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Abstract

The equilibrium LHC beamdistribution at large ampli-
tudesis a crucialinputto the collimationandmachinepro-
tectiondesign,aswell asto backgroundstudies. Its esti-
mationrequiresaknowledgeof thediffusionratesatwhich
beamparticlesaretransportedo large trans\erseor longi-
tudinal amplitudes.Importantknown mechanism®f par
ticle diffusioninclude Touschekscatteringsynchrotrorra-
diation, intrabeamscattering(IBS), the nonlinearmotion
dueto the long-range(LR) beam-bean{BB) collisionsat
top enepy, persistent-currenfield errorsduring injection
andatthestartof accelerationandCoulombscatteringoff
theresidualgas.We summarizehe expectedcontributions
from differentsourcesintroducea diffusionmodel,andil-
lustratethe evolution of the beamdistributionat 7 TeV.

1 INTRABEAM SCATTERING

The trans\erseparticle position at location s is related
to theactionvariable! viaz = /23(s)I cos ¢(s), where
¢(s) denoteshebetatrorphaseand((s) thebetafunction.
Theaverageactionequalghermsbeamemittance< [ >=
e. We estimatethe actiondrift dueto IBS as
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usingTies . ~ 94 hr (at7 TeV with 16 MV rf voltage)and
vez,0 ~ 3.75 pm, andthe associatedliffusion coeficient
as

Dips(I) ~ 2I{AT/At) ~ 2.9 x 10 P Ims™! . (2)

At injection, Tigs » =~ 6.3 x
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2 GASSCATTERING

Thediffusiondueto Coulombscatteringoff theresidual
gasis describedy
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whereg is theaveragebetafunction(aboutl00m), X, the
radiationlengthof thegasandp its density

The LHC ‘design gasdensity’ is derived for a 100 hr
lifetime due to nuclearinteractions[1]. Consideras an
example an H, density of 10'® moleculesper m® [1].
With X, ~ 610 kgm™?, at 7 TeV onefinds Dy () ~
6x 10" Ims~! , smallerthanthediffusionexpectedrom
IBS by afactorof 5. The correspondingmittancdifetime

is 500hrs. If we considetinsteadC'O (X, ~ 362 kg m™?)

at a densityof 1.3 x 10'* m~3, alsocompatiblewith the
100 hr beamlifetime, we get Dy (1) ~ 2 x 10715 [ ms™!

or anemittancdifetime of 150 hr. At injectionenegy this
would decreasé¢o 40 minutes. Fortunately this CO pres-
sureis consideredhsunlikely to occurin the LHC [1].

3 LONG-RANGE BEAM BEAM

The dominantdiffusion mechanismat large amplitudes
is the effect of thelong-rangecollisions. At 7 TeV thetwo
beamsareseparatethy about9.5 duringrip,, = 30 long-
rangeencounteraroundeachof the two maininteraction
points(IPs).
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Figure1l: Changeof actionvarianceperturnvs. startam-
plitude zspart (= ystart) iN UNits of rms beamsizefor two
IPs[2].

As anexample,Fig. 1 illustratesthe diffusionrate com-
putedby a weak-strondpeam-beansimulationsasa func-
tion of amplitude. Note thata ‘1’ on the vertical axis
refersto AI?/At ~ 3 x 1071 m?/s or to Az =~
2.3mm in At ~ 1satg = 100 m.

Thereis aclearthreshold'dif fusive aperture’Jatanam-
plitude of about6o, ,. Beyondthis aperturethe motionis
stronglychaoticandthediffusionherecanbedescribedy
theanalyticalexpressior{3]
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fA) = 43— 42 4442 14 — 6446 -6,/14],
A = /21/3*/0., andK = 2r, Nynpar /7. FortheLHC
B* = 0.5m, fre, = 11 kHz (revolution frequeng), 6. =
300urad (crossingangle), N, = 1.1 x 10}, npa = 30
(consideringl IP), r, ~ 1.5 x 1078 m, v =~ 7461. At
smallamplitudeshe motionis regular, andin this casethe

Dy(I) =

(A), where (4)



estimateddiffusion coeficient (4) can be regardedas an
upperbound.

