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THE LHC
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Note: most slides from today lecture are taken from seminars and conference 
ǇǊŜǎŜƴǘŀǘƛƻƴ ōȅ ƻǘƘŜǊǎΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΥ CΦ ½ƛƳƳŜǊƳŀƴΣ aΦ [ŀƳƻƴǘΣ aΦ ¢ƘƻƳǎƻƴΧ



short LHC history
1983 LEP Note 440 - S. Myers and W. Schnell propose

twin-ring pp collider in LEP tunnel with 9-T dipoles
1991 CERN Council: LHC approval in principle
1992 EoI, LoIof experiments

1993 SSC termination  
1994 CERN Council: LHC approval
1995-98 cooperation w.Japan,India,Russia,Canada,&US

2000 LEP completion
2006 last s.c. dipole delivered
2008 first beam
2010 first collisions at 3.5 TeVbeam energy 
2015 collisions at ~design energy

>30 years!we are already late if we want 
to get a new machine by ~2040!



A complex enterprise
ÅBeyond the particle physics 

challenges associated with 
the construction of the 
detectors and the analysis 
of the data, building and 
operating the LHC machine 
was also an immense 
challenge involving a large 
number of skills.

ÅSuch machine usually takes 
several years to reach its 
full potential and the 
engineers running it 
improve its performance all 
the time.
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References: http://lhc.web.cern.ch/lhc/LHC-

DesignReport.html and 
« The LHC Machine, Lyndon Evans and Philip 
Bryant2008 JINST 3 S08001 doi:10.1088/1748-

0221/3/08/S08001»

http://lhc.web.cern.ch/lhc/LHC-DesignReport.html
http://lhc.web.cern.ch/lhc/LHC-DesignReport.html
http://lhc.web.cern.ch/lhc/LHC-DesignReport.html


The injection chain

ÅParticles can not directly be produced and accelerated 
in the LHC, several preliminary steps are necessary.

Å[ŜǘΩǎ Ŧƻƭƭƻǿ ŀ ǇǊƻǘƻƴ ŦǊƻƳ ǘƘŜ ǎƻǳǊŎŜ ǘƻ ǘƘŜ ŎƻƭƭƛǎƛƻƴǎΧ
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Proton source

ÅParticles are extracted by ionisation of hydrogen as in a 
ŘŜǾƛŎŜ ŎŀƭƭŜŘ ά5ǳƻǇƭŀǎƳƻǘǊƻƴ tǊƻǘƻƴ Lƻƴ ǎƻǳǊŎŜέ
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Linac

Å After the source the protons are 
accelerated in a linac.

Å As the protons gain speed they travel 
longer distance in a RF cycle and 
therefore the length of the tubes 
must be increased.

Å At the end of the Linac the protons 
reach an energy of 50 MeV.

Nicolas Delerue, LAL (CNRS) Zoom on the LHC 7



Nicolas Delerue, LAL (CNRS) Zoom on the LHC 8



Pre-acceleration rings
Å At 50 MeV the energy of the protons is too low 

to be injected in the LHC.
Å Several intermediate rings are necessary to bring 

their energy to the LHC injection energy.
Å To save space the first of these rings, the PS 

booster is made of 4 rings stacked on to each 
other!

Å All these rings use pulsed magnets which allow 
to change the beam configuration very quickly.

Å The PS was built in 1959, the PSB in 1972 and 
the SPS in 1976.
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Why pre-acceleration rings?
Å In a synchrotron the strength of the magnets must be increased 

when the energy of the particles is increased.
Å It is cheaper to have magnets (and power supplies) with a limited 

dynamic range.
Å As the energy of the beam increases its emittance (and therefore its 

size) decreases.
Early accelerators in the acceleration chain must have a wide 
aperture whereas the LHC has a small aperture (a bunch from the 
Linac would not fit in the LHC).
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Protons bunch splitting
Å Another purpose of the PS is to adapt the bunch structure from the 

Linac to the requirements of the LHC.
Å The RF of the PS is used to split 8 proton bunches into 84 bunches! 
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The LHC itself
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The LHC

ÅCircumference: 
26659m

ÅInjection energy: 
450 GeV

Å9300 magnets 
(1232 dipoles, 858 
ǉǳŀŘǊǳǇƻƭŜǎΣΧύ

ÅPower consumption: 
180MW
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design parameters

c.m. energy = 14 TeV (p)

luminosity =1034 cm-2s-1

1.15x1011 p/bunch

2808 bunches/beam

360 MJ/beam

ge=3.75 mm

b*=0.55 m

qc=285 mrad

sz=7.55 cm

s*=16.6mm

LHC: highest energy  pp, AA, and pA collider



integrated pp luminosity

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо



peak performance through the years

2010 2011 2012 Nominal

bunch spacing [ns] 150 50 50 25

no. ofbunches 368 1380 1380 2808

beta* [m] 
ATLASand CMS

3.5 1.0 0.6 0.55

max.bunch 
intensity
[protons/bunch]

1.2 x 1011 1.45 x 1011 1.7 x 1011 1.15 x 1011

normalized
emittance [mm-
mrad]

~2.0 ~2.4 ~2.5 3.75

peak luminosity
[cm-2s-1]

2.1 x 1032 3.7 x 1033 7.7x 1033 1.0 x 1034

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо
>2x design when scaled to 7 TeV! 



