV /turn is probablyfine.

Thelasttrans\erseinstability to consideiis thenormalhead-tailinstability. We limit our attentionto modeshataredamped
by thelow frequeny damperusings = —220 asatestcase Usingtheweakcouplingformulasthereis noinstability predicted
for 0 < @, < 2 atinjectionenegy, which agreesvell with experience With modecouplingbetweerthe 3 lowestsynchrotron
modes asper Figure57 the samerangeof chromaticitiesare,again,stable.With couplingbetweerthe 6 modeswith |m| < 2
aweakinstability at injection enegy with dQi < 10~° is found. The growth ratedependsslightly on chromaticitybut some
growth is alwayspredicted.Predictionsfor otheracceleratoraresimilar, with no instability shaving up in the real machine.
More work is neededo understandhis but it is likely that synchrotronor betatrontune spreadwill Landaudampthe higher
orderunstablemodes.

Longitudinalinstabilitiesat injection and during the rampwill not be a problemif the impedances kept small enough.
Sincetransitionis not crossedhebroadbandimpedancavill beanissueonly if thecoherentuneshiftis largeenoughto cause
undampedoherenbscillations. Theseoscillationsarenot in themselesa problem,but will allow smallparasiticresonances
to drive unstablemodes. Therefore the broadbandimpedances constrainedy demandinghat coherentipole oscillations
aredampedoy the synchrotrortunespread.This remainsto bedone.

Trans\erseinstabilitiesat storearemoreinteresting Figure58 shovs the growth ratesof them = 0 modesatthebeginning
of store.ThemostunstablenodehasIm(AQ) = 0.0025, whichiis significantlylargerthanthe synchrotrortune.If this mode
is presenit mustbeactively damped.
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3.10 Synchrotron Radiation

Protonbeamsin the VLHC emit synchrotrorradiationjust aselectronsdo in electronstoragerings. An importantadvantage
of synchrotronradiationin the high enegy ring is that the significantdampingstabilizesthe beamdynamics,shrinksthe
emittancesenabledlat beamcollisions,andtendsto make storeperformancandependenof injection errors. On the other
hand,disadwantagesncludea large power loadto the cryogenicsystem photoninducedgasdesorptionandthe possibility of
electroncloudinstability [54].

Thecritical wavelengthcharacterizinghe synchrotrorradiationspectrunin a dipole of bendradiusp = 29.9 km is

47p

wherey = 9.33 x 10* is theLorentzfactorcorrespondingo thestorageenegy of E = 87.5 TeV. Photonsareemittedtangential
to the protonpathwithin asmallangled ~ 1/v = 10 urad. Thevastmajority of photons(91%)have enegiessmallerthanthe
critical enegy, givenby
1.239
A [A]

Nonethelesghecritical enegy dividesthe spectrunin half with respecto thedissipatecower.
Theenegy lossperparticleperturnis

E,. [keV] = = 8.03 [keV] (110)

C,E* 5
whereC is thetotal circumferencetheconstanC, = 7.783 x 10~ m GeV~? for protonsandG = 1/p is thedipolebending
strength.Angle brackets <> denotean averageover the entiredesigntrajectorycircumferencen the generalcasewhenthere
is morethanonebendradius.However, the VLHC is isomagnetic- hasonly hasonebendradius— andso

1
<G">=— (112)
pr
Thenumberof photonsemittedperprotonperturnis
15V3 U
N,=—— — =6188 113
Y 8 Ec ( )
andsothetotal photonrateperunit lengthin adipoleis
dN
o5 = 256 101 = 1.76 x 10'® [photons/(m s)] (114)
wherethenominalbeamcurrentis I = 68.9 mA. Thetotal synchrotrorpower radiatedn asinglering is
P = Uyl = 1.05 [MW] (115)
for atwo ring total of 2.1 MW.
The exponentialdampingtimesfor the amplitudesof horizontal,vertical,andlongitudinaloscillationsaregivenby
Toys = To/Joy.s (116)

wherethe characteristicime Ty, = 2T(E/U,) is simply relatedto the revolution period, T'. Naturalpartition numbervalues
(Jz, Iy, Js) = (1,1, 2) areassumedTheequilibriumrmsmomentunwidth is

(ﬂy - GroZ? (117)
P Js <G?>
while the naturalnormalizedrms horizontalemittances
o? Cyy® <G*H >
= N = -~ -7 118
€z Y T, <2 > ( )
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whereC, = 2.087 x 10716 m and H is a propertyof the FODO cell optics
H = 0+ 2om’ + Bn” (119)

wherea, 3, v, andn areTwissfunctions.

NotethatUy ~ Bv® andTy ~ 1/(B2%y), whereB is the dipole field, independenbf the lattice optics structure. The
momentunmwidth is alsoindependenof thelattice structure andscaledike o, /p ~ +/B~. By contrastthe naturalhorizontal
emittancedependsstronglyon thelattice,scalinglike e, ~ B3L3, whereL is the half lengthof aFODOcell. Thenormalized
emittancds independenof enegy!

Electronstoragerings all operatewith a room temperaturédbeamervironment. By contrast,whena significantnumber
of photonsareemittedin the cryogenicervironmentof a superconductingpadroncollider, it is necessaryo introducea liner
betweenthe cold vacuumwall andthe beam. This necessitywas recognizedeven beforethe LHC design,as the result of
experimentsperformedto studythe photonstimulateddesorptionconditionsexpectedat cryogenictemperaturesn the SSC.
More refinedexperimentshave beenperformedduringthe LHC designprocess.