4 DIFFUSION MODEL

We approximatethe evolution of the beamdistribution
f(I) by adiffusionequation

(b0).

Furtherwe assumehatbelow 60 (I /e < 18) the diffusion
coeficientis dominatedby intrabeamscattering approxi-
matedby Eq. (2), andthat, if the secondbeamis present,
above 60 it is dueto long-rangecollision, and described
by Eq. (4). Thechangein D(I) = D;ps(I) + Di(I) is
discontinuous.The diffusion coeficient so obtainedis il-
lustratedin Fig. 2.
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Figure 2: Model diffusion coeficient vs. normalizedac-

tion, representinghecombinedeffect of intrabeanscatter
ing andlong-rangecollisions.

The primary collimatorsmay be representedby an ab-
sorbingboundaryif we neglectthere-scatteringprobabil-
ity of about1%.

5 TIME EVOLUTION

We assumehatthe closestcollimatoris locatedat 7 o.
For I = 0 we choosea reflectingboundary The initial
beamdistribution is taken to be exponentialin the action
variableof the form exp(—1/e¢) (heree is the rms emit-
tance).We integrateEq. (5) in time, following a procedure
similar to thatdescribedn [4].

Figure 3 shows the total numberof protonslost on the
collimatorsasa function of time. Most of the diffusionis
dueto intrabeanscattering.t takesabout60 hoursbefore
particlesaretransferrechearthe diffusive aperture. After
90 hoursthelong-rangecollisionsincreasehetotal losses
by about30%.

The effect of the long-rangecollisions becomeamuch
morepronouncedif we increasdhe corediffusionrate. A
factor of abouttwo increasein the diffusion rate may be
expectedfrom gasscatteringjf the CO moleculardensity
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Figure3: Fractionof protonslostvs.timein hrswith intra-
beamscatteringonly (lower curve) andif diffusiondueto
long-rangebeam-beanforcesis alsoincluded(top curve).

is 1.3 x 10'* m~3. As amorepessimisticcenarioye con-
sidera factor30 increasen the corediffusionrate. In this
case,with or without long-rangecollisions, after roughly
6 hoursthe emittanceis 3 timeslarger than at the begin-
ning. Fromthatmomenton a muchhigherparticledensity
is incidenton the collimator. With long-rangecollisions
presentafter 16 hr 10% of the beamhasbeenlost on the
collimators,which is abouttwo times more thanwithout
thelong-rangecollisions. However, radiationdampingat 7
TeV, notincludedin themodel,will reducethelosses.

Figure4 displaysthe beamdistribution at varioustimes
during the storefor the nominal configurationandfor the
30 times larger core diffusion rate, respectrely. The left
picturesrepresenthe effect of intrabeanmor gasscattering
alone, the right pictureincludesthe long-rangecollisons.
Thelatterclearlydepletehebeamhaloatlargeamplitudes.
Thesdlistributionsprovide informationonthebeamlossat
the collimatorsin caseof orbit motion.
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Figure 4: Density distributions at varioustimes without
(left) and with (right) diffusion due to long-rangebeam-
beamforces,for the nominal case(top) andfor enhanced
corediffusion (bottom).