Quizz

ÅSuggest reasons to explain the limitations of 
the parameters in the table.
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2010 2011 2012 Nominal

bunch spacing [ns] 150 50 50 25

no. of bunches 368 1380 1380 2808

beta* [m] 
ATLASand CMS

3.5 1.0 0.6 0.55

max.bunch intensity
[protons/bunch]

1.2 x 1011 1.45 x 1011 1.7 x 1011 1.15 x 1011

normalizedemittance 
[mm-mrad]

~2.0 ~2.4 ~2.5 3.75

peak luminosity[cm-2s-

1]
2.1 x 1032 3.7 x 1033 7.7x 1033 1.0 x 1034



Answer

ÅBunch spacing: if the bunches are too close 
they affect each other with their wake.

ÅBeta: if the bunches are too small, internal 
ŜŦŦŜŎǘǎ όǎǇŀŎŜ ŎƘŀǊƎŜΣ L.{ΣΧύ Ŏŀƴ ŘŜǎǘǊƻȅ ǘƘŜ 
ōǳƴŎƘŜǎΧ

ÅIntensity: It is difficult to accumulate charge in 
a bunch. Losses all along the injection chain 
must be well controlled.
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Huge efforts over last months to prepare for high lumi and pile-up expected in 2012:
Ç optimized trigger and offline algorithms (tracking, calo noise treatment, physics objects) 
Ą mitigate impact of pile -up on CPU, rates, efficiency, identification, resolution 

Ç in spite of x2 larger CPU/event and event size Ą we do not request additional computing 
resources (optimized computing model, increased fraction of fast simulation, etc.)ATLAS

ZĄȊȊevent from 2012 data with 25 reconstructed vertices

pile up
will increase
at higher energy
Ҧ
experiments
request 
25 ns
operation
in 2015

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо



LHCb
luminosity levellingat 
around 4e32 cm-2s-1 via 
transverse separation
(with a tilted crossing 
angle)

not 
completely 

trivial!
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ATLAS/CMS

LHCb

first evidence for the 
decay Bs -> m+m-

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо
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M. Lamont

LHC injector complex



Pb-Pb
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Ågood performance from the injectors  - bunch intensity and emittance
ÅǇǊŜǇŀǊŀǘƛƻƴΣ [ƻǊŜƴǘȊΩ ƭŀǿΥ ƛƳǇǊŜǎǎƛǾŜƭȅ ǉǳƛŎƪ ǎǿƛǘŎƘ ŦǊƻƳ ǇǊƻǘƻƴǎ ǘƻ ƛƻƴǎ
Åpeak luminosity around 5 x 1026 cm-2s-1 at 3.5ZTeV(2011) ςnearly twice 

design when scaled to 6.5ZTeV

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо



proton-lead
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Åbeautiful result in early 2013  

ÅŦƛƴŀƭ ƛƴǘŜƎǊŀǘŜŘ ƭǳƳƛƴƻǎƛǘȅ ŀōƻǾŜ ŜȄǇŜǊƛƳŜƴǘǎΩ ǊŜǉǳŜǎǘ ƻŦ ол ƴō-1

Åinjectors: average number of ions per bunch was ~1.4x108 at start 
of stable beams, i.e. around twice the nominal intensity

B1(p) B2(Pb)
H(mm)

V(mm)

H(mm)

V(mm)

beam orbits at top energy with RF frequencies locked to Beam 1

aΦ [ŀƳƻƴǘΣ Lt!/Ωмо



operational cycle

Beam dump

Ramp down/precycle

Injection

Ramp

Squeeze

Collide

Stable beams

Rampdown 35 mins

Injection ~30 mins

Ramp 12 mins

Squeeze 15 mins

Collide 5 mins

Stable beams 0 ς30 hours

turn around 2 to 3 hours on a good day
24aΦ [ŀƳƻƴǘΣ Lt!/Ωмо
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availability
Åά¢ƘŜǊŜ ŀǊŜ ŀ ƭƻǘ ƻŦ ǘƘƛƴƎǎ ǘƘŀǘ Ŏŀƴ Ǝƻ ǿǊƻƴƎ ςƛǘΩǎ ŀƭǿŀȅǎ ŀ ōŀǘǘƭŜέ
ÅPretty good availability considering the complexity and principles of operation

