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parameterparameter symbolsymbol nominalnominal ultimateultimate 12.5 ns, short
transverse emittancetransverse emittance εε [[μμm]m] 3.753.75 3.753.75 3.75
protons per bunchprotons per bunch NNbb [10[101111]] 1.151.15 1.71.7 1.7 baseline
bunch spacingbunch spacing ΔΔt [ns]t [ns] 2525 2525 12.5
beam currentbeam current I [A]I [A] 0.580.58 0.860.86 1.72
longitudinal profilelongitudinal profile GaussGauss GaussGauss Gauss

upgrade
parameters

rms bunch lengthrms bunch length σσzz [cm][cm] 7.557.55 7.557.55 3.78
beta* at IP1&5beta* at IP1&5 β∗β∗ [m][m] 0.550.55 0.50.5 0.25
full crossing anglefull crossing angle θθc c [[μμrad]rad] 285285 315315 445

p
2001-2005

Piwinski parameterPiwinski parameter φ=θφ=θccσσzz/(2*/(2*σσxx*)*) 0.640.64 0.750.75 0.75
peak luminositypeak luminosity LL [10[103434 cmcm--22ss--11]] 11 2.32.3 9.2
peak events per crossingpeak events per crossing 1919 4444 88 abandoned
initial lumi lifetimeinitial lumi lifetime ττLL [h][h] 2222 1414 7.2

effective luminosity effective luminosity 
(T(Tturnaroundturnaround=10 h)=10 h)

LLeff eff [10[103434 cmcm--22ss--11]] 0.460.46 0.910.91 2.7
TTrun,optrun,opt [h][h] 21.221.2 17.017.0 12.0

abandoned
at
LUMI’06 

effective luminosity effective luminosity 
(T(Tturnaroundturnaround=5 h)=5 h)

LLeff eff [10[103434 cmcm--22ss--11]] 0.560.56 1.151.15 3.6
TTrun,optrun,opt [h][h] 15.015.0 12.012.0 8.5

ee--c heat SEY=1.4(1.3)c heat SEY=1.4(1.3) P [W/m]P [W/m] 1.07 (0.44)1.07 (0.44) 1.04 (0.59)1.04 (0.59) 13.34 (7.85) (SR and
SR heat load 4.6SR heat load 4.6--20 K20 K PPSRSR [W/m][W/m] 0.170.17 0.250.25 0.5
image current heat image current heat PPICIC [W/m][W/m] 0.150.15 0.330.33 1.87
gasgas--s. 100 h (10 h) s. 100 h (10 h) ττbb PPgasgas [W/m][W/m] 0.04 (0.38)0.04 (0.38) 0.06 (0.56)0.06 (0.56) 0.113 (1.13)

(SR and 
image current 
heat load 
well known)

W. Scandale/F. Zimmermann, 13.02.2007

extent luminous regionextent luminous region σl [cm] 4.54.5 4.34.3 2.1
commentcomment partial wire c.

total heat  far exceeds max. local cooling capacity of 2.4 W/m

)



parameterparameter symbolsymbol 25 ns, small β* 50 ns, long 
transverse emittancetransverse emittance εε [[μμm]m] 3.75 3.75

protons per bunchprotons per bunch NNbb [10[101111]] 1.7 4.9 two newp pp p bb

bunch spacingbunch spacing ΔΔt [ns]t [ns] 25 50
beam currentbeam current I [A]I [A] 0.86 1.22
longitudinal profilelongitudinal profile Gauss Flat

two new
upgrade
scenarios

rms bunch lengthrms bunch length σσzz [cm][cm] 7.55 11.8
beta* at IP1&5beta* at IP1&5 β∗β∗ [m][m] 0.08 0.25
full crossing anglefull crossing angle θθc c [[μμrad]rad] 0 381

scenarios

Piwinski parameterPiwinski parameter φ=θφ=θccσσzz/(2*/(2*σσxx*)*) 0 2.0

hourglass reduction hourglass reduction 0.86 0.99

peak luminositypeak luminosity LL [10[103434 cmcm--22ss--11]] 15.5 10.7 compromises
peak events per crossingpeak events per crossing 294 403
initial lumi lifetimeinitial lumi lifetime ττLL [h][h] 2.2 4.5

effective luminosity effective luminosity LLeff eff [10[103434 cmcm--22ss--11]] 2.4 2.5

between
heat load

d # ilyy
(T(Tturnaroundturnaround=10 h)=10 h) TTrun,optrun,opt [h][h] 6.6 9.5

effective luminosity effective luminosity 
(T(Tturnaroundturnaround=5 h)=5 h)