The basicmechanisnof gasdesorptionat the beampipe or liner surfaceis electronexcitationfrom the incidentphotons.
Thesephotonshave enoughenegy to ejector excite eventheinnershellelectrons.Thereareseveralunwantedelectronrelax-
ationresultsat surfacesin the VLHC like ejectedandsecondanelectronsneutrals,andion desorption.The “redistribution”
of (mostly) hydrogenmoleculescontinually enhanceshe backgroundvacuumpressurén both the LHC andthe VLHC, re-
ducingthe beamlife time. Hydrogenmoleculesarephysisorbedat the cold walls with a bindingenegy of lessthanl1 eV. The
dependencef the hydrogenvaporpressurenthewall temperaturés shovnin Fig. 59.
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Figure59: Hydrogenvaporpressurasa functionof coverageandtemperature.

The LHC is confrontedwith the real possibility of an electroncloud instability. Whenfree electronsare presentin the
beampipe,theelectricfield of the passingprotonbunchescanacceleratéhemto enegiesin thekeV range.They thenhit the
othersideof theliner wall, creatingsecondarglectronsvhich maybeacceleratedy afollowing bunch.An avalancheprocess
canoccur, leadingto alargethermalbeamloadandevento beamloss. Oneimportantparameterthe secondargelectronyield,
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Figure60: Yield of secondarnglectronasa functionof enegy of primaryelectrons.

determinesheaveragenumberof secondarglectrongerincidentelectron.It varieswith thewall materials surfaceconditions,
andwith theincidentelectronenegy, asshovn in Fig. 60. Anotherimportantparameters the spacingoetweerbuncheslf the
time betweerbunchess muchlargerthanthetypicaltime for electrongo travel betweerthetwo liner walls, thentheavalanche
processnaybe suppressedlhe photonreflectiity of theliner or vacuumwall is anothelimportantparameter

A dedicated/LHC workshop Syndéirotron RadiationEffectsin theVLHC, wasorganizedn Septembe2000,atBrookhaven

NationalLaboratoryto discusghe operationalmpactof synchrotrorradiationin bothlow andhigh field rings. Major conclu-
sionsfrom theworkshopinclude:

1. Alineris necessaryn bothlow andhighfield rings

2. Evenwith a liner, a significantpump-outtime will be necessaryo reachstableoperatingvacuumconditions. The
hydrogenvaporpressuren the beampipe mustlessthan~ 10719 Torr for beamlifetimes largerthan 100 hours. The
coverageof hydrogenmoleculesandthe vaporpressurerise rapidly above cold boretemperaturesf 3 K. If the cold

boretemperaturés largerthan3 K, thenadditionalpump-outgettermaterialsbetweerthe bore andthe liner might be
required.

3. Preliminarycalculationsshav thatthe electroncloud instability could be seriousif the numberof protonsperbunchis
largerthan2 x 10'°. Fortunatelythis is morethanafactorof 2 largerthanthe nominalpopulationof N = 9 x 10°.

4. Thepowerloadfrom the synchrotrorradiationto the cryogenicsystemcanbereducedf it is possibleto placea special
“warm” photonstopperonceevery few dipoles.
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3.11 Electron Cloud Instability

Themostcritical issueis secondarglectron(SE) multipacting. Thesecondarglectroninducedheattoadandbeaminstabilities
arenot expectedo be problemsat beamintensitieshelow the multipactingthreshold Above thethreshold someapproachas
to betakento suppresglectronmultipacting.

TherecentSPSmachinesxperiments agoodreferencdor electroncloudbuild-upin acceleratorfkethe VLHC. The SPS
obsenredelectrongloudstartingto build up afterthepassagef 30bunchesatsinglebunchintensitiedargerthanN > 6 x 10'°
with a bunchspacingof 25 ns betweerbunchesof full length4 ns. No electronbuild up wasobsenedfor N = 2.5 x 10!,
with a bunchspacingof 130 nsbetweerbunchesof full length7 ns.

Thetwo key elementsn a first estimateof the electroncloud build-up thresholdare bunchspacing,and bunchintensity
The bunchspacingdetermineghe fraction of secondaryelectronsthat survive until the next bunch passageandis therefore
acritical factorin electroncloud build-up. The generalconditionfor build-upis oY > 1, whereq is the secondaryelectron
survival fraction,andY is the averageSE yield afterthe bunchpassage.

Thesecondaryelectronshave anenegy distribution [55]

dN. E N ( 1 E ) (120)
- — — ex i
dE Eom 21, P\ 2B,

where N, is the total numberof electrons,and Ey,,, is the enegy at the peakof the distribution, with E,,, ~ 2.5 eV for a
stainlesssteelvacuumchamber The secondaryelectronsalso have an angulardistribution, given by the cosineof the angle
to the normal of the metal surface,independenbdf the projectileincidentangle[56]. The secondaryelectrontransittime
distribution d N, /d¢ canbe calculatedrom the SE enegy andangulardistributions. Finally, the secondaryelectronsurvival
fractionis obtainedasa functionof thelengthof thebeamgap,

alt)=1- /Ot (djl\t[e> dt (121)

Figure61 showvs the secondaryelectronsurvival fractionasa function of bunchgapfor a high field beampipeliner with a
radiusof 10 mm. Also showvn is the SPSsurvival fraction,wherethe 22.5mm x 70 mm chambelis representetly anaverage
radiusof 30 mm. More than90% of the secondarglectronssurvive with the VLHC bunchgapof 18.8ns. This alonedoesnot
necessarilyndicateelectroncloudbuild-up, but it doesmotivatea closelook at bunchintensityeffects.

