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27 km ring

Introduction
LHC cryostats. Key figures:

• 8 continuous cryostats ~ 2.7 km 
each (80% of the ring)

• 1’232 dipoles cryostats

• 474 quads cryostats (Short 
Straight Sections, SSS):
– 360 main quad SSS in the arcs

– 114 insertion quad SSS in the DS 
and LSS regions

From a simple artist’s view… …to an existing complex reality



Dipoles vs. Quadrupole cryostats
Dipoles: 1’232 units, 1 cryostat type, (long and heavy)

Quads: 474 units, 55 cryostat types, (shorter, lighter)
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Quad cryostats (SSS): 474 units

Q7 IR4 LMQMA/B

Q4/Q5 IR6 / Q5/Q6 IR4 LMQYA/B/H/K/L

Q8/Q10 LMQMC/D/O/P

Q5/Q6 IR1/5 LMQMM/N

Q9 IR6 LMQMH/IQ/R

Q4 IR1/5 LMQYC/D

Q7 IR1,2,5,8 LMQME/F/G

Q6 IR2,8 LMQMJ/K

Q6 IR3,7 LMQTI/J

Q5 R2/L8 LMQML

Q4 IR2,8 / Q5 L2/R8 LMQYE/F/YI/J

lg = 11345mm

lg = 10390mm

lg = 8985mm

lg = 8010mm

lg = 6610mm

lg = 5335mm

Combining 87 cold mass variants and 55 cryostat types 
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The Way to Series Production
• Concepts & technical choices suited to a large-scale series production

• Available and Affordable industrial production processes
– Technically adequate to a large series production 
– Limited development costs 
– Cost effectiveness from economy of scale

• Confidence gained from prototyping, extensively tested on full-scale strings of cryo-
magnets
– String 1 (53 m half-cell, 1994-1997). First prototypes
– String 2 (106 cell, 1998-2000). Validation of final design

• Cryostat components procurement policy:
– Market survey: Pre-selection of widest panel of companies with technical competence and 

production potential  
– Call for tender: Competitive tendering on “build-to-print” technical specifications 
– Splitting on more than one supplier for security of supply of critical risk components

• Assembly of dipole cryostats at CERN based on a “Result-oriented” execution 
contract.

(Assembly of Quadrupole cryostats (SSS) at CERN came as a necessity due to insolvency of the 
contractor)



Components:  managing an integrated supply chain

Benefits

• Technical homogeneity

• Quality assurance

• Economy of scale

• Safety of supply

• Balanced industrial return

Risks & drawbacks

• Responsibility interface

• Additional workload

• JIT breakdown

• Transport, storage, logistics

(courtesy Ph.Lebrun)



Dipole cryostat components

Vacuum vessels Batch of delivered trays

Composite support posts MLI blankets



SSS cryostat components

Phase separator

He level gauge 
housing

Jumper elbow
Cryo piping

Instrumentation 
feed-through pipe

Technical Service Module 
thermal shield Insulation 

Vacuum Barrier

Technical Service Module 
vacuum vessel

Vacuum vessel

MLI blanket

copper 
thermalisation on 
Cryo line

Just a few of the 137 main components 



Origin of components in Europe

Quadrupoles

Dipoles

Cryostats

Cryoline

Correctors

ISQ



Cryostat Assembly at CERN
• External contractor, “Result-oriented” assembly contract (87% contract value):

– “Work packages”  suited to well defined work

– Not suited to handle unforeseeable (and certainly occurring!) additional work   

• …it included provisions for hourly-rated work (13% contract value)

• Performance through shared incentives 

• Contractor’s profit margins open to CERN 

• CERN role:
– Process definition 

– Making available infrastructure and specific tooling (CERN on site)

– Make available conforming “ready-for-assembly” components

– …+ managing what went wrong! 

