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The largest scientific instrument in the worldThe largest scientific instrument in the world



CollidingColliding countercounter--rotatingrotating beamsbeams of hadronsof hadrons



A new A new territoryterritory in in energyenergy and and luminosityluminosity
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Advanced Advanced technologytechnology atat workwork
23 km of 23 km of superconductingsuperconducting magnetsmagnets 
cooledcooled in in superfluidsuperfluid heliumhelium atat 1.9 K1.9 K



A global A global projectproject servingserving the world the world communitycommunity 
of of particleparticle physicistsphysicists



MakingMaking best use of best use of CERNCERN’’ss infrastructureinfrastructure



Overall layout of LHC and its detectorsOverall layout of LHC and its detectors



Main Main parametersparameters of LHC (pof LHC (p--p)p)

• Circumference 26.7 km
• Beam energy at collision 7 TeV
• Beam energy at injection 0.45 TeV
• Dipole field at 7 TeV 8.33 T
• Luminosity 1034 cm-2.s-1

• Beam current 0.58 A
• Protons per bunch 1.15 x 1011

• Number of bunches 2808
• Nominal bunch spacing 24.95 ns
• Normalized emittance 3.75 μm.rad
• Total crossing angle 285 μrad
• Energy loss per turn 6.7 keV
• Critical synchrotron energy 44.1 eV
• Radiated power per beam 3.6 kW
• Stored energy per beam 362 MJ
• Stored energy in magnets 11 GJ
• Operating temperature 1.9 K
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The first The first circularcircular acceleratoraccelerator 
Lawrence and LivingstonLawrence and Livingston’’s 80 s 80 keVkeV cyclotron (1930)cyclotron (1930)

Ernest O. Lawrence



• sustained exponential 
development for more 
than 70 years

• progress achieved 
through repeated jumps 
from saturating to 
emerging technologies

• superconductivity, key 
technology of high-energy 
machines since the 1980s



BeamBeam energyenergy and and bendingbending fieldfield
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In a circular accelerator

The LHC needs a field of 8.33 T to bend 7 TeV beams 
along the curvature of the tunnel, with a radius of 2804 m 

RBep = Radius of curvatureParticle momentum





First First liquefactionliquefaction of of heliumhelium (1908)(1908)

Leiden « cascade » to 
produce liquid hydrogen

Helium liquefaction stage



DiscoveryDiscovery of of superconductivitysuperconductivity (1911)(1911)



First First ideaidea of of superconductingsuperconducting magnetsmagnets 
(H. K. (H. K. OnnesOnnes 1913)1913)

critical field of superconductors!



Vortex Vortex latticelattice of typeof type--II II superconductorssuperconductors (1954)(1954)

Alexei Abrikosov



CriticalCritical fieldfield of of superconductorssuperconductors

Pb



BCS BCS theorytheory of of superconductivitysuperconductivity (1957)(1957)

John Bardeen Leon Neil Cooper John Robert Schrieffer



First First «« highhigh--fieldfield »» superconductingsuperconducting magnetmagnet

Patent filed in 1960 by J. Kunzler, of 
Bell Laboratories (registered in 1964)

1.5 T reached with magnet wound 
from molybdenium-rhenium alloy wire



DiscoveryDiscovery of Nbof Nb--Ti Ti alloysalloys (1961)(1961)



HighHigh--luminosityluminosity insertion insertion atat the CERN ISR (1979)the CERN ISR (1979)

First superconducting magnets routinely 
operated in an accelerator



The The TevatronTevatron at at FermilabFermilab, USA (1983), USA (1983)



HERA proton ring at DESY, Germany (1992)HERA proton ring at DESY, Germany (1992)



RHIC RHIC atat Brookhaven National Brookhaven National LabLab, USA (2000), USA (2000)



CircumferenceCircumference & & bendingbending fieldfield of hadron of hadron colliderscolliders
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Size & cost of CERN Size & cost of CERN hadronhadron colliderscolliders
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Electrical power consumptionElectrical power consumption

• Superconducting magnets enable to contain electrical power 
consumption through two independent effects
– Higher magnetic field ⇒

 

smaller circumference
– No dissipation ⇒

 

lower power (refrigeration) per unit length

 Normal 
conducting 

Superconducting 
(LHC) 

Magnetic field 1.8 T 
(iron saturation) 

8.3 T 
(NbTi critical surface) 

Field geometry Defined by magnetic 
circuit 

Defined by coils 

Current density in 
windings 

10 A/mm2 400 A/mm2 

Electromagnetic 
forces 

20 kN/m 3400 kN/m 

Electrical 
consumption 

10 kW/m 2 kW/m 

 

 

Joule heating Refrigeration



• The superconducting state 
only occurs in a limited domain 
of temperature, magnetic field 
and transport current density

• Superconducting magnets 
produce high field with high 
current density

• Lowering the temperature 
enables better usage of the 
superconductor, by broadening 
its working rangeT [K]

B [T]

J [kA/mm2]

Operating Operating temperaturetemperature of of superconductorssuperconductors



C
rit

ic
al

C
ur

re
nt

D
en

si
ty

 (n
on

-C
u)