Considertwo bunchintensityaspectsthe averagekinetic enegy gainedby secondanelectronsasthe next bunchpasses,
andthe beampotentialwell. The averagekinetic enegy gainis independenbf the bunchlength, but dependson the bunch
intensity thetrans\ersesizeof the beam,andthe beamchambeisize. The beampotentialwell depend®n all of thesefactors,
includingthebunchlength. Theaveragesnegy gain,which canbe usedfor asimplified estimateof theelectroncloudbuild-up,

is [55, 56]
e NeZ 2 b
o = g (M) (2) a2

wherem, is the massof electron,V is the protonbunchpopulation,Zy, = 377 Q, andb anda aretheradii of thechambeland
thebeam respectiely. Accordingto the Seilermodel[57] theyield is then

—0.35 1.35
v o= th () (e (2 (2) ) a2
pm pm

whereE,,, is theprojectile(electron)enegy thatgivesriseto maximumyield, 6max.

Theseparameterarein therangesl.2 < dnax < 1.6 and300 eV < E,,,, < 500 eV, for stainlessteelwithoutthescraping
effect. Thereforewe maytake dmax = 1.4, andE,,, = 400eV, withoutlosinggenerality Figure62 shovs a typical secondary
electronyield versusthe primary electronenegy, for a stainlesssteelsurface. Only primary electronswith a kinetic enegy
from 150eV to 1400eV have ayield largerthanunity.

For the SPSwith abunchintensityof N > 6 x 10'°, usingtheverticalchambeialf apertureof b, = 22.5 mmanda = 3.2
mm, theaveragesecondarglectronenegy gainis (AE) = 112 eV. Forthe VLHC highfield ring, with N = 0.9x 10%°, 5 = 10
mm, anda = 0.074 mm atcollision, theaveragegainis (AE) = 32 eV.

A yield greaterthanunity is obtainedn the VLHC highfield ring only for averageenegy gainsabove a threshold attained
above a bunchintensitythresholdgivenby N > 3.15 x 10'°. Whenthe effect of finite bunchspacingis included,through
whichthe VLHC survival fractionis lower thanthatin the SPS the VLHC intensitythresholdboecomesvenlarger.
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The distribution of the secondanelectronenegy gainis very differentfor long andshortbuncheg58]. This is because
buncheswith sameintensity but differentlengthshave differentpotentialwells. It is especiallyrelevantthatthe bunchin the
SPSexperimentwasmorethan10timeslongerthanthe VLHC bunchat collision. Thebeampotentialwell is

e b 2
Voot = Smeq (0.5+ln (E) - ﬁ) (124)

wherer is the radial position, ¢g is the permittivity in free spaceand A is the beamline density The VLHC beampotential
well atcollisionis shavn ontheleft in Figure63, while the SPSis shavn ontheright. The SPShunchintensityis muchhigher
thanthe VLHC, yetthe VLHC beampotentialis muchdeeperA reliableapproactusingthe beampotentialwell to determine
theelectroncloudthresholchasyetto bedeveloped.
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Figure63: Thebeampotentialwell in theVLHC at collision (left), andin the SPSatinjection (right).

Table33 lists electroncloud parametersor four hadroncolliders. Thethreekey parametersrethe bunchspacingt,s, the
averageenegy gain(A E), andthebeampotentialwell depthV,,.;. In summarythebunchspacingof theVLHC is slightly less
thanin the SPS,but the chambersizeis alsosmaller andso the secondaryelectronsurvival fractionis smallerin the VLHC
thanin the SPS.The averagekinetic enegy gainedby secondarelectronsat eachbunchpassagés muchsmallerin the high
field VLHC thanthe SPSthreshold andthechanceof electroncloudin the VLHC is thereforeexpectedo be small. Thebeam
potentialof the VLHC is comparablewvith the SPS but muchlessseverethanthe LHC. Furtherstudyis neededo ensurethe
completesafetyof the highfield ring from electroncloud problems.
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SPS SSC LHC VLHC

e-c/No Inject/Store Inject/Store
R (m) 1100 13201 4243 37089
Ey (TeV) 0.026 20 0.45/7 10/87.5
fo (kHZz) 43.4 3.62 11.25 1.287
N (10') 6/25 0.735 10 0.9
A (10'%m)  7.4/21.4 3.8 29.1/49.5 4.0/13.0
b (mm) 22.5 16 17.4 10
a (mm) 3.2 0.126 1.15/0.293 0.21/0.074
o¢ (cm) 30/53 7.3 13/7.5 8.2/2.6
o, (ns) 1.0/1.75 0.24 0.43/0.25 0.273/0.087
tps (NS) 25/130 16 25 18.8
(AE) (eV) 112/1952 8.3 727/1093  23.6/31.1
Vipot (KV) 0.52/1.51 0.58 2.7/6.5 0.50/2.0

Table33: Comparisorof key electroncloud parameterdetweerfour protoncolliders.

3.12 Energy Depositionat the Interaction Region

In a collider with beamenegies Ej.,,, of 87.5TeV anda peakluminosity £ of 2 x 103*em=2s~! enegy depositionfrom
the particlescreatedn pp collisionsis significantandcould eventuallyposea problemfor the superconductinghagnetsn the
interactionregion. Thedepositecenegy on onesideof thelR, Eg4, in unitsof kW is givenby:

Eg=N x 05 x Epya, (125)

whereN correspondso thenumberof collisionsperhourandEy,, to thetotal enegy of particlesin forwarddirectionin units
of kwWh. In generalN is determinedy:
N =00t X L x 3600. (126)

Table 34shawvsalist of thedominaniprocesseandtheir crosssectionsat/s = 175000 GeVaccordingo thehighenegy event
generatoPYTHIA [59]. While thefirst 2 processedo not contributeexclusively to enegy depositionin forwarddirection,the
latterfour do, accumulatingo a “forward” crosssectionof 66 mb.