•  Partnership as a key to success
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Know-how transfer to the contractor:

• Execution of first Work-Packages (WP)  hand-in-hand with CERN specialists, and under 
CERN’s responsibility (paid on hourly-rated work)

• Refining of final WP content, including feedback from contractor

• Adjusting offer for fixed-cost work

• Transfer of responsibility for each WP

• Contractor responsibility:
– Make qualified (& trained) personnel available

– Execute  WP according to scheduled work volume

– Fulfill CERN Quality Assurance requirements

• Unexpected work remained (mostly) paid on hourly-rate

Advantages of the format:

• Flexibility:  tuning our needs as discovered

• Addition of extra unexpected work 

• Open negotiations (known profit margins)

Contract management

12



STORAGE

SMI2SM18SMA18

Step 5: EXTREMITIES & BEAM SCREEN 
(ext.contract.)

STORAGE

Step 4: STRIPPING & FIDUCIALIZATION 
(ext.contract.)   

Step 3: POWER TESTS (CERN)

Step 2: CRYOSTATING (ext.contract.)

Step 1: COLD MASS RECEPTION (ext.contract.)

SM18

SMA18

SMI2

2

Dipole activity at CERN

Step 6: FINAL CHECK BEFORE TUNNEL TRANSP. 
(CERN)
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Cold mass reception

Bottom tray + supports 
assembly

Al thermal shield rolling machine

Thermal shield + MLI assembly Hydraulic assembly bench

Assembly of dipole cryostats

Key Figures:
- 1232 units in 4 yrs
- 30 FTE workers 
- 3 hydraulic assembly benches
- Peak rate of 45 units/month 

(on 2 shifts)
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Production figures

Dipole cryostat assembly
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Key Figures:
- 1232 units in 4 yrs
- 30 FTE workers 
- Peak rate of 45 units/month (on 2 shifts)
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Cryodipole overview

0

250

500

750

1000

1250

1-Jan-01 1-Jan-02 1-Jan-03 1-Jan-04 1-Jan-05 1-Jan-06 1-Jan-07 1-Jan-08

E
q
u
iv

a
le

n
t 

d
ip

o
le

s

Cold masses delivered Cryodipoles assembled

Cryodipoles cold tests passed Cryodipoles assigned to position in ring

Cryodipoles prepared for installation Cryodipoles installed



Storage, an unavoidable reality…

Out-doors storage of vessels at CERN

Cold masses awaiting their cryostat

Magnets waiting for cold tests or tunnel installation
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…a logistics endeavor…

Dipole cryostat
Assembly Hall

Magnet cold 
testing facility

Stored 
Cryo-dipoles 

Stored vessels 

Stored 
Cold masses 

CERN, Prevessin

CERN, Point 18

From “Google Earth”, 
Aerial view of CERN sites (~2005)

Stored SSS
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…handling and transport  

Speed limit 20 km/h

Special handling

End restraints and shock-logs

CERN transport: ~ 1.5 km/magnet
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The assembly of the Quadrupole cryostats (SSS) at CERN
Internalization after insolvency of contractor

• Setting-up of a 2’000 m2 hall equipped with specialized tooling developed by CERN

• Recovery of component supply contracts from subcontractors (~10 major contracts)

• Staffing by industrial support contract (same as dipole cryostat)

• Setting up a CERN team for configuration management, Quality Control and 
Inspection

20



Complexity of a Short Straight Sections (SSS) 

Vaccum vessel 

components

Thermal shield 

components

Cold mass 

components

Jumper 

lines

Jumper elbow
Vacuum 

barrier

QQS Vac. 