LLeff eff [10[103434 cmcm--22ss--11]] 3.6 3.5
TTrun,optrun,opt [h][h] 4.6 6.7

and # pile up
events 

ee--c heat SEY=1.4(1.3)c heat SEY=1.4(1.3) P [W/m]P [W/m] 1.04 (0.59) 0.36 (0.1)
SR heat load 4.6SR heat load 4.6--20 K20 K PPSRSR [W/m][W/m] 0.25 0.36
image current heat image current heat PPICIC [W/m][W/m] 0.33 0.78

W. Scandale/F. Zimmermann, 13.02.2007

gasgas--s. 100 h (10 h) s. 100 h (10 h) ττbb PPgasgas [W/m][W/m] 0.06 (0.56) 0.09 (0.9)
extent luminous regionextent luminous region σl [cm] 3.7 5.3
commentcomment D0 + crab (+ Q0) wire comp.



for operation at beam-beam limitfor operation at beam-beam limit
with alternating planes of crossing at two IPs, 
l i it ti b ittluminosity equation can be written as

( )
ghprofilebb

rev
b FFQfnL −+Δ≈ 22
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where ΔQbb = total beam-beam tune shift
(h l ff t i l t d b )
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(hourglass effect is neglected above)



2525--ns lowns low--ββ upgrade scenarioupgrade scenarioββ pgpg
•• stay with ultimate LHC beam (1.7x10stay with ultimate LHC beam (1.7x101111

/b h 25 i )/b h 25 i )protons/bunch, 25 spacing)protons/bunch, 25 spacing)
•• squeeze squeeze ββ* below ~10 cm in ATLAS & CMS * below ~10 cm in ATLAS & CMS 
•• add earlyadd early--separation dipoles in detectors, one at separation dipoles in detectors, one at 

~ 3 m, the other at ~ 8 m from IP ~ 3 m, the other at ~ 8 m from IP 
•• possibly also add quadrupolepossibly also add quadrupole--doublet inside doublet inside 

detector at ~13 m from IP detector at ~13 m from IP 
•• and add  crab cavities (and add  crab cavities (φφPiwinskiPiwinski~ 0), and/or ~ 0), and/or 

shorten bunches with massive addt’l RFshorten bunches with massive addt’l RFshorten bunches with massive addt l RFshorten bunches with massive addt l RF
→→ new hardware inside ATLAS & CMS, new hardware inside ATLAS & CMS, 
→→ fi t h dfi t h d b b itib b iti

W. Scandale/F. Zimmermann, 13.02.2007

→→ first hadronfirst hadron--beam crab cavities beam crab cavities 

(J.-P. Koutchouk et al)



CMS & ATLAS IR layout for 25-ns option 

l* = 22 m

stronger triplet magnets
D0 dipole Q0 quad’s

ultimate bunches & near head-on collision

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006



25-ns scenario assessment 
( )(accelerator view point)

merits:
negligible long-range collisions,
no geometric luminosity lossno geometric luminosity loss,
no increase in beam current beyond ultimate 

challenges: 
D0 dipole deep inside detector (~3 m from IP),D0 dipole deep inside detector ( 3 m from IP),
Q0 doublet inside detector (~13 m from IP),
crab cavity for hadron beams (emittance growth),
4 parasitic collisions at 4-5σ separation,
“chromatic beam-beam” Q’eff~σz/(4πβ*σδ),
poor beam and luminosity lifetime ~β*

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006

poor beam and luminosity lifetime ~β*



4 parasitic collisions at 4-5σ offset4 parasitic collisions at 4 5σ offset
in 25-ns low-β case

concerns:co ce s

poor beam lifetime• poor beam lifetime 
• enhanced detector backgroundg

discouraging experience at RHIC SPSdiscouraging experience at RHIC, SPS, 
HERA and Tevatron
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5050--ns higher ns higher ββ* upgrade scenario* upgrade scenariogg ββ pgpg
•• double bunch spacingdouble bunch spacing
•• longer & more intense bunches with longer & more intense bunches with 