,A
/m

m
²

10

100

1,000

10,000

100,000

1,000,000

0 5 10 15 20 25 30 35

Applied Field, T

YBCO: Tape, || Tape-plane, SuperPower
(Used in NHMFL tested Insert Coil 2007) 

YBCO: Tape, |_ Tape Plane, SuperPower
(Used in NHMFL tested Insert Coil 2007) 

Bi-2212: non-Ag Jc , 427 fil. round wire,
Ag/SC=3 (Hasegawa ASC-2000/MT17-2001)

Nb-Ti: Max @1.9 K for whole LHC NbTi
strand production (CERN, Boutboul '07)

Nb-Ti: Nb-47wt%Ti, 1.8 K, Lee, Naus and
Larbalestier UW-ASC'96

Nb3 Sn: Non-Cu Jc Internal Sn OI-ST RRP
1.3 mm, ASC'02/ICMC'03

Nb3 Sn: Bronze route int. stab. -VAC-HP,
non-(Cu+Ta) Jc , Thoener et al., Erice '96.

Nb3 Sn: 1.8 K Non-Cu Jc Internal Sn OI-ST
RRP 1.3 mm, ASC'02/ICMC'03

Nb3 Al: RQHT+2 At.% Cu, 0.4m/s (Iijima et al
2002)

Bi 2223: Rolled 85 Fil. Tape (AmSC) B||,
UW'6/96

Bi 2223: Rolled 85 Fil. Tape (AmSC) B|_,
UW'6/96

MgB2 : 4.2 K "high oxygen" film 2, Eom et
al. (UW) Nature 31 May '02

MgB2 : Tape - Columbus (Grasso) MEM'06
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Otherwise Stated
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CriticalCritical currentcurrent densitydensity of of superconductorssuperconductors



Critical current densityCritical current density 
of technical superconductorsof technical superconductors
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RationaleRationale for for superconductivitysuperconductivity & & cryogenicscryogenics 
in in particleparticle acceleratorsaccelerators

Cryogenics Superconductivity

Reduce power 
consumption

Limit beam 
stored energy

Compactness Reduce cost

Beam stability

Beam vacuumCryopumping

Beam impedance

Zero resistance
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Event rate and Event rate and luminosityluminosity

σTOT ~ 100 mbarn = 10-25 cm2

σinelastic ~ 60 mbarn = 6 10-26 cm2

R = L σ
Event rate

Luminosity Cross-section



LuminosityLuminosity

• To maximize luminosity
– increase bunch number, bunch population
– reduce emittance, beta function at collision point
– cross at small angle

FfnNL
n

revbb
*

2

4 βεπ
γ

=

Number of particles 
per bunch

Number of bunches

Revolution frequency

Relativistic factor

Geometric factor linked 
to crossing angle

Normalized emittance Beta function at 
collision point

limits?



BeamBeam storedstored energyenergy

• Energy stored in circulating beam

bbbeam nNcmE γ2
0=

With 2808 bunches of 1.1 1011 protons at 7 TeV, Ebeam = 362 MJ, 
equivalent to 80 kg TNT!   

beam
n

b
revbeam

n

revb EFNf
cm

EF
cm
fNL *2

0
*2

0 4
1

4 βεπβεπ
==

Set by machine circumference

Set by injector chain Set by collision optics



BeamBeam--beambeam effectseffects

• Particle trajectories in one beam perturbed by e-m field of the other
• Head-on crossing

– Excites betatron resonances
– Generates tune spread

• Long-range
– Additional non-linear tune spread
– Minimum crossing angle > beam divergence at collision point 

tune footprint must not cross 
low-order resonances



HeadHead--on on beambeam--beambeam tune shifttune shift

• Strategy to maximize luminosity
– Operate at beam-beam limit
– Maximize number of bunches, bunch population
– Decrease beta at collision point

*β
γξ

p

revbbtotal

rk
fnNL =

max4
ξ

επ
ξ <= F

rNk

n

pb
total

Number of collision points

Should not exceed 0.015  
(empirical limit)

~ 0.01



BeamBeam--beambeam tune tune footprintfootprint

Unperturbed

Head-on

Long-range

Long-range

ξ



BeamBeam--beambeam tune tune footprintfootprint 
HeadHead--on & longon & long--range, 4 interaction pointsrange, 4 interaction points

Unperturbed



LayoutLayout of of highhigh--luminosityluminosity collision collision regionregion



HighHigh--luminosityluminosity insertion insertion opticsoptics



HighHigh--luminosityluminosity insertioninsertion 
PreassemblyPreassembly of of innerinner triplettriplet



HighHigh--luminosityluminosity insertioninsertion 
InnerInner triplet triplet installedinstalled atat LHC point 5LHC point 5



