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The push for energy: giant size
LHC project

1500 tonnes of top 
quality SC cables

1800 Power Converter 
from 60 A to 24 kA

Bdip≅ 8.3 T 
R ≅ 3 km quality SC cables from 60 A to 24 kARdip ≅ 3 km
Ldip ≅ 15 m × 1232
1700 large magnets
L 27 k

15000 MJ of magnetic 
energy (inc. detector)

1800 HTS Leads           
11 kW@1.9 K

Ltunnel = 27 km 
gy ( )
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The LHC:
For 20 years it has been a 

LHC project picture
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Cost structure of the LHC
LHC project

M i 66%
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Magnet+cryogenics = 66%



LHC project
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LHC project LHC tunnel 2002



LHC project LHC tunnel 2006



Regular arc 
Magnets

LHC project
Magnets

1232 main dipoles                   

+ 3700 multipole corrector magnets
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Regular arc 
Magnets

LHC project
Magnets

392 main 
quadrupoles +

2500 corrector 
tmagnets

Installed dipolep

SSS being transported
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Connection via service 
module and jumper 

LHC project

Supply and recovery of pp y y
helium with 26 km long 
cryogenic distribution 
lineline

Static bath of superfluid
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Static bath of superfluid 
helium at 1.9 K in cooling 
loops of 110 m length



A c c e l e r a t o r  m a g n e t s  is s u e s
LHC project

Beam will circulate 500 Millions 
times in the LHC ! Field

Operated in series each octant:154/circuit
Extremely high current density: operation times in the LHC ! Field 

accuracy: 10-100 ppm
Necessity to have all dipoles 
equal in bending strength BL

85% of Ic (on load line), little stabilizer to 
increase J ⇒ Training quench. BUT we 
cannot train them at long (it costs too 
much) and they should not re trainingequal in bending strength BL 

within ~ 0.1%
much) and they should not re-training.
After the cool down the worst magnet 
will determine the energy of the 
accelerator
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accelerator.



The hystorical outlook
LHC project
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LHC the starting
LHC project

1987 1 l 1 b t CERN l h d i 1989 th l1987 a 1 m long 1 bore magnet 
passed 9 T
1988 a series of 4  1 m-long 

T i d d

CERN lauched in 1989 the long 
prototype, designed for 10 T 
max, 10 m, 50 mm twin 
aperturemagnets Twin were ordered to 

industry. Declared field range 
8-10 T.

aperture
INFN took care of the first 2 
magnets ordered in 1989, 
i l di bl

All this 
happened wellBare magnets of 2 tonnes to be 

tested in the vertical cryostat.
Tested in 1991-92, field in the 

including cables
CERN ordered cables and 
assembly for further 4 magnets 
i 1990

happened well 
before the 
results of 1 m 
model thatrange 8.5-9.3

Bore passed from 50 to 56 mm 
and field down to 9.3 T and 

in 1990
Big tooling was designed and 
built by industry.

model that  
triggered 
considerable 
hlater 8.65 T

In 1991 CERN started to 
manufacture 1 m-long magnet 

The experience of HERA was a 
good base, however LHC 
proved to be more difficult to 

change. 
However it 
created a good 
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a u actu e o g ag et
in its workshop

p
digest.dynamics and 

support for LHC



June 1994 : TEST of first LHC 
prototypeLHC project prototype

The first 10 mThe first 10 m 
prototype 
reached 8.65 T at 
first quench andfirst quench and 
9 T in three 
quench (today 
would be a bonuswould be a bonus 
magnet)
But the design 
was already 
changed based 
on 1 m long g
magnets
The success was 
the base for the

Lucio Rossi –LCW Desy, 30 May 07 - 14

the base for the 
(first) approval of 
LHC in Dec ‘94. 



The  technical change
LHC project

Aperture 50 to 56 mm
Increased distance among 
apertures
Coil configuration 
(arrangement of 
conductor)
Collar shape 
Length (from 10 to 13 and 
finally 15 m) and curved!
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Change in general approach
LHC project

From functionalFrom functional 
specification to “built-to-
print”, “built-to-process”, 
also in the componentsalso in the components
Chopping the work as 
much as possible, p
ordering main 
components directly. 
Components are strictly p y
related to design, the 
design was changing, 
main components had tomain components had to 
be under direct control of 
CERN In addition to the 1 m model facility, a cold mass facility 

f 15 bl t t CERN (b t t th t
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for 15 m assembly was set up at CERN (but not the part 
concerning the collaring coils) to finalize the procedures 
and technologies not yet defined.