φφPiwinskiPiwinski~ 2~ 2φφPiwinskiPiwinski

•• keep keep ββ*~25 cm (achieved by stronger low*~25 cm (achieved by stronger low--ββ
quads alone)quads alone)quads alone)quads alone)

•• do not add any elements inside detectorsdo not add any elements inside detectors
•• longlong--range beamrange beam--beam wire compensation  beam wire compensation  

→→ l ti i f h dl ti i f h d→→ novel operating regime for hadron novel operating regime for hadron 
colliderscolliders

W. Scandale/F. Zimmermann, 13.02.2007 (W. Scandale, F.Zimmermann & PAF)



CMS & ATLAS IR layout for 50-ns option 

t t i l t t

l* = 22 m

stronger triplet magnets

long bunches & nonzero crossing angle & wire compensation

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006



50-ns scenario assessment 
(accelerator view point)

merits:
no elements in detector, no crab cavities,
lower chromaticitylower chromaticity,
less demand on IR quadrupoles (NbTi possible)

challenges:
operation with large Piwinski parameter unproven for 
h d bhadron beams, 
high bunch charge,
beam production and acceleration through SPSbeam production and acceleration through SPS,
“chromatic beam-beam” Q’eff~σz/(4πβ*σδ),
larger beam current,

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006

g ,
wire compensation (almost etablished)



IP1& 5 luminosity evolution for 25-ns and 50-ns spacing

25 ns25 ns 
spacing

50 ns50 ns 
spacing

average
luminosity

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006

initial luminosity peak
may not be useful for physics



IP1& 5 event pile up for 25-ns and 50-ns spacing

50 ns 
spacing

25 ns 
spacing

spacing

spacing
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old upgrade bunch structureg
nominal

25 ns

25 ns

ultimate

25 ns

12 5-ns upgrade

12.5 ns

12.5-ns upgrade

abandoned12.5 ns abandoned
at LUMI’06 

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006



new upgrade bunch structuresg
nominal

25 ns

25 ns

ultimate
& 25-ns upgrade

25 ns
pg

50-ns upgrade,

50 ns

no collisions @S-LHCb!

50

50-ns upgrade
with 25-ns 

LHC Upgrade Beam Parameters, Frank ZimmermannW. Scandale/F. Zimmermann, 19.03.2007 PAF/POFPA Meeting 20 November 2006

50 ns collisions
in LHCb

25 ns



S-LHCb collision parametersp
parameter symbol 25 ns, offset 25 ns, late collision 50 ns, satellites 

collision spacing Tcoll 25 ns 25 ns 25 ns

protons per bunch N [1011] 1 7 1 7 4 9 & 0 3protons per bunch Nb [1011] 1.7 1.7 4.9 & 0.3

longitudinal profile Gaussian Gaussian flat

rms bunch length σz [cm] 7.55 7.55 11.8

beta* at LHCb β∗ [m] 0.08 3 3

rms beam size σx,y* [μm] 6 40 40

rms divergence σx’ y’* [μrad] 80 13 13g x ,y [μ ]

full crossing angle θc [urad] 550 180 180

Piwinski parameter φ=θcσz/(2*σx*) 3.3 0.18 0.28

k l i it L [1033 2 1] 1 13 2 1 2 4peak luminosity L [1033 cm-2s-1] 1.13 2.1 2.4
effective luminosity  
(5 h turnaround time) Leff [1033 cm-2s-1] 0.25 0.35 0.67

initial lumi lifetime τL [h] 1 8 2 8 9initial lumi lifetime τL [h] 1.8 2.8 9

length of lum. region σl [cm] 1.6 5.3 8.0

l th f l i i ⎟
⎞

⎜
⎛ 221 θ
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luminosity leveling in IP1&5luminosity leveling in IP1&5
experiments prefer more constant luminosity, less p p y,
pile up at the start of run, higher luminosity at end

how could we achieve this?how could we achieve this?