LuminosityLuminosity lifetimelifetime

• Luminosity will decay with time due to degradation of beam intensity 
and emittance, by several processes
– intra-beam scattering, i.e. multiple Coulomb scattering between particles 

in the same bunch
– nuclear scattering of particles by residual gas molecules
– the collisions themselves

nucleargasIBSL ττττ
1211

++=

• Overall
total

total
nuclear Lk

N
σ

τ =~ 45 hours initially,      
29 h as Ntotal and L decay

~ 15 h, at least 
one fill per day

~ 80 h ~ 100 h, must be large 
w.r. to other processes

~ 29 h
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BeamBeam impedanceimpedance
Perfect conductor

Resistive wall or change of cross-section

In case of resistive wall or change 
of cross-section, there is an 
interaction between the (charged) 
beam and the wall

⇒

 

energy dissipation (heating)

⇒ beam instabilities

This interaction can be described 
by an impedance Z(ω)



InstabilityInstability drivendriven by the by the chamberchamber wallwall



LowLow transverse transverse impedanceimpedance for for beambeam stabilitystability

• Transverse impedance
ZT (ω) ~ ρ r /ω b3

ρ wall electrical resistivity
r average machine radius
b half-aperture of beam pipe

• Transverse resistive-wall instability
– dominant in large machines
– must be compensated by beam feedback, provided growth of instability is 

slow enough (~ 100 turns)
– maximize growth time  τ ~ 1/ZT (ω) i.e. reduce ZT (ω) 
⇒ for a large machine with small aperture, low transverse impedance is 

achieved through low ρ, i.e. low-temperature wall coated with >0.05 mm 
copper



CopperCopper--coatedcoated beambeam screensscreens

75 μm copper colaminated 
on 1mm stainless steel, 

operated < 20 K



«« PlugPlug--in modulesin modules »» for for electricalelectrical continuitycontinuity of of 
beambeam pipepipe

At room temperature At cryogenic temperature



Synchrotron radiationSynchrotron radiation

• Critical photon energy

R
cuc

3

2
3 γ
h=

• Charged particle beams bent in a 
magnetic field undergo centripetal 
acceleration and emit e-m radiation

• When beams are relativistic, radiation is 
emitted in a narrow cone

• Radiated power

revbbsyn fnN
R
ceZP

3

42
0 γ

= ~ beam current

Free space impedance

Bending radius



Synchrotron radiationSynchrotron radiation

~ 0.2 W/m per beam

large at low T

UV, easy to screen



COP of COP of cryogeniccryogenic refrigerationrefrigeration & & beambeam screenscreen 
InterceptingIntercepting beambeam--inducedinduced heatingheating atat higherhigher temperaturetemperature
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The electron cloud effect The electron cloud effect 



SimulatedSimulated buildbuild--up of up of electronelectron cloudcloud



Heat load by electron cloud as a function of SEYHeat load by electron cloud as a function of SEY



The beam screenThe beam screen 
A multiA multi--function component required by beam physicsfunction component required by beam physics

• Interception of beam-induced 
heat loads at 5-20 K 
(supercritical helium)

• Shielding of the 1.9 K 
cryopumping surface from 
synchrotron radiation (pumping 
holes)

• High-conductivity copper lining 
for low beam impedance

• Low-reflectivity sawtooth 
surface at equator to reduce 
photoemission and electron cloud
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Field Field qualityquality in in superconductingsuperconducting magnetsmagnets

• In superconducting magnets, the field 
quality is determined by the positioning 
precision of a finite number of  
conductors and not by the geometry of 
the iron yoke, so it can never be as 
good as in conventional “iron- 
dominated” magnets
• As a consequence, the « good field » 
region is substantially smaller than the 
magnet aperture
• Dynamic aperture = aperture inside 
which particle orbits are stable
• Dynamic aperture estimated b y 
computer « tracking » of particle orbits 
around virtual machines with distributed 
random and systematic imperfections
• Tracking results are used to define 
maximum systematic and random 
deviations of each field multipole

« Good field » region 
ΔB/B < 10-4

Magnet 
« aperture »
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DynamicDynamic aperture aperture fromfrom trackingtracking simulationssimulations

From tracking simulations to real d.a.





The LHC magnet zooThe LHC magnet zoo
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SuperconductingSuperconducting acceleratoraccelerator magnetsmagnets

In a superconducting magnet, the field 
level and geometry is basically given by 
the current distribution in the coils

To match the geometry of the beam tubes, 
the coils are saddle-shaped & elongated

In the LHC, two sets of coils create opposite 
fields in the neighbouring apertures



MagneticMagnetic fieldfield insideinside conductingconducting cylindercylinder

r

B

Current density J

From Ampere’s theorem

Field inside conductor

∫ = )()( 0 rIdsrB μ

2)( 0 rJrB μ=



CurrentCurrent distribution for distribution for producingproducing dipoledipole fieldfield



CurrentCurrent distributionsdistributions

Two intersecting ellipses with 
uniform current density 
generate uniform dipole and 
quadrupole fields ⇒

 

“cos θ” 
geometry

In practice, this can be 
approximated by current sheets, 
leading to “block” or “layer” 
coil designs