The elasticscatteringanddiffraction crosssectionsarereflectedin the patternin fig. 64 depictinghigh enegy tracksonly
at small polarangles®. In fact, PYTHIA predictsabout40% of all collisionswith basicallyall enegy, i.e. moreor lessthe
incomingprotons distributedin forwarddirection.

Theseaventsareof particularinterestfor usin casesvhenthey have scatteringanglessmallerthanthe apex angleof theD1
magnets30 m downstreanof the IR. Underthis conditionthe chagedcollision productsarebentin the dipolefield of the D1
magnetsand contribute eventuallyto the enegy depositionin the down streamlR quadrupolef1A andQ1B. Fig. 65 shavs
theenepy distribution of chagedandunchagedtrackswith apolarangle® < ©gpc; With © 45, = 0.00042 rad Theseracks
belongto an overall sampleof 1000 generated®YTHIA events. The continuumof the chaged particle enegy distribution
(lower left plot in fig 65) hasa meanof 76360GeV. Thedistributionpeaksat2 x FEpeqm, -

The approximatenumberof collision particleshitting the IR dipolesandquadrupolesanbe estimatecby neglectingthe
unchagedparticles,which arent affectedby the magneticfield of the D1 dipoles,but takinginto accountparticleswith small
anglesemeging from subprocesse$ and2 in Tah 34. Assuminga meantotal enegy of 76 TeV of all chaiged particles
containedwithin the beampipe for 75% of the collisionsandabout175 TeV for the remaining25% an upperlimit of 24 kW
enegy depositionon eithersideof thelR canbederived. However, this enegy depositions spreacveracertaindistancesince
the point wherethe particleshit the wall of the beampipe depend®n both,incomingangleandparticleenegy. For effective
collimation or any othercountermeasurehis hasto be studiedwith more detail taking into accountthe machinelattice and
magnetransferfunctions.
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index subprocess o (mb)
1 f+9—>f+g 20.9
2 g+g9g—>9+g 63.2
3 Elasticscattering 35.9
4 Singlediffractive (XB) 8.2
5 Singlediffractive (AX) 8.2
6 Doublediffractive 13.7

Table 34: Crosssectionsof the dominantprocessesit 175.0TeV collisions (PYTHIA). f andg correspondo fermionand

gluon,respectiely.
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Figure64: Theenegy of stablefinal stateparticlesasa functionof polarangle® (PYTHIA).
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3.13 BeamTransfer from Low Field to High Field

A conceptuatlesignfor transferringthe beamof thelow field VLHC (LFVLHC) to thehighfield VLHC (HFVLHC) hasbeen
devised. A beamenegy of 20 TeV hasbeenused,while a lower beamenegy (10 TeV, say)would easilybe accommodated.
Thetransferswill take placebetweenong straightsections6 cellsin length,in eachmachine.Sincetherearetwo beamsn
the LFVLHC, obviously two transferlines areneededpnefor eachof the beams.Thetransferline is basedon the designof
the straightsectionin the LFVLHC. In the LFVLHC thevalueof 3, attheendof the straightsectionsfor onebeamis equal
to thevalueof 3, for the otherbeam.In the HFVLHC, on the otherhand,the two beamshave the samevaluesfor the lattice
functionsat the endsof the straightsection.Thus,the designfor two transferlineswill be different. Table 35 givesthevalues
of thelattice functionsat the upstreanendof the transfedine for thebeamin thelow field VLHC andthe downstreanendfor
thehighfield VLHC.

Initial Value FinalValue Initial Value FinalValue

Beaml Beaml Beam2 Beam2
B 411.671 459.60 86.781 459.6
Qg 0.0 0.0 0.0 0.0
By 86.781 79.89 411.671 79.89
Qy 0.0 0.0 0.0 0.0
Na 0.0 0.0 0.0 0.0
. 0.0 0.0 0.0 0.0
Ny 0.0 0.0 0.0 0.0
T, 0.0 0.0 0.0 0.0

Table35: Valuesfor thelattice functionsat the endsof the transferine

Bends

The LFVLHC andthe HFVLHC areassumedo have elevationsdiffering by 1 m. Furtherit is assumedhatthe beamsn each
acceleratoare offset horizontallyby 0.3m.2 The conceptin the designof the transferline is to bendthe beamvertically in

thefirst half cell sothatit clearsthe next quadrupolen the straightsection. The restof the transferline is thenbetweerthe
two acceleratorsintil we enterthe high field VLHC with anotherstrongbend.Becausdherequireddisplacementsor thetwo

transferlines are the same,identical bendswere chosenfor the two lines. In the designof the straightsectioncells for the
LFVLHC, betweenthe quadrupolesthereare approximately88 m in eachhalf cell for bendmagnets.In orderto simplify

the designfurther, the bendsarereflectedaboutthe midpoint of the transferline. The characteristic®f the bendsareshavn

in Table36. Exceptfor thefirst (andlast) bendsthe requiredfields aresmall. Evenfor thefirst andlastbendsthe fields are
only =~ 1.7 T. The strengthf thebendmagnetsn the othercellsarefound,asmentionedearlier, by reversingthefield in the
correspondingnagnetfoundby reflectingaboutthe midpointof thetransferine. Figure66 shovsthe space-projectionsf the
transferine trajectory

Quadrupoles

In orderto matchthe computedattice functions,including the dispersionat the end of the straightsectionswith the lattice
functionsof the high field VLHC, the strengthsof the quadrupolesvere adjusted.A good matchwasfound andthe quality
of the solutionsis shavn in Table37. The computedvaluesof the quadrupolestrengthgor the two transferlinesaregivenin
Table38. Figures67 and68 shaw the valuesof the lattice functionsfor thesesolutions. In both caseghe maximumvalue of
3, which is a primary designconsiderationis reasonable The dispersionfunctionsn andn’ alsoarewell behared andwell
matched.