Vessel

C' 

line

DCF

Bottom 

tray

Phase separator

Testing 

circuit

IFS

IFS cover flange

Connection tube

Line N

Vac. Vessel

Cold mass

Jumper thermal shield

QQS thermal 

shield

Standard section  

thermal shield



Assembly of the Short Straight Sections (SSS) 

Key figures:

• 474 units and 136 variants

• 370 component types

• 60 FTE workers at peak production 

• > 6 km of leak-tight welds

• 3300 leak detection tests

• 3.5 yrs of production

SSS assembly hall at CERNSSS assembly hall at CERN

22
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SSS assembly: Organization
Teamwork of 3 contractors + CERN



Resources and Qualifications

Assembly Activity No. FTE Quality assurance No.FTE Components center No.FTE

Supervision 3 SSS configuration control 2 Logistics 3

Mechanical workers 6 Vacuum technicians 5 Storage 2

Welders 6 Welding inspectors 1 Components inspections 1

Electro-mechanical workers 10 Electrical checks 2

Electricians 7

Sheet metal workers 3

Handling operators 3

Totals 38 10 6

Most critical professionals to find on the market:

- Vacuum technicians, leak detection specialists (virtually none)
- Qualified (manual) welders
- Electricians & brazing technicians

24
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Storage of cryostat components
• ~ 370 different components

• …size: from several meters to a few cm!!

• Storage space set-up lately in the project (we hoped in “just-in-
time” supply, just an illusion!!)

• Logistics platform (also lately set-up):
– Prepare “kits” of components ahead of need

– Follow-up of used parts, scraps, remaining stock and need for spares 

Setting-up a storage/logistics platform was a must:

Space, resources, and methodology

Certainly an underestimated issue!! 
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Production figures

No. of SSS assembled vs. Total manpower
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Highlights

The last one !
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Quality Assurance: Non-Conformities (NC)

• Dipole cryostat assembly: 

250 NC on 1232 units:

– Mechanical: 95%

– Electrical: 3%

– Welds: 1%

– Leaks : 1%

SSS assembly: 
600 NC on 474 units

Leak at 

assembly, 62, 

10%

Electrical at 

assembly, 83, 

13%

Dimensional at 

assembly, 59, 9%

Mechanical at 

assembly, 122, 

19%

Welding at 

assembly, 60, 9%
Cryostat 

components 

(mechanical), 4, 

1%

Cryostat 

components 

(leaks), 29, 5%

Magnet polarity, 

49, 8%

Cold mass at 

reception 

(electrical or 

mechanical), 

108, 17%

Electrical at cold 

tests, 56, 9%

SSS assembly rate Vs. NC per SSS
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Leak-tight welding

Key figures and findings: 

• 20˙000 welds, (mostly manual)

• 2% of defective weld  rate

• 3’300 leak detection tests (40% more than initial plans)

• ~ 100 leaks (0.5% of welds)

• No “cold leaks” (but a few leaks broke open at cold)

• Some very difficult leaks to localize  several months stop for some SSS ! 

• Some leaks “appeared” in the tunnel  very difficult to localize

Weld defects by type

III - Repair

with cutting

and reweld; 

45; 10%

I - Defects 

within 

tolerance; 

260; 60%
II - Partial

reweld; 132; 

30%

Causes of leaks
Unknown, 10, 

11%
Assembly - 

components, 

2, 2%

Execution, 9, 

10%

Component - 

Material, 2, 2%

Assembly - 

welding, 40, 

44%
Component - 

welding, 28, 

31%



Summary

• A thorough product development and industrialization, validated by prototyping and pre-
series, is an absolute pre-requisite before production

• The series production of the cryostat components lasted between 3 and 4 years

• Insolvencies of  firms or unexpected technical difficulties  were tackled by reactive 
recovery plans made possible by resources and technical competence in the home 
laboratory   

• Splitting of contracts to secure critical supplies was an unavoidable necessity in a few 
cases

• A major recovery plan for the insolvency of the SSS assembly firm lead to the successful 
in sourcing of an industrial-type activity. 

• The assembly of cryostats was made at CERN in the frame of a result-oriented contract, 
but with very useful provisions for hourly-rated work

• Industrial-type learning curves allowed the assembly of the about 1’700 cryostats in less 
than 4 years
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Thank you for 

your attention!