Field of singleField of single--layer layer dipoledipole coilcoil

wjB techπ
μ 30=

Average current density in coil

Coil width



TypicalTypical criticalcritical lineslines of Nbof Nb--Ti Ti superconductorsuperconductor
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SuperconductingSuperconducting cos cos θθ
 

dipolesdipoles in Nbin Nb--TiTi 
CoilCoil widthwidth vs vs fieldfield
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SuperconductingSuperconducting cos cos θθ
 

dipolesdipoles in Nbin Nb--TiTi 
CoilCoil crosscross--section vs section vs fieldfield
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Load lines of LHC main dipoleLoad lines of LHC main dipole

Bpeak [T]

J [A/mm2]

Outer Layer

Inner Layer

Outer Cable

Inner 
Cable

Current grading permits the outer 
cable, which sees a lower field, to 
operate at higher current density



InterInter--layer layer splicesplice in in gradedgraded coilcoil



SuperconductingSuperconducting cablecable withwith etchedetched strandsstrands 
showingshowing NbNb--Ti filamentsTi filaments



Inner
Cable

Outer
Cable

Number of strands 28 36

Strand diameter 1.065 mm 0.825 mm

Filament diameter 7 µm 6 µm

Number of filaments ~ 8900 ~ 6520

Cable width 15.1 mm 15.1 mm

Mid-thickness 1.900 mm 1.480 mm

Keystone angle 1.25 ° 0.90 °

Transposition length 115 mm 100 mm

Ratio Cu/Sc ≥

 

1.6 ≥

 

1.9

7500 km of superconducting cables7500 km of superconducting cables 
with tightly controlled propertieswith tightly controlled properties



H. Brück, et al., Z. Phys. C, Particles and Fields, 44, 
pp. 385-392, 1989

• (Quasi) persistent currents flow in the 
superconducting filaments to shield 
the interior from outer field variations

• The pattern of persistent current 
depends mostly on:
– history of field variation,
– filament geometry,
– Jc(B)

• The result is complex, and in the 
majority of relevant situations, not 
amenable to analytical solution

B

Persistent Persistent currentscurrents in in superconductorssuperconductors



Field at injection (760 A) Magnetization at injection (760 A)

Opposed to 
background field 

Locally the filaments are not fully 
penetrated by the flux change

For a round filament in a resistive matrix and assuming 
full penetration (λ

 

= ASC /Atot )

Strand magnetization in an LHC dipole coilStrand magnetization in an LHC dipole coil

Filament diameter



MultipoleMultipole field errors from persistent currents field errors from persistent currents 

Magnetization of strand Sextupole in LHC dipole
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Production of Production of superconductingsuperconducting wireswires & & cablescables



SuperconductingSuperconducting cablecable production production statisticsstatistics

• Critical current ~10% above specified value
• Magnetization and inter-strand resistance under control
• Cables within tight dimensional tolerances
• Rejection/declassification rate < 1%

Specified 14140 A at 4.2 K, 7 T Specified 13236 A at 4.2 K, 6 T



CableCable insulationinsulation by double by double polyimidepolyimide wrapwrap



CoilCoil crosscross--section section showingshowing 
interinter--turnturn and and groundground insulationinsulation



ManufacturingManufacturing of of superconductingsuperconducting coilscoils



SueprconductingSueprconducting coilscoils extractedextracted fromfrom mouldmould



ElectromagneticElectromagnetic forcesforces

High magnetic field acting on high current generates large electromagnetic forces 
at right angle, which cannot be resisted by the mechanical strength of the conductor: 
saddle-shaped coils of accelerator magnets are not self-supporting

B = 10 T, I = 10 kA ⇒ 105 N/m per turn !

⇒ “roman arch” coil geometry to contain the azimuthal component

⇒ external support structure against the radial component 



CoilCoil--collarcollar assemblyassembly



TwinTwin--aperture aperture dipoledipole magnetmagnet

Field reproducibility/precision ~ 10-3

Field homogeneity ~ 10-4
⇒

 

Winding precision < 0.05 mm



AssemblyAssembly of of dipoledipole cold massescold masses





Final assembly of Final assembly of cryomagnetscryomagnets at CERNat CERN



CryogenicCryogenic tests of tests of magnetsmagnets



Training of Training of superconductingsuperconducting magnetsmagnets

10 T in magnet bore

8.3 T in magnet bore



QuenchesQuenches to to reachreach 8.33 T on 8.33 T on virginvirgin dipolesdipoles
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QuenchesQuenches to to reachreach 8.33 T 8.33 T afterafter thermal cyclethermal cycle
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DipoleDipole fieldfield qualityquality in in seriesseries productionproduction
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Coordinator 
+

ABP sorting

Coordinator

performance 
OKID card

PA report
GEO report
NC report

magnet

Production

Presentation by Coordinator
Discussion by Experts

Electrical performance (quench/insulation/protection)
Geometry (V-lines/flanges)
Field quality

Slot proposal by Coordinator + ABP

Stock

Installation 
shift & roll

ABP

Board meeting

Y

Install OK

Hold
+ 

ActionsCoordinator

N

MagnetMagnet Evaluation Evaluation BoardBoard 
Clearance and Clearance and sortingsorting for installationfor installation