Cryogenics availability in 2012: 93.7%
aΦ [ŀƳƻƴǘΣ Lt!/Ωмо



some issues in 2011-12 operation

UFOs
Å 20 dumps in 2012
Å time scale 50-200 µs
Å conditioning observed
Å worry about 6.5 TeV

and 25 ns spacing

Beam induced heating
ÅLocal non-conformities 

(design, installation)
Åinjection 

protection 
devices
Åsync. Light 

mirrors
Åvacuum 

assemblies

Radiation to electronics 
Å concerted program of 

mitigation measures 
όǎƘƛŜƭŘƛƴƎΣ ǊŜƭƻŎŀǘƛƻƴΧύ

Å premature dump rate 
down from               
12/fb -1 in 2011               
to 3/fb -1 in 2012 

T. Baer



another issue in 2011-12 operation

Electron cloud
Åbeam induced multipactoring process, depending on secondary emission yield
ÅLHC strategy based on surface conditioning (scrubbing runs)
Åworry about 25 ns (more conditioning needed) and 6.5 TeV(photoelectrons)

25-ns scrubbing in 2011 ςdecrease of SEY

25-ns scrubbing in 2012 ςconditioning stop?

G. Iadarola, G. Rumolo



Electron cloud effect
ÅRadiation from a bunch can 

extract electrons (and ions) 
from the beam pipe and from 
residual gas in the vacuum.

Å These electrons fall back and 
get re-absorbed with a certain 
time constant.

ÅHowever if the bunch 
frequency is too high these 
electrons (and ions) will 
accumulate in the beam pipe 
and shield the beam from the 
magnetic elements.

Å Special coatings, beam pipe 
geometries and bunch 
repetition patterns can mitigate 
this problem to some extent. 

Å This is one of the main 
limitations to increasing the  

Nicolas Delerue, LAL (CNRS) Zoom on the LHC 28



нллу άƛƴŎƛŘŜƴǘέ

A faulty bus-bar (SC splice) in a magnet 
interconnect failed, leading to an electric arc 
which dissipated some 275 MJ

This burnt through beam vacuum and 
cryogenic lines, rapidly releasing ~2 tons of 
liquid helium into the vacuum enclosure

R. Veness









2015 ςpost LS1 
Åenergy: 6.5 TeV (magnet retraining)

Åbunch spacing: 25 ns

ïpile-up considerations 

Åinjectors potentially able to offer 
nominal intensity with even lower 
emittance 

Number 
of 

bunches

Ib
LHC

FT[1e11]

Emit
LHC 
[um]

Peak Lumi
[cm-2s-1]

~Pile-up
Int. Lumi
per year

[fb -1]

25 ns
low emit

2520 1.15 1.9 1.7e34 52 ~45

BCMS = Batch Compression 

and Merging and Splitting

expected maximum luminosity
from inner triplet heat load
(collisions debris)1.7×10 34 cm-2s-1 ±20% 



Linac4 (160 MeV H- instead of 50-MeV p)

Linac4 could double the beam brightness injected into the booster, 
but there may be other bottlenecks downstream (e.g. PS injection)
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HL-LHC ςmodifications

Booster energy upgrade
мΦп Ҧ н DŜ±Σ Ϥнлму

Linac4, 
~2015

SPS enhancements
(anti e-cloud coating?,RF, 

impedance), 2012-2022

IR upgrade
(detectors, low-b
ǉǳŀŘΩǎΣ ŎǊŀō ŎŀǾƛǘƛŜǎΣ 
a few high-field 
dipoles, etc) 

~2022
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(HL-)LHC Time Line
Shut down for 
interconnects to 
overcome energy 
limitation (LHC 
incident of Sept. 
2008) and R2E Shut down 

to overcome 
beam 
intensity  
limitation 
(Injectors, 
collimation 
ŀƴŘ ƳƻǊŜΧύ

Full 
upgrade

two reasons for HL-LHC: performance & consolidation
Lƴ ŦŀŎǘ [{о ǎǘŀǊǘŜŘ ƛƴ нлнсΧ



Long shutdown 3
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ƛƴ [I/Υ мΦн ƪƳ ƻŦ ƴŜǿ ŜǉǳƛǇƳŜƴǘ Χ

6.5 kW@4.5K  

cryoplant

2 x 18 kW @4.5K  

cryoplants for IRs
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HL-LHC Official Beam Parameters 