The long route of industrializing 
and 

LHC project making cost effective

Further changes
Change of coils configuration (almost back to previous one!). This had a 
large impact on the plan.g p p
The quench test in between 1995 and 1998 were far being glorious, the 
field was almost lowering: good results, the nominal field was 
eventually fixed to 8.3 T. We suffer in interconnection but I think it was 
sane.
Changes of material for collars (from Al to 316LN)

Continuous order of superconducting cables p g
Continuous orders of long magnets to the 4 (then 3) companies 
selected: keeping them in the business was fundamental for the 
tendering and production.g p
Ideally you would want re-optimize after every change, but it is 
impossible. Many items are far from being optimal, but:
THE BEST IS THE ENEMY OF THE GOOD
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THE BEST IS THE ENEMY OF THE GOOD



The LHC superconductor 
7000 km of Cu/Nb-Ti cable

LHC project
7000 km of Cu/Nb Ti cable 
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Critical Current of LHC inner 
cable

LHC project
cable

16500
01B 01E

16000

b [
A

]

15500

re
nt

, I
C

_c
a

15000

rit
ic

al
 c

ur
r

14000

14500

C
ab

le
 c

r

Specification: 14140 A

13500

14000
Open markers: BNL

Solid markers: FRESCA

Lucio Rossi –LCW Desy, 30 May 07 - 19

Ordered per Cable ID (per company)



Controlling the 
contact resistance

LHC project
contact resistance

Rc measured by CERN on the cables for the inner dipole layer

CERN has developed 
the controlled 

y p y
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d ti f
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Procedure came just-in time!



Number of tests in 2003 at CERN
LHC project

Number of billets approved in 2003 : 1578Number of billets approved in 2003 : 1578

CableCableWireWire

Number of billets approved in 2003 : 1578
Number of UL received in 2003 : 2818

CableCableWireWire
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CoatingCoating
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175 /175 /monthmonth

CoatingCoating
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QA: Laboratory Equipment
( 300 K tests)

LHC project
( 300 K tests)
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QA: Laboratory Equipment
LHC project

 Examples of defects detected C. I. S.
 

Minor defect       Major defect 

   
 

Major defects      Major defects 
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Cable for main dipoles : delivery
LHC project

5400 1350Contractual UL-1 delivery
Contractual UL-2 delivery
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however only a  few were 
really decisive for the project
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Coils - Winding
LHC project

Accurate positioningp g
⇒for quench
⇒for field accuracy
WindingWinding
Curing at 185 °C
3-D: ends. Quasi-
impregnation

0 200

Shim
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QA: Magnetic measurements
LHC project
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shorts
Courtesy of E. Todesco 

and C. Vollinger
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Dipole -end part
end plate

LHC project
end plate
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Dipole-end part 
Bus Bars

LHC project
Bus Bars
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Dipole -end part
Shrinking cyilinder

LHC project
Shrinking cyilinder
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Dipole -end part
Cu HXT

LHC project
Cu HXT 
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Dipole -end part
Corrector Magnets

LHC project
Corrector Magnets 
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Dipole -end part
Cold foot Bellows and N-line

LHC project
Cold foot, Bellows and N line
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Snapshot at Industry:
Superconducting poles

LHC project
Superconducting poles
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Snapshot at Industry:
Coil aperture assembly

LHC project
Coil aperture assembly
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Snapshot at Industry:
collaring process

LHC project
collaring process
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Snapshot at Industry:
Cold Mass

LHC project
Cold Mass

Laser Tracking 
measurements
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Snapshot at Industry:
Cold Mass waiting test or 

LHC project delivery
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Snapshot at Industry:
delivery to CERN

LHC project
delivery to CERN
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Superconducting LHC dipoles: 
the contract strategy

LHC project
the contract strategy 

1988-98 short models and six 
prototypes for each of the 
three generation design were 
built by industry/CERN

1999: 3x30 pre-series magnets 
were ordered from three firms. 
A fi t tt t t f lA first attempt to go for larger 
production (160 dipoles) failed 
against high price

Three contracts for the 
fabrication of 1146 (+30 spares) 
magnets have been signedmagnets have been signed 
March 2002 (price 1/3 of the 
pre-series). Releasing company 
responsibilities from has been
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responsibilities from has been 
fundamental to get there.



Integrated supply chain 
management

LHC project
management

CERN took care of most components 
The same can be said for the main tooling
Benefits Risks & drawbacks
The same can be said for the main tooling

Technical homogeneity
Q lit

Responsibility interface
Additi l kl dQuality assurance

Economy of scale
W ld d th

Additional workload
Liability for delays (just 
in time!)We could advance the 

purchasing
Security of supply

in time!)
Transport, storage & 
logistics: we have movedSecurity of supply

Balanced industrial 
return

logistics: we have moved 
120,000 tonnes around 
Europe (5 TIRs a day for 
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return p ( y
5 years)



LHC components 
& industrial products

LHC project
& industrial products

Industrial production
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Number of variants
Courtesy of  Ph. Lebrun



Series production 
of LHC components

LHC project
of LHC components
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Number of variants
Courtesy of  Ph. Lebrun



9 0  m a i n  s u p p l y  c o n t r a c t s  

worldwide
LHC project

worldwide

Europe in details
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Personnel training
in Coil production

LHC project
in Coil production

Courtesy of Jeumont, Francey J
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LHC: Learning Curve
collared coil production

LHC project
collared coil production
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Log Linear model learning           
curves: Firm 3 (analysis by CERN)

LHC project
curves: Firm 3 (analysis by CERN)

)2( NT blFit: Crawford model

)(
)2(..