Distribution of as-built MB’s

beam waistH
V

mid-cellsilver silver mid-cellsilver silver

Definition of geometry classes

SortingSorting of of dipolesdipoles by by geometrygeometry



π-paired

flip-flop
paired

b3 distribution in sector 7-8

Effect of 
flip-flop 
pairing

Effect of 
π-pairing

Local Local sortingsorting of of dipolesdipoles by by sextupolesextupole errorerror



Buffer Buffer storagestorage allowsallows sortingsorting, , reducesreduces dispersiondispersion



LoweringLowering of of magnetsmagnets in tunnelin tunnel



CryomagnetCryomagnet installation in tunnelinstallation in tunnel



Interconnections in tunnelInterconnections in tunnel

65’000 electrical joints

Induction-heated soldering

Ultrasonic welding

Very low residual resistance

HV electrical insulation

40’000 cryogenic junctions

Orbital TIG welding

Weld quality

Helium leaktightness



ContentsContents

••• The LHC in a The LHC in a The LHC in a nutshellnutshellnutshell
••• PerformancePerformancePerformance

––– EnergyEnergyEnergy
––– LuminosityLuminosityLuminosity
––– Collective Collective Collective effectseffectseffects
––– DynamicDynamicDynamic apertureapertureaperture

• Technology
––– SuperconductingSuperconductingSuperconducting magnetsmagnetsmagnets
– Powering and protection
––– CryogenicsCryogenicsCryogenics
––– VacuumVacuumVacuum

••• Project managementProject managementProject management



Low current module 6kA & 600A leads

High current module 13kA & 6kA leads

Shuffling module

Vacuum equipment VAA

Connection to 
magnets

Jumper cryo
connection to QRL

SHM/HCM
interconnect

HCM/LCM
interconnect

Supporting beam

600A leads

6kA leads

6kA leads
13kA leads

Current lead chimneys

Removable door

1.9K

4.5K

~ 3 km

Arc Arc electricalelectrical feedboxfeedbox



Cryogenic current leadsCryogenic current leads

Heat transfer processes at work
- Solid conduction
- Joule heating
- Convective cooling by He vapor

Metals are good electrical AND thermal 
conductors (Wiedemann-Franz-Lorentz law)

Optimal sizing of current lead results from 
compromise between heat conduction and 
Joule heating

Superconductors do not follow WFL law

They are perfect electrical conductors with 
low thermal conductivity

They can make excellent current leads… up 
to their transition temperature!

⇒ niche application for “high-temperature” 
superconductors



DiscoveryDiscovery of of highhigh--temperaturetemperature superconductorssuperconductors 
(1986)(1986)

J. Georg Bednorz

K. Alexander Müller



Current leads using HTS superconductorCurrent leads using HTS superconductor

 Resistive (WFL) HTS (4 to 50 K) 
Resistive (> 50 K)

Heat inleak to 
liquid helium  

1.1 W/kA 0.1 W/kA 

Exergy loss 430 W/kA 150 W/kA 

Electrical power 
of refrigerator 

1430 W/kA 500 W/kA 

 

 

Sum of currents into LHC ~ 1.7 MA, 
i.e. need current leads for 3.4 MA 
total rating (in and out)

Economy ~ 3400 W in liquid helium 
~ 5000 l/h liquid helium

⇒ capital: save extra cryoplant

⇒ operation: save ~ 3.2 MW

BSCCO 
2223 tapes

Nb-Ti 
wires

13 kA HTS current lead for LHC



HTS HTS currentcurrent leadsleads in the LHC tunnelin the LHC tunnel

6 & 13 kA leads on 
electrical feed-box

Water-cooled cables 
on current lead lugs



HighHigh--precisionprecision, , modularmodular 
switchedswitched--mode power mode power convertersconverters

[2kA,8V] converters
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RampRamp and squeeze of the main circuitsand squeeze of the main circuits
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SuperconductorsSuperconductors are are basicallybasically unstableunstable!!
 

I

TTLHe

Iop

Volumetric Specific Heat
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Heat capacity of materials drops at low temperatures

ΔT = ΔE/γC

ΔE of few μJ on a superconducting strand in the cable 
generates ΔT pushing the operating point beyond the 
critical surface ⇒ resistive transition (“quench”)

Temperature margin of superconductor ~ 1.5 K

Specific quench energy ~ 10 mJ/cm3

Energy stored inductively in magnet 6.9 MJ

Energy stored in beam 360 MJ



StabilizationStabilization of of superconductorssuperconductors

TEMPERATURE

CURRENT

Ic curve

Imagnet

All current in SC

Current 
in Cu

Current 
in SC

TCS TC

All current in Cu

TEMPERATURETCTCS

JOULE 
POWER

Electrodynamic stabilization:

intimate contact between the 
superconductor and a good 
conductivity material (Cu or Al) with 
sufficient cross-section 

Cryogenic stabilization: 

specific heat of LHe is 10-100 times 
that of conductor, which provides 
stability if good thermal contact is 
ensured (across electrical insulation)



StabilityStability of of superconductingsuperconducting cablecable

Cable with current redistribution

Single strand



Perturbation Perturbation spectrumspectrum of of superconductorsuperconductor



Network model of Network model of superconductingsuperconducting cablecable



TransientTransient stabilitystability of of superconductingsuperconducting cablecable
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To avoid too high hot spot 
temperature, speed up the quench 
propagation by any means

1) Heater: must be activated fast and 
reliably (20 ms)

2) “Quench-back” inductively   
propagated 

This goes against having LHe in good 
contact with the conductor (i.e. against 
stability)! 