3Thetwo beamsarevertically separatedh the high field ring, andhorizontallyseparateih the low field ring. The 1m vertical displacementepresentshe
averageverticaldisplacemenof thetwo rings. Theseverticalandhorizontaldisplacementaresubjectto change.
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Location
Cell

la
1b
2a
2b
3a
3b

HorizontalBend

Length(m)

45.0
45.0
35.0
35.0

Field (T)

—0.53752

—0.30042
0.77493
0.30230

VerticalBend

Length(m)

88.88542
88.88542
25.0

35.0

Field (T)

—1.67748
1.70864
—1.4175

0.9338

Table36: Characteristicef thebendingmagnetsat 20 TeV.

DesiredValue FittedValue DesiredValue FittedValue

Beaml Beaml Beam?2 Beam2
B 459.60 459.604 459.6 459,591
Qg 0.000 0.000 0.000 0.000
By 79.89 79.903 79.89 79.978
Oy 0.000 0.000 0.000 0.000
Na 0.000 0.000 0.000 0.000
n'z 0.000 0.000 0.000 0.000
Ty 0.000 -0.001 0.000 0.000
n'z 0.000 0.000 0.000 0.003

Table37: Goalandfitted valuesof the transferine lattice functions.

Summary Remarks

The designof the transferlines doesnot appearto be a major problemat this stageof the planningfor a VLHC. A problem
may developin injectingthe beaminto the high field VLHC dependingon the physicaldimensionsof the quadrupolesn the
straightsectionslIf thatturnsoutto bethe caset maybedesirableo have along sectionwithout the quadrupolesThe current
designcouldbereplacedwith a Collins StraightSectionor a Utility StraightSectiondependingn which is morecorvenient.
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Figure66: Trajectoryof the 10 TeV transferline from Stagel to Stage2 rings.
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Beaml Beam?2
Element Length(m) Strength(T/m) Strength(T/m)

gfla 6.096 69.478 57.530
gdla 6.096 -68.749 28.861
gflb 6.096 72.901 -103.223
gqdlb 6.096 -67.943 -73.489
gf2a 6.096 68.610 77.402
gd2a 6.096 -69.970 66.445
gf2b 6.096 67.790 8.382
qd2b 6.096 -69.277 -63.330
gf3a 6.096 71.666 74.037
gd3a 6.096 -68.748 -65.333
gf3b 6.096 72.637 90.471
qd3b 6.096 -68.983 -65.984
gfda 6.096 69.209 82.759
gd4a 6.096 -67.605 -64.176
gfdb 6.096 68.744 83.447
gqd4b 6.096 -69.424 -76.139
gf5a 6.096 72.168 116.861
gd5a 6.096 -71.358 -78.787
gf5b 6.096 73.118 31.044
gd5b 6.096 -69.720 -80.102
gféa 6.096 70.145 91.717
gd6a 6.096 -68.856 -81.655
gféb 6.096 67.919 51.517
gqdéb 6.096 -70.698 -86.018

Table38: Quadrupolestrengthsn thetransferine, at20 TeV.
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3.14 Fundamental Problems,and Futur e Reseach Fronts

Four majorissuescouldsererelyalter HF ring performancestimatesgivenour presenknowledgeof AcceleratorPhysicsand
thepreliminarystateof the HF design:

1.

Energy deposition. The power of debrisproductsexiting the collision pointgoesfar beyondcurrentexperiencels there
anacceptablengineeringolution?

. Operational aperture. The physicalbeamsizesare so small that the operationalpertureis probablymoreimportant

thanthe dynamicaperture How far canthe closedorbit move beforethe beamis lost? Is operationafeedbacknecessary
on closedorbits,tunes,andchromaticitiesn orderto acceleratdbeamto top enegy?

. Instabilities. Althoughthe HF ring is in generalan orderof magnitudemoreimmuneto instability issueshanthe LF

ring (dueto its higherrigidity), thereis still roomfor considerableoncern.For example,the electroncloudheatloadin
the cryogenicbeamervironmentcouldbeunacceptable.

. Diffusion. Theoperationakcenaricassumeshatthe beamemittanceslecreasdy anorderof magnitudeor more,with

adampingtime of order2.5hours(107 turns).Our basicunderstandingf slow diffusionmechanismsioesnot preclude
the possibilitythatthis is fundamentallympossible Canwe reliably extrapolatefrom othercolliders?

In additionto thesemajorissues- which maynot be solubleon a shorttimescale- therearemary otherswhich needto be
addressedsomeof which are amenabldo shortertermresolution.It is corvenientto groupall issuesmajorandminor, short
andlongterm,into researcHronts,asfollows:

1.

Diffusion. Evaluatemoreaccuratelythe effectsof groundmotion, modulationadiffusion,Intra BeamScatteringBeam-
Beaminduceddiffusion, et cetera.

. Lattice design.Developrealisticopticsfor theinteractionregion (doubletandtriplet optics),the LF to HF transferline,

verticaldispersiorsuppressionheamabort,andcollimationregions. Evaluatethe optimumcrossinganglesandplanes,
andthe optimumbhalf cell length. Much of this needgo bedonein closecollaboratiorwith LF lattice designefforts.

. Simulation. Particle trackingstudiesto evaluatemagnetfield quality tables. Enegy depositionsimulationsof the IR

debrisproducts Dynamicoptics,etceterajn storeevolutionsimulations. Testtheconjecturaghattheoperationahperture
(measuredn mm) is more critical thanthe dynamicaperture(measuredn beamsigmas). Develop specificationgor
operationafeedbackon closedorbits,tunes,andchromaticities EvaluatearcandIR correctionschemes.