NTassembly
NTassemblypl =

Fit: Crawford model

Collared Coil production: 800Collared Coil production: 800--1000h1000h
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C o m p a r i s o n  

with other industries
LHC project

with other industries

Industry ρ

Complex machine tools for new models 75%-85%

Repetitive electrical operations 75%-85%

Shipbuilding 80%-85%

LHC magnets 80%-85%g

RHIC 85%

Aerospace 85%Aerospace 85%

Purchased Parts 85%-88%

Repetitive welding operations 90%Repetitive welding operations 90%

Repetitive electronics manufacturing 90%-95%

R titi hi i h ti 90% 95%
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Repetitive machining or punch-press operations 90%-95%

Raw materials 93%-96%



N u m b e r  o f  t o o l i n g

number of firm
LHC project

number of firm

The number of 
tooling has been 
correct (the goalcorrect (the goal 
was 3-4/week 
per company
Less companiesLess companies 
(for example 2 
instead of three) 
would not havewould not have 
lessened 
significantly the 
unit price andunit price and 
would have led 
to high risk
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Dipole performance
LHC project

Histogram of the number of quenches to reach 8.33 Tesla (11850 A) after thermal cycle
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Number of quenches to reach 8.33T



The great success: the dipole 
deliveryLHC project delivery

Total CC and C.M. Delivery Schedule (December 1st 2006)
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Magnet work flow at CERN
before beam test

LHC project
before beam test

6 superconducting bus 
bars 13 kA for B, QD, 

20 superconducting bus bars 
600 A for corrector magnets 

Cold testArrival CM CryostatReceptionQF quadrupole
g

(minimise dipole field 
harmonics)

To be connected:

• Beam tubes
i f h li

Cold testCryostatReceptionArrival CM

Beam screen Extra-work
(30% dip)

Store
4 areas

Stripping
Fiducials13 kA Protection

• Pipes for helium
• Cryostat
• Thermal shields

V lBeam screen Store Extra-work Stripping

St

(30% dip)4 areas Fiducials13 kA Protection 
diode

• Vacuum vessel
• Superconducting
cables  

Beam screen 4 areas (30% dip)
pp g

Fiducials

AlignmentTunnelStore
limited number ConnectionsConnectionsAlignmentTunnelStore
limited number

1st dipole lowered : 7th March 2005

Hardware CommissioningBeam testBeam test Hardware Commissioning
D b 2007 St t J 2007

42 sc bus bars 600 A for corrector magnets 
( h ti it t t )
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December 2007 Start January 2007(chromaticity, tune, etc….) 
+ 12 sc bus bars for 6 kA  (special 
quadrupoles)



Turn key contracts and  
setbacks: QRL

Also here industrialization pathLHC project Also here industrialization path, 
but… •In Dec 2001 the contract to 

single supplier awarded tosingle supplier awarded to 
Air Liquide

•Installation started 21 July 
2003

•Suspended after a few 
months: conflicts betweenmonths: conflicts between 
AL and subcontractors

•Re-started in spring 2004 
d th d d i Mand then suspended in May 

for leaks, when a good part 
of 7-8 was already installed. 
The delays were alreadyThe delays were already 
consistent

•Endoscopic examination in 
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June 2004 revealed broken 
support. Work were stopped



QRL
LHC project

Sliding table
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Welding defects – inspection of 18 service 
modules in August 2004

Temper 
colour

Scaled 
surface

100 % 100 %
End crater 
pipe 

Root 
concavityp p

100 %

y

30 %
Root porosity Incomplete 

root 
50 % penetration

45 %

54
Inspections of other elements at CERN and 

at factory will continue



QRL handled
LHC project

The company, near to drop the contract, has re-committed itself 
hto the project.

CERN took over the dismounting, repair and re-installation for 
all 7-8
CERN has supported follow in subcontracting and coped (also 
financially) in a high rate plan to catch up the delays.
AL and CERN has reviewed all design (tables, weldings,AL and CERN has reviewed all design (tables, weldings, 
alignment, bellow instability, etc.)
The first octant completed 1.8 months delay
The last “only” less than 1 year in delayThe last “only” less than 1 year in delay
However the consequence are still there (for example the ICs 
team was widely “diverted” to QRL repair and then IC did not 
t t ith th t d lit Th t t d f i t ll tistart with the wanted quality. The rate requested for installation 

and IC has been double than foreseen
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For Magnets work is not finished: 
we are still “learning” on ICLHC project we are still learning  on IC

l dLate start, accelerated rate
200 people in the tunnel

100100 contractor
100 CERN+associated for 
managing, QA, repair, in-g g, Q , p ,
sourcing of special WPs

Also in the IC we are 
observing a learning curve 
similar to MB construction

1 5 year the first octant1.5 year the first octant
Less than 6 months for the last 
one.
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But… the best is behind us
LHC project
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