MIITs

Assume that quenched section is heated only by Joule effect and adiabatic (no conduction) 



LHC LHC magnetmagnet circuit protection circuit protection schemescheme

Fire heater to spread the quench over 
maximum coil volume and limit temperature

Dissipate energy of magnet string by 
inserting discharge resistor in circuit

Diode bypasses quenched magnet 
during current discharge in string

Free-wheeling diode across power converter



MagnetMagnet bypassbypass diodesdiodes

Io = 12 kA

Current discharge time constant ~ 100 s



12 kA DC 12 kA DC switchgearswitchgear & & dischargedischarge resistorsresistors

12 kA
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General layout of LHC cryogenic systemGeneral layout of LHC cryogenic system

Pt 3

Pt 4

Pt 5

Pt 6

Pt 7

Pt 8

Pt 1

Pt 2

Pt 1.8

Cryoplant Distribution
Present Version

Cryogenic plant



Transport of Transport of refrigerationrefrigeration 
in large in large distributeddistributed cryogeniccryogenic systemssystems
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Cooling with Cooling with superfluidsuperfluid heliumhelium
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Large projects cooled by Large projects cooled by superfluidsuperfluid helium helium 

Tore Supra tokamak, 
Cadarache (France)

CEBAF accelerator, 
Newport News (USA)



LargeLarge--scalescale superfluidsuperfluid heliumhelium systemssystems
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DiscoveryDiscovery of of superfluiditysuperfluidity in He II (1938)in He II (1938)

J.F. Allen & A.D. Misener (Cambridge)
P.L. Kapitsa (Moscow)

Vaporization of liquid helium above and below the transition

He I (T=2.4 K) He II (T=2.1 K)



TheoreticalTheoretical approachesapproaches to to superfluidsuperfluid heliumhelium

Fritz London Laszlo Tisza Lev Davidovich Landau

Bose-Einstein condensation Two-fluid model Quasi-particle description



ThermophysicalThermophysical propertiesproperties of He IIof He II

• Temperature < 2.17 K
• Low effective viscosity

– 100 times lower than water at normal boiling point

• Very high specific heat
– 105 times that of the conductor by unit mass
– 2x103 times that of conductor by unit volume

• Very high thermal conductivity
– 103 times that of OFHC copper, cryogenic grade
– Peaking at 1.9 K
– Still, insufficient for transporting heat over large distances across 

small temperature gradients 



Specific heat of liquid helium and copperSpecific heat of liquid helium and copper
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Thermal conduction in He II: Thermal conduction in He II: twotwo--fluidfluid modelmodel

Laminar

∇T ~ Q

Mutual 
friction

∇T ~ Q3

V. Arp
K.W. Schwartz



Thermal conduction in He II: practical resultsThermal conduction in He II: practical results
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HeatHeat transfertransfer acrossacross 
electricalelectrical insulationinsulation of of 
superconductingsuperconducting cablecable

C. Meuris et al.

Conduction in polyimide

Conduction in polyimide 
short-circuited by He II





3.3 km

CryogenicCryogenic operationoperation of LHC of LHC sectorsector



18 kW @ 4.5 K 18 kW @ 4.5 K heliumhelium refrigeratorsrefrigerators 
CompressorCompressor stationstation



18 kW @ 4.5 K helium refrigerators18 kW @ 4.5 K helium refrigerators
ColdboxesColdboxes

33 kW @ 50 K to 75 K       
23 kW @ 4.6 K to 20 K       
41 g/s liquefaction



T5
4.5 K - 20 K loads

(magnets + leads + cavities)
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(LHC shields)
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ProcessProcess cycle & Tcycle & T--S S diagramdiagram 
of 18 kW @ 4.5 K of 18 kW @ 4.5 K cryoplantcryoplant



C.O.P. of large cryogenic helium C.O.P. of large cryogenic helium 
refrigerators at 4.5 Krefrigerators at 4.5 K
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Challenges of Challenges of highhigh--power 1.8 K power 1.8 K refrigerationrefrigeration
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Pressure ratio > 80

• Compression of large mass flow-rate of He vapor across high pressure ratio
⇒ intake He at maximum density, i.e. cold
• Need contact-less, vane-less machine ⇒

 

hydrodynamic compressor
• Compression heat rejected at low temperature ⇒

 

thermodynamic efficiency



4 cold compressor stagesCartridge 1st stage 

Cold compressors for 1.8 K refrigerationCold compressors for 1.8 K refrigeration

Axial-centrifugal impeller



600 kW precooling to 80 K with 
LN2 (up to ~5 tons/h)        

CooldownCooldown of LHC of LHC sectorsector (4625 t over 3.3 km)(4625 t over 3.3 km)

Unloading of LHe & LN2



First coolFirst cool--down of LHC sectorsdown of LHC sectors



Thermal Thermal insulationinsulation techniquestechniques 
MultiMulti--layer layer reflectivereflective insulationinsulation

10 layers around 
cold mass at 1.9 K

30 layers around thermal 
shield at 50-75 K

Cold surface area in LHC ~ 9 hectares!