. Instabilities. Estimatethe strengthof resistive wall, electroncloud, andotherrelevantinstabilities[60]. Evaluatethe

needfor collective effect feedbacksystemsDevelopanimpedancédudgetandestimate.

. Energy scaling Determinethe practicallimits to maximumluminosity, suchascryogenicpowerload, IR enegy depo-

sition, numberof eventsper crossing,andcapitalor operatingcosts. Evaluatehow the maximumluminosity permitted
by theseconstraintyarieswith beamenengy, etcetera.

. Beam experiments. Develop a plan for beambasedexperimentsat existing hadroncolliders, performedby a formal

multi-laboratorycollaboration.Major experimentakub-topicanightinclude

e singleparticledynamics
e diffusion
o feedbacl{operationabndcollective)
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4 Parameters

4.1 Low Field Parameter Tables

Circumference( 233.037 km
Averagearcradius,R 35.0 km
Numberof interactionpoints 2
Half cell length, Ly, 135.486 m
Half cell bendangle gy, 3.875 mrad
Half cell count 1720
Half cell harmonicn 24
Bunchspacing(53.1MHz), Sg 5645 m
18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 degy
Revolution frequeny 1.286 kHz
Revolution period, T 0.778 ms
Harmonicnumber h 371520
RFfrequeny (9 x 53.1) 478.0 MHz

Table39: Fundamentalttice parametersommonto bothlow andhighfield rings.

MODULE ALIAS L/Lp. COMMENT
DispersionSuppressor DS 3

Injection/Abortstraight A 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 1A 10

DispersionSuppressor DS 3

Utility total 80

Arc 780

GRAND TOTAL 1720 2 arcsplus2 utilities

Table40: Sequencef opticalmodulesin the on-siteutility region of the VLHC.
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Storageenegy, £
Peakluminosity, L, 4
Inelasticcrosssection

Total crosssection

Collision debrispower, perIP
Dipolefield at storage
Distancefrom IP to first magnet
Injectionenegy

Fill time

Acceleratiortime
Synchrotrorradiationdampingtime, Ty
Enegy lossperturn, Uy

Initial trans\erseemittance(H,V)
Numberof bunches M
Fractionof bucketsfilled
Collision beta(horz,vert), 3*
Initial bunchintensity N
Protonsperbeam

Beamcurrent

Synch.rad. power, perbeamP
Magnetlinearheatload
Storedenengy, perbeamtU

20
1034
100
130
3
2.0
21
0.9
60
1000
100
38
15
37152
90
0.3
2.6
9.5
195
7.4
0.07
3.0

TeV

cm 2st
mbarn
mbarn
kw

TeV
min

keV
um

%

m
1010
1014
mA
kw
Wim
GJ

Table41: Nominal parametergor storesin thelow field ring.

INJECTION
Emittanceyms(H andV)
Momentumwidth, rms

RFvoltage
Longitudinalrmsemittance
Bunchlength,rms
Synchrotrorfrequeny

STORE,BEGINNING
Emittanceyms(H andV)
Momentumwidth, rms

Full crossingangle
RFvoltage
Longitudinalrmsemittance
Bunchlength,rms
Synchrotrortune
Synchrotrorfrequeny

Beam-beanparameter
IP bunchsize(H,V)

Arc bunchsize(betatron+ dispersion)

Arc bunchsize(betatron+ dispersion)

15
607
1.24
50.0
0.4
30
131

15

62
0.196
153
50

0.4

38
.00245
3.16

.002
4.6

pm
10-6
mm
prad
MV
eV-s
mm

Hz

pum

Table42: Storeparameteror LF ring, includinglongitudinalandRF
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Horizontaltune 218.419
Verticaltune 218.425
Transitiongamma 192.1
Maximumarcbeta 411 m
Maximumarcdispersion 156 m
Horz, Vert 5* (store) 03 m
MaximumB\, injection 0.56 km
Maximumﬁ, store 11.27 km

Table43: Shortlist of somelow field lattice parameters.

DIPOLE

Fieldatinjection 009 T
Field at store 20 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
BendMagnetstotal (equi.) 3242.667
Bendmagnetidength 65.75 m
BendMagnetffill factor(half cell) 97 %
DISPERSIONSUPPRESSORELLS

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 anddispersiorsuppressolow field magnetandcell parameters.

Magnet GradienfT/m] Apertureflmm] 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: Designparametersf thelow field interactionregion magnets.
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RMS ERROR ARC IR

QUADRUPOLES

Trans\erseoffset 0.25 0.2 mm
BPMto quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad

FieldErrorAK/K 05 0.1 1073

DIPOLES
Roll 0.5 mrad
FieldErrorAB/B 1 1074

Table46: Tolerancesummaryfor magnetalignment

CORRECTDRS

Dipole magnetidength 05 m
Dipole maxstrength 05 Tm
Quadrupolemagnetidength 0.5 m
Quadrupolemaxstrength 25 T/m
Sextupolemagnetidength 08 m
Sextupolemaxstrength 1750 T/m?

Table47: Correctormagnetidengthsandstrengthslow field
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4.2 High Field Parameter Tables

Circumference(C 233.037 km
Averagearcradius,R 35.0 km
Numberof interactionpoints 2
Half cell length, Ly, 135.486 m
Half cell bendangle gy, 3.875 mrad
Half cell count 1720
Half cell harmonicny 24
Bunchspacing(53.1MHz), Sg 5645 m
18.8 ns
Numberof buckets 41280
Phaseadvancepercell 90.0 dgy
Revolutionfrequeny 1.286 kHz
Revolution period, T 778 ms
Harmonicnumber h 371520
RFfrequeng (9 x 53.1) 478.0 MHz

Table48: Fundamentalttice parametersommonto bothlow andhighfield rings.