6 CHAOTIC DIFFUSION AT 450 GEV

Also atinjection,thelong-rangecollisionsinducediffu-
sion. Sinceherethe beamsare separatedurther (by 12—
140) the diffusive apertureis found at a larger amplitude
(in unitsof ¢) thanat 7 TeV. Thenonlinearfields of the su-
perconductingnagnetsntroduceadditionalnonlinearities.
We have simulatedhediffusiondueto thecombinedeffect
of field errorsandLR-BB usingthe SixTrackcode.For 60
error randomseedswe have tracked groupsof 60 parti-
cleslaunchedat differentstartingamplitudeswith slightly
differentinitial conditions,andcomputecthe evolution of
actionspreadandthe maximumamplitudegrowth in each
group. Resultsfor the worstrandomseedaredisplayedin
Fig. 5. We shawv therisein amplitudein theleft partof the
figure. Besidesa very steepamplitudeincreaseat ampli-
tudedargerthan10 o thereis alsoaconsiderableamplitude
increaseandparticlelossat7 o. It isinterestingo notethat
theselossescomefrom particlesin small chaoticnestslo-
catedwithin otherwisestableregionsandthatthis effectis
much enhancedvhen the long-rangecollisions are taken
into account.Correspondinglyright partof thefigure),the
diffusionratesarelargein the regionswith amplituderise
andthereis no diffusionin the stableregime.
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Figure 5: Simulated amplitude increaseand diffusion
vs. startingamplitude,at 450 GeV, illustrating the effect
of long-rangebeam-beanforcesandfield errors.

7 TOUSCHEK SCATTERING

Touschekscatteringis a longitudinal loss mechanism
which can createa significantcomponentof uncaptured
‘coasting’beam.The Touschekscatteringateis described
by [5] dN,/dt = —aN?, giving rise to a coastingbeam
componendf Negast = aNot/(1 + aNgt) Ny. For round
beamsthecoeficienta equalq6]
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The nominal LHC design[7] foreseeswo rf systems
with total voltagesand harmonicnumbersequalto Vrf,l
(h = 35640) = 750kV (16000kV), Vit o (h = 17820) =
3000kV (0 kV) wherethe first numbersreferto injection
andthevaluesin parentheset top enengy.

Thisyields[8] ayq ~ 5.0 x 10719 s~! atinjection,and
g ~ 2.0x 1071 s~ at7 TeV. Thesenumbershavebeen
confirmed[8] usingthe moregeneralformulaby Piwinski
[9], which appliesto beamsof arbitraryaspectatio.

A coastingpeamcomponents producedat rateper pro-
tonof 1.8 x 10~* hr~! (inj.) and8 x 10~° hr~! (at7 TeV).
Particlesoutsideof the rf bucket lose enegy dueto syn-
chrotronradiationatarateds/dt ~ —2.8 x 1079 s~! at
injection,anddd/dt ~ —1.0 x 107> s~! attop enepgy.
Sincethe enegy apertureprovided by the collimatorsis
3.9 x 10~2 [10], ascatteregrotonis lost after 7,,e ~ 390
hrs (injection) or 7,55 ~ 6.5 minutes(at 7 TeV), and at
7 TeV we expecta steady-stateoastingbeamfraction of
ardNOTloss ~ 10_5-

8 CONCLUSIONS

After storingthe beamfor 1 hour atinjectiona fraction
of 2 x 10~* of the beamis outsideof the rf bucket due
to Touschekscattering. In collision, the Touschekeffect
leadsto a protonlossrateof 10~* hr~!, andto a steady
coasting-beantomponenbf about 105,

Beyondthetrans\ersediffusiveapertureof about6 o, in-
ducedby the LR-BB interaction,particlesarelost rapidly.
A trans\ersediffusionmodelpredictsthe lossrateandthe
time evolution of the trans\ersebeamdistribution caused
by the combinedaction of IBS, gas scatteringand LR
beam-beam.The resultsof a numericalsolutionindicate
how theLR collisionsaffect the shapeof the beamhalo.

Finally, aninvestigationof the diffusion at injectionin-
cludedthe effectsof LR encountersand magnetfield er
rors. In this case,thereis no clear borderbetweenreg-
ular and unstableregions of phasespace,and particlesin
chaotic'nests’canbelost rapidly. Modelling this situation
will requirean extensionof the diffusion modelto higher
dimensions.
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