25 ns low β scheme:25-ns low-β scheme: 
dynamic β squeeze

Novel proposal under investigation
Change the crossing angle
G Sterbini

50-ns higher-β scheme:
dynamic β squeeze and/or

G. Sterbini

dynamic β squeeze, and/or
dynamic reduction in bunch length

(less invasive)

LHC Upgrade Beam Parameters, Frank ZimmermannF.  Zimmermann, W. Scandale, 19.03.2007 PAF/POFPA Meeting 20 November 2006

(less invasive)



leveling equations
tLLL

Xi inelσ0/

leveling equations
constLL ≈= 0const

n
Xingevents

b
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0 −=
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bnNΔ max



25 ns, low β*, 50 ns, long bunches, 
with leveling with leveling

events/crossing 300 300
run time N/A 2.5 h

l i it N/A 2 6 1034 1 2av. luminosity N/A 2.6x1034s-1cm-2

events/crossing 150 150
run time 2.5 h 14.8 h
av luminosity 2 6x1034s 1cm 2 2 9x1034s 1cm 2av. luminosity 2.6x1034s-1cm-2 2.9x1034s-1cm-2

events/crossing 75 75
run time 9.9 h 26.4 h

l i it 2 6 1034 1 2 1 7 1034 1 2

LHC Upgrade Beam Parameters, Frank ZimmermannF.  Zimmermann, W. Scandale, 19.03.2007 PAF/POFPA Meeting 20 November 2006

av. luminosity 2.6x1034s-1cm-2 1.7x1034s-1cm-2

assuming 5 h turn-around time 



IP1& 5 luminosity evolution for 25-ns and 50-ns spacing
ith l li

25

with leveling

25 ns 
spacing

50 ns50 ns 
spacing

averageaverage
luminosity
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IP1& 5 event pile up for 25-ns and 50-ns spacing
with levelingwith leveling

50 ns 
spacing

25 ns 
spacing
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summary  summary  yy
•• two scenarios of L~10two scenarios of L~103535 cmcm--22ss--11 for which heat for which heat 

load and #events/crossing are acceptableload and #events/crossing are acceptableload and #events/crossing are acceptableload and #events/crossing are acceptable
•• 2525--ns optionns option: pushes : pushes ββ*; requires slim magnets *; requires slim magnets 

inside detector crab cavities & Nbinside detector crab cavities & Nb33SnSninside detector, crab cavities, &  Nbinside detector, crab cavities, &  Nb33Sn Sn 
quadrupolesquadrupoles and/or Q0 doublet; attractive if total and/or Q0 doublet; attractive if total 
beam current is limited; transformed to a 50beam current is limited; transformed to a 50--ns ns bea cu e t s ted; t a s o ed to a 50bea cu e t s ted; t a s o ed to a 50 ss
spacing by keeping only 1/2 the number of spacing by keeping only 1/2 the number of 
bunches   bunches   

•• 5050--ns option:ns option: has fewer longer bunches of higher has fewer longer bunches of higher 
charge ; can be realized with NbTi technologycharge ; can be realized with NbTi technology if if g ; gyg ; gy
needed ; compatible with LHCb ; open issues are needed ; compatible with LHCb ; open issues are 
SPS & beamSPS & beam--beam effects at large Piwinski anglebeam effects at large Piwinski angle; ; 

W. Scandale/F. Zimmermann, 13.02.2007

g gg g
luminosity leveling may be done via bunch length luminosity leveling may be done via bunch length 
and via and via ββ**



recommendationsrecommendations
•• luminosity levelingluminosity leveling should be seriously should be seriously 

considered:considered: →→ higher quality eventshigher quality eventsconsidered: considered: →→ higher quality events, higher quality events, 
→→ moderate decrease in average luminositymoderate decrease in average luminosity

•• it seems it seems longlong--bunch 50bunch 50--ns option entails less riskns option entails less risk
and less uncertainties; however not w/o problemsand less uncertainties; however not w/o problemsa d ess u ce ta t es; oweve ot w/o p ob e sa d ess u ce ta t es; oweve ot w/o p ob e s

•• leaving the leaving the 2525--ns option as back upns option as back up until we have until we have 
gained some experience with the real LHC maygained some experience with the real LHC maygained some experience with the real LHC may gained some experience with the real LHC may 
be wisebe wise

•• needed for both scenarios are needed for both scenarios are concrete optics concrete optics 
solutionssolutions, , beambeam--beam tracking studiesbeam tracking studies, and , and 

W. Scandale/F. Zimmermann, 13.02.2007

gg
beambeam--beam machine experimentsbeam machine experiments