MODULE ALIAS L/Lp. COMMENT
DispersionSuppressor DS 3

Injection/Abortstraight 1A 10

DispersionModule DM8 8 contains2 archalf cells
InteractionRegion IR 12

DispersionModule DM 6

Crossingd'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: Sequencef opticalmodulesin the on-siteclusterregion of the VLHC.
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Storageenegy, £
Peakluminosity, L, 4.
Inelasticcrosssection

Total crosssection

Collision debrispower, perIP
Dipolefield atstorage
Distancefrom IP to first magnet
Injectionenegy

Fill time

Acceleratiortime
Synchrotrorradiationdampingtime, Ty
Enegy lossperturn, Uy
Naturaltrans\erseemittance(H)
NaturalRMS momentumwidth
Numberof bunches M
Fractionof bucketsfilled
Collisionbetahorz, 3;

Collision betavert, 3;
Equilibrium emittanceratio, s

Initial bunchintensity N
Protongperbeam
Beamcurrent

Synch.rad. power, perbeamP
Dipole linearheatload
Storedenengy, perbeamtU

87.5

2 x 1034
130
169
73
9.765
30

10

30
2000
2.48
15.3
.0397
55
37152
a0

3.7
0.37
0.1

7.5
2.79
57.4

.88

4.7

3.9

TeV

cm 2s!
mbarn
mbarn

10°
1014
mA
MW
W/m
GJ

Table50: Nominalparametersor storesin thehighfield ring.
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INJECTION

Emittanceyms(H andV) 15 pum
Momentumwidth, rms 233.1 106
Arc bunchsize(betatron) 254  pum
Arc bunchsize(dispersion) 330 um
RF voltage 50.0 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 351 m
Bunchlength,rms 81.9 mm
Synchrotrortune .00280
Synchrotrorfrequengy 3.60 Hz
STOREBEGINNING

Emittanceyms(H andV) 15 um
Momentumwidth, rms 64.8 10
Arc bunchsize(betatron) 86 pum
Arc bunchsize(dispersion) 92.0 um
Full crossingangle 30.6 prad
RF voltage 200 MV
Longitudinalrmsemittance 20 eVs
Longitudinalbeta 520 m
Bunchlength,rms 33.7 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz
EARLY PLATEAU (Flatbeams)
Beam-beanparameter .008
Emittanceyms(H) 161 pm
Emittanceyms (V) .016 pm
Momentumwidth, rms 50.0 10°¢
Arc bunchsize(betatron) 28.2 um
Arc bunchsize(dispersion) 71.0 pm
IP bunchsize(H) 253 um
IP bunchsize (V) 25 pum
Full crossingangle 10.0 prad
RF voltage 200 MV
Longitudinalrmsemittance 1.191 eV-s
Longitudinalbeta 520 m
Bunchlength,rms 26.0 mm
Synchrotrortune .00189
Synchrotrorfrequeng 2.44 Hz

Table51: High field storeparametersincludinglongitudinalandRF.
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FLAT ROUND
Flatnesgparameters 0.1 1
Beam-beanparametet, = &, .008 .008
Peakluminosity L (1034 cm—2s71) 2.0 2.0
Averageuminosity, 20 hr Ly, (103 cm2s71)  1.02 0.98
Initial bunchintensity N (10%) 7.5 7.5
Collision betahorz 8 (m) 3.7 0.71
Collision betavert 8, (m) 0.37 0.71
Maximum betahorzﬁ’; (km) 7.84 14.58
Maximum betavert@ (km) 10.75 14.58
Horizontalemittancee,, (um) 161 .082
Verticalemittancee, (um) .016 .082
Collision beamsizehorza? (um) 2.53 0.79
Collision beamsizeverto; (um) 0.25 0.79
Maximumbeamsizehorza, (um) 116 113
Maximumbeamsizeverts, (pm) 43 113
Angularbeamsizehorza), (ur) 0.68 1.11
Angularbeamsizeverto,;, (ur) 0.68 1.11
Total crossinganglea (ur) 10.0 10.0
Separatioristance L., (M) 30 120
Numberof long rangecollisionsperIR 20 84
Longrangetuneshift perIR, horz|AQ.| .0008 .0166
Longrangetuneshift perIR, vert|AQ,| .0081 .0166

Table 52: Flat and round beamperformanceparametersguotedafter about6 hoursat the “early plateau”just after peak
luminosity, whenthe horizontalandverticalbeam-beanparameterareboth saturated.

Horizontaltune 218.19
Verticaltune 212.18
Transitiongamma 194.13

Slip factor 26.53 10—°¢
Maximumarchbeta 459 m
Maximumarcdispersion  1.42 m
Rigidity atinjection 33.36 10* Tm
Rigidity atstore 291.9 10° Tm
Vertical 3* (store) 037 m
Horizontal 3* (store) 3.7 m
Maximumﬁ, injection .61 km
MaximumHorz E store 7.84 km
MaximumVertE, store 10.75 km

Table53: Shortlist of somehighfield lattice parameters.
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DIPOLE

Field atinjection
Fieldatstore
Bendradius

Coil full width

Liner full width
Verticalboreseparation
Storedenengy (2 bores)

ARC CELLS

Half cell harmonic
Half cell length

Half cell bendangle
Half cell count
Dipolesperhalf cell
Dipole count,total
Dipole magnetidength
Dipolefill factor
Quadmagnetidength
Quadfield gradient

DISPERSIONSUPPRESSORELLS

Half cell harmonic
Half cell length

Half cell bendangle
Half cell count
Dipolesperhalf cell
Dipole count,total
Dipole magnetidength
Dipolefill factor
Quadmagnetidength

Quadfield gradient(QD1)

Quadfield gradient(QF2)

Quadfield gradient(QD3)

Quadfield gradient(QF4)

1.116
9.765
29.887
40

20

.29
828

24
135.486
3.875
1568

7
10976
16.546
85.5
8.066
385.4

18
101.614
2.583
80

5

400
15.443
76.0
10.775
288.7
376.2
281.9
390.2

kd/m

mrad

%

T/m

m
mrad

m
%

m

T/m
T/m
T/m
T/m

Table54: Arc anddispersiorsuppressomagnetandcell parameters.