Thermal radiation from 290 K (black-body) 
~ 400 W/m2 = 4 MW/ha

Heat flux from 290 K across 30 layers MLI 
~ 1 W/m2 = 10 kW/ha



Thermal Thermal insulationinsulation techniquestechniques 
LowLow--conduction nonconduction non--metallicmetallic support support postsposts

LHC cold mass to be supported = 37’500 tons

Conduction length = support height ~ 0.2 m

At a compressive stress of 50 N/mm2, this requires a 
total support cross-section of 7.5 m2, representing a 
large thermal conduction path

~ 70 K

100 kN

5 K cooling line (SC He)

Aluminium strips to thermal 
shield at 50-75 K

Aluminium intercept plates 
glued to G-10 column

Reflecting layer on section 
exposed to 300 K radiation 290 K

5 K

1.9 K

0.2 m
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Heat Heat inleakinleak measurements on full sectorsmeasurements on full sectors 
confirm thermal budgetconfirm thermal budget

LHC sector (3.3 km)

Temperatures and pressures 
stabilized, flow-rate integrated

( )TPhmQ ,Δ=
••

Measured

He property tables



On line at On line at http://http://lhc.web.cern.ch/lhclhc.web.cern.ch/lhc//

http://lhc.web.cern.ch/lhc/Cooldown_status.htm


ContentsContents

••• The LHC in a The LHC in a The LHC in a nutshellnutshellnutshell
••• PerformancePerformancePerformance

––– EnergyEnergyEnergy
––– LuminosityLuminosityLuminosity
––– Collective Collective Collective effectseffectseffects
––– DynamicDynamicDynamic apertureapertureaperture

• Technology
––– SuperconductingSuperconductingSuperconducting magnetsmagnetsmagnets
––– PoweringPoweringPowering and protectionand protectionand protection
––– CryogenicsCryogenicsCryogenics
– Vacuum

••• Project managementProject managementProject management



BeamBeam vacuum vacuum lifetimelifetime

• Dominated by nuclear scattering of protons on residual gas
• Lifetime of 100 h required to

– Limit decay of beam intensity
– Reduce energy deposited by scattered protons to ~ 30 mW/m  

TknP Bii =

Scattering cross-section

i
i

i
gas

nv
dt
dN

N ∑=−= σ
τ

11

Proton velocity Sum over gas species

Gas density

• Partial pressure 

Proportional to temperature 
for given gas density



BeamBeam vacuum vacuum lifetimelifetime

Gas species Nuclear scattering 
cross-section [mbarn]

Gas density for 100 h 
lifetime [m-3]

Pressure at 5 K for 
100 h lifetime [Pa]

H2 95 9.8 E14 6.7 E-8

He 126 7.4 E14 5.1 E-8

CH4 566 1.6 E14 1.1 E-8

H2 O 565 1.6 E14 1.1 E-8

CO 854 1.1 E14 7.5 E-9

CO2 1320 0.7 E14 4.9 E-9



Vacuum in Vacuum in presencepresence of of beambeam

• Without beam

• With beam

S
QP =

Dynamic pressure
Pumping speed

Outgassing rate

S
QP

•

Γ+
=

η

Photon/electron/ion 
desorption yield

Photon/electron/ion 
flux

Beam

Condensed gas 
molecules

p
Photon



CryopumpingCryopumping of of beambeam vacuum vacuum atat 1.9 K1.9 K
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for hydrogen



PumpingPumping desorbeddesorbed gasgas throughthrough the the beambeam screenscreen

0.E+00

2.E-10

4.E-10

6.E-10

8.E-10

1.E-09

0.0E+00 5.0E+20 1.0E+21 1.5E+21 2.0E+21 2.5E+21

Dose (Photons/m)

R
G

A
 3

 P
ar

tia
l P

re
ss

ur
e 

In
cr

ea
se

 (T
or

r)

No holes

~ 2% holes



CryosorptionCryosorption of of beambeam vacuum vacuum atat 4.5 K4.5 K
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Cryopumping not sufficient at 4.5 K, 
use cryosorption

100 h lifetime 
for hydrogen



CryosorberCryosorber

Carbon fiber mesh on the beam screen, to pump hydrogen
Capacity sufficient for regeneration only during annual shutdown

Capacity

X 25 X 10 000

V. Anashin et al. Vacuum 75 (2004) 293-299



NonNon--evaporableevaporable getter getter coatedcoated vacuum vacuum chamberschambers 
DistributedDistributed pumpingpumping integratedintegrated intointo beambeam pipepipe