Parameter nominal 25ns 50ns

N 1.15E+11 2.2E+11 3.5E+11

nb 2808 2808 1404

beam current [A] 0.58 1.12 0.89

x- ing angle [ mrad] 300 590 590

beam separation 

[s] 10 12.5 11.4

b* [m] 0.55 0.15 0.15

en [mm] 3.75 2.5 3.0

eL [ eVs] 2.51 2.5 2.5

energy spread 1.20E -04 1.20E -04 1.20E -04

bunch length [m] 7.50E -02 7.50E -02 7.50E -02

IBS horizontal [h] 106 20.0 20.7

IBS longitudinal [h] 60 15.8 13.2

Piwinski parameter 0.68 3.1 2.9

geom. reduction 0.83 0.35 0.33

beam -beam / IP 3.10E -03 3.9E - 03 5.0E - 03

Peak Luminosity 1 10 34 7.4 10 34 8.5 10 34

Virtual Luminosity 1.2 10 34 21 10 34 26 10 34

(Leveled to 5 10 34 cm-2 s-1

and 2.5 1034 cm-2 s-1)

Events / crossing (peak & leveled L) 19 210 475 140 140

6.2 10 14 and 4.9 10 14 

p/beam
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luminosity leveling at the HL-LHC
example: maximum pile up 140

(sinel~85 mbarn)



luminosity leveling at the HL-LHC
example: maximum pile up 140



luminosity & integrated luminosity 
during 30 h at the HL-LHC

example: maximum pile up 140

4 fb-1 per day,
with 40% of 
efficiency
~250 fb-1 / year
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final goal : 3000 fb-1ōȅ нлолΩǎΧ

Full project

Enhanced consolidation



HL LHC
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some HL-LHC ingredients

11-T dipoles for dispersion 
suppressors
ÅNb3Sn instead of Nb-Ti
Åprovide space for extra 

collimators catching off
-energy protons or ions
at ALICE, collimator 
sections, ATLAS & CMS

new final quadrupoles
ÅNb3Sn instead of Nb-Ti
Ålarger aperture

allowing smaller b*

SC link
Å move radiation

sensitive power
converters away from
machine

Å first prototype, 20 m 
ς20 kA, under test at 
CERN!

Å also of interest for 
electrical power 
distribution 

T. Baer

LQS03 (90 mm ap., 3.7 m long):  
208 T/m@4.6 K,210 T/m@1.9 K

HQ02a (120 mm, 1.5 m long):  
150T/m@4.6 K,170 T/m@1.9 K

Goal: 150 mm ap, 140 T/m

June 2013

1-m model tested in April 2014,
Bnom=11 T achieved!

Next: 2-m single bore, then 2-in-1 

tests of novel MgB2

and HTS(YBCO and 
BSCCO) cables
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HL-LHC optics
Achromatic Telescopic Squeeze (ATS), «fully proven» 
MDs (b* = 15 cm «easy», room for b* ~ 10-12 cm)

typical ATS collision optics with IR1 & IR5 squeezed down to b*=10 cm 

squeeze through 
the arcs to enhance
effective sextupole
strength;
tested with beam
in LHC MDs of
2011 & 2012

S. Fartoukh



schematic of crab crossing

qc

ÅRF crab cavity deflects head and tail in opposite direction so that 
Ŏƻƭƭƛǎƛƻƴ ƛǎ ŜŦŦŜŎǘƛǾŜƭȅ άƘŜŀŘ ƻƴέ ŦƻǊ ƭǳƳƛƴƻǎƛǘȅ ŀƴŘ ǘǳƴŜ ǎƘƛŦǘ
Åbunch centroidsstill cross at an angle (easy separation)
Å1st proposed in 1988, used in operation at KEKB since 2007

until recently plan wasto vary crab cavity voltage for leveling, but this would change
size of luminous region & is disliked by experiments (instead leveling by b* or offset?) 



luminosity reduction factor

nominal
LHC

~1/b*

HL-LHC

x

zcR
s

sq
q

2
   ;

1

1

2
¹Q

Q+
=

άPiwinskiŀƴƎƭŜέ

luminosity reduction due to crossing angle 
is more pronounced at smaller b* 

crab cavities
qc/2

eff. beam size:

s*x,eff Ғ sx
*/Rq



Final down-selected compact cavity designs for the LHC upgrade: 4-rod 

cavity design by Cockcroft I. & JLAB (left), l/4 TEM cavity by BNL (centre), 

and double-ridge l/2 TEM cavity by SLAC & ODU (right).

Prototype compact Nb-Ti crab cavities for the LHC: 4-rod cavity (left) and 

double-ridge cavity (right).

HL-LHC needs compact crab cavities
only 19 cm beam separation, but long bunches



HL-LHC preliminary budget estimate

Improving
Consolidation

Full
performance

TotalHL-LHC

Mat. (MCHF) 476 360 836

Pers. (MCHF) 182 31 213

Pers. (FTE-y) 910 160 1070

TOT(MCHF) 658 391 1,049



LHC BEAM INSTRUMENTATION
(most slides courtesy of Dr Rhodri Jones)
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Beam Profile Monitoring using Wire-Scanners