Magnet Field[T]

D1A
D1B
D2

Q1A
Q1B
Q2A
Q2B

GradienfT/m]

16
12
12

400

600

600

600

Aperturelmm]  Length[m]
25 12.1
50 6.0
50 11.1
30 12.4
30 12.4
30 7.9
30 7.9

Type

1-in-1
1-in-1
2-in-1
2-in-1
2-in-1
2-in-1
2-in-1

Table55: Designparametersf the high field interactionregion magnets.
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RMSERROR ARC IR

QUADRUPOLES

Trans\erseoffset 0.25 0.2 mm
BPMto quadoffset 0.15 0.1 mm
Roll 0.5 0.5 mrad

FieldErrorAK/K 0.5 0.1 1073

DIPOLES
Roll 0.5 0.5 mrad
FieldErrorAB/B 05 05 1073

Table56: Tolerancesummaryfor magnetalignment

ARC CORRECTDRS

Dipole magnetidength 1.05
Dipole maxstrength 2.3
Skew quadlength 0.95

Skew quadmaxstrength 95
Sextupolemagnetidength  0.95
Sextupolemaxstrength 3700 T/m

m
Tm
m
T
m

IR CORRECDORS

Magneticlength 25 m
Dipole maxstrength 86 Tm
Skew quadmaxstrength 95 T

Table57: Correctormagnetidengthsandstrengths
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4.3 Magnet ReferenceHarmonics

Theexpansiorfor thefield errorin adipolemagnets writtenin termsof coeficients(b,,, a,,) as

A(B, +iB,) = Bolo *S (b, +iay) (m + Zy>n (127)

n=1 To

whereBy is themaindipolefield andry = 10 mmis thereferenceadiusin all casesSimilarly, for aquadrupole

A(By +iBy) = Gorol0™ S (b, + iay) (“ﬁ”’) (128)
0

n=2
where Gy is the main quadrupolefield gradient. In the following tables,for eachset of magnetsp, (ay) is the meanor
systematiosalueof the normal(skew) harmonic,A(b,,) is the uncertaintyof the systematimormalharmonicando(b,,) is the
standarddeviation of the normalharmonic.The cornventionin whichn = 2 is sextupoleis usedthroughout.

n b, Ab, o(by) an Aa, o(ay)

1 5 1.2 .005 5 1.2
2 -20 10 .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 bn, Ab, o(bn) an Aap, o(ay)

1 5 1.2 5 1.2
2 5 .6 3 .6
3 2 3 -.001 2 3
4 -001 .05 A .05 A
5 .05 -.002 .05
6 -.001 .02 .02
7 .008 .011 .008
8 -.046 .005 .005
9 .001 .003 .001

Table58: Arc dipolebodyharmonicsy1.0. At injectionwith B = 2 T (top), andat storagewith B = 10 T (bottom).
Theinjectionenegy droppedfrom the 20 TeV valueusedfor v1.0 harmonicgo 10 TeV. Theinjectionfield reducedrom

2.28T to 1.14T andinjectionfield gradientfrom 90 T/m to 45 T/m. The component®f field harmonicsrelatedto the coll
magnetizatioreffect atinjectionhave beenchecledandcorrectedf necessary
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n b, Ab, o(by) an Aa, o(ay)
2 .75 1.875 .75 1.875
3 .004 5 .875 5 .875
4 125 .375 125 .375
5 -25 .25 .25 125 .25

6 .075 .075
7 -.0035 .025 .025
8 .025 .025
9 1 .025 .0125 .0125
n b, Ab, o(by) ap Aa, o(ayn)
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 harmonicsy1.0. At injectionwith G = 80 T/m (top), and at storagewith G = 400 T/m
(bottom).
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n b, Ab, o(by) an, Aa, o(ay)

1 5 1.2 5 1.2
2 -20 10 .85 3 .85
3 .05 .35 .05 .35
4 5 2 A2 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 b, Ab, o(by) an Aa, o(ay)

1 5 1.2 5 1.2
2 5 .6 3 .6
3 .05 3 .05 3
4 .05 A .05 A
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 dipolebodyharmonicsyl.1. At injectionwith B = 1.14 T (top), andat storagewith B = 10 T (bottom).

110



n b, Ab, o(by) an Aa, o(ay)

2 .25 1.875 .25 1.875

3 .25 .875 .25 .875

4 125 .375 125 375

5 -125 .25 .25 125 .25

6 .075 .075

7 -.004 .025 .025

8 .025 .025

9 .075 .025 .013 .013 .0125
n b, Ab, o(by) an Aa, o(ayn)
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 harmonicsy1.1. At injectionwith G = 45 T/m (top), and at storagewith G = 400 T/m
(bottom).

2 2 2 3 3 1
3 2 2 1 1 1
4 1 1 15 15 1
5 1 1 5 1 2
6 A A 5 5 5
7 5 .5 A 2 A
8 A A 3 3 A
9 5 5 A 1 A

Table62: Interactionregion quadrupoléntegratedharmonicsor Q1 andQ2,v1.0.
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