Pressure increase by 500 eV electron 
bombardment of surface at 20º C, 

after heating for 2 hours

Effective molecular desorption yield as 
a function of photon dose, on TiZrV 

NEG coating of stailess steel chamber



NEGNEG--coatedcoated vacuum vacuum chamberschambers



BeamBeam vacuum in long straight sectionsvacuum in long straight sections

NEG-coated copper 
vacuum chambers

Cold-to-warm 
transition



Separate beam pipes

Common beam pipe

BeamBeam vacuum in long straight sectionsvacuum in long straight sections
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Cost structure of the LHC acceleratorCost structure of the LHC accelerator

Total ~ 2.2 BEuro

54%

12%

1%

1%

3%

2%

2%

15%

3%

2% 3% 2%

Magnets
Cryogenics
Beam dump
Radio-frequency
Vacuum
Power converters
Beam instrumentation
Civil Engineering
Cooling & ventilation
Power distribution
Infrastructure & services
Installation & coordination



90 main industrial contracts in the world90 main industrial contracts in the world



A global A global projectproject spanningspanning spacespace……

http://fr.wikipedia.org/wiki/Image:Flag_of_Canada.svg
http://fr.wikipedia.org/wiki/Image:Flag_of_India.svg
http://fr.wikipedia.org/wiki/Image:Flag_of_Japan.svg
http://fr.wikipedia.org/wiki/Image:Flag_of_the_United_States.svg
http://fr.wikipedia.org/wiki/Image:Flag_of_Russia.svg


……and timeand time

• Preliminary conceptual studies 1984
• First magnet models 1988
• Start structured R&D program 1990
• Approval by CERN Council 1994
• Industrialization of series production 1996-1999
• DUP & start civil works 1998
• Adjudication of main procurement contracts 1998-2001
• Start installation in tunnel 2003
• Cryomagnet installation in tunnel 2005-2007
• Functional test of first sector 2007
• Commissioning with beam 2008
• Operation for physics 2009-2030



Engineering data management systemEngineering data management system 
Single data Single data repositoryrepository, , accessaccess via WWWvia WWW



SpecificationSpecification & & procurementprocurement strategystrategy

• Regulatory framework & international status
– CERN purchasing rules (essentially « lowest bidder »)
– Seeking « fair return » among CERN Member States
– Handling special « in-kind» contributions

• Call for tenders
– Selecting the right companies
– Building know-how & maintaining interest through prototyping, 

preseries and series
– Technical specification: functional & interface vs. build-to-print

• Contract
– Split: security of supply & balanced return vs. additional follow-up
– Intermediate supply & logistics
– MTF and inspection
– Just-in-time vs. production buffer & sorting



ProcurementProcurement & installation & installation logisticslogistics 
QualityQuality & & quantityquantity atat the right time in the right placethe right time in the right place

Installed in LHC tunnel: 50 000 t

Transported throughout Europe: ~150 000 t
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The The ManufacturingManufacturing & Test & Test FolderFolder (MTF),(MTF), 
keykey to to qualityquality assurance in productionassurance in production



Beam dynamics requirements

Field quality specifications

Magnet design Component specification

Industrial production

QA & SPCHomogeneization & mixing

Warm mag. measurements

Cold mag. measurements
Sampling Cold/warm correlations

Allocation to position in ring
Installation strategy

CERN

Industry

PartnershipPartnership in commercial in commercial contractscontracts 
SteeringSteering magnetmagnet production for production for qualityquality and and homogeneityhomogeneity



StatisticalStatistical production control of componentsproduction control of components 
MaintainingMaintaining criticalcritical parametersparameters withinwithin allowedallowed rangerange
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IndustrialIndustrial developmentdevelopment of cold of cold compressorscompressors 
An An exerciseexercise in in cooperationcooperation//competitioncompetition

• Preexisting state-of-the-art

• Preliminary studies

• Prototypes

• Preseries/series

Air Liquide
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Air Liquide (PBS)

Ateko/PBS/LindeAir Liquide

IHI/Linde

IHI

IHI
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IndustrializationIndustrialization & production & production rampramp--upup 
SuperconductingSuperconducting cablecable

Development

Industrialization



IndustrializationIndustrialization & production & production rampramp--upup 
SuperconductingSuperconducting dipolesdipoles

Development

Industrialization



EarnedEarned--value managementvalue management 
TrackingTracking progressprogress and and costcost of of projectproject

Schedule variance SV = EV – PV

Cost variance CV = EV - AC

Earned value EV

Actual cost AC



RecoveringRecovering fromfrom industrialindustrial difficultiesdifficulties 
InternalizationInternalization of SSS of SSS assemblyassembly afterafter insolvencyinsolvency of of contractorcontractor



RecoveringRecovering fromfrom industrialindustrial difficultiesdifficulties 
RepairRepair & & reinstallationreinstallation by CERN of by CERN of cryogeniccryogenic ring line ring line sectorssectors 

followingfollowing technicaltechnical//managerialmanagerial production production errorserrors
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