Published papers on the industrialisation of the LHC cryostats :

• CEC/ICMC 2007, “Series-produced helium II cryostats for the 
LHC magnets: technical choices, industrialization, costs”.
• CEC/ICMC 2007, “The assembly of the LHC Short Straight Sections 
cryostats at CERN: work organization, Quality Assurance and lessons learned.”
• CEC/ICMC 2007, “Leak-tight welding experience from the Industrial assembly 
of the LHC cryostats at CERN.”
• PAC 2007, “Industrial aspects of the Assembly and Quality Control of the LHC cryomagnets at CERN. Lessons learned”.
• PAC 2005, “The assembly of the LHC Short Straight Sections (SSS) at CERN: project status and lessons learned”.
• PAC 2005, “The Short Straight Sections in the LHC Matching Sections (MS SSS): an extension of the arc cryostat to 
fulfill specific machine functionalities”. 



Spare slides



The Manufacturing & Test Folder (MTF),

key to quality assurance in production



• Work load:

• Planning of the assembly activity

• Definition of the assembly process

• Definition of the procedures

• Definition of the inspection plans

• Follow-up of the production

• Follow-up of the inspections contracts

• Supervision of the components logistic

• Follow-up and treatement of the non-conformities

• Insure traceabilty

• Supply toolings, consumables…

• …

PRODUCTION AND QUALITY 

MANAGEMENT

HEAVY LOAD FOR WHICH YOU NEED RESOURCES!

•Procédures:

•Cold mass reception (WP11)
•Process sheet
•Welding plan
•Traveller
•Components list
•Dimensional control
•Leak tests
•Electrical control
•Welds inspection
•Stripping (WP18)

10 procedures / cryostat type!

•Inspection plans:

•Weld inspection and X-Rays
•Contractor: IS (Institut de Soudures) / followed by P. Campos

•Leak tests
•Contractor: ALL43 (Air Liquide – 40:30) / followed by N. Bourcey

•Electrical controls
•Contractor: ICS / followed by R. Lopez

•Dimensional controls
•Contractor: ICS / followed by P. Campos
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Material Quality
Material defects (AISI316LN with inclusions) in a batch of material 
supplied by CERN to industry
Helium leaks in flanges

Could have been avoided by:
More severe quality control 
or 3-D forged flanges (costly!)
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Leaks: Photo Gallery

Porosity

In Al-Al weld

10mm

Root porosity

5mm

Crack

Range 10-7 mbar.l.s-1

5mm

Lack of fusion

10mm

Hole

Range 10-7 mbar.l.s-1

10mm

Range 10-2 mbar.l.s-1

10mm
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What did we get wrong (or could have done better) ?
…among the tens of stories and lessons learned we have in mind:

Contract management: surviving in the “business jungle”

• Insolvency of firms: can we avoid it? No but…
– Risk management  reaction plans

– Needs high reactivity

• Choose splitting contracts for risk-critical supplies: costs more but pays back  at the 
end 

Cryostat design:

• Avoid Al-Al welding if possible

• Improve design of welds for easy execution and checks

Technologies:

• Leaks in components from industry  QA

• Leaks in materials  Manufacture, QA

• Leak detection: a key competence in cryostats
– Lack of competent personnel (in particular for localisation of leaks)

– Industrial leak check methods is a must: “clam-shells” for example 

• Welding:
– Weld execution:

• Proper backing (specific tooling)

• Qualified welders

• Brazing of copper to st.steel
– Use of acid cleaning agents  slow corrosion leading to leaks

– A CERN qualified brazing flux esists

Production follow-up:

• QA inspections in industry:
– Never believe blindly in paper work (certificates of conformity): repeat tests, it costs but it pays 

back!  

– Requires qualified and well trained inspectors

• Logistics & storage



38

Costs of Assembled Dipole Cryostat

Cost break-down

vacuum vessel 35.2 %

assembly 13%
tooling and  fixed costs for assembly 12%

thermal shielding 9.7%

ancillaries-consumables 
9.3%

MLI blankets 6.9%

GRFE cold mass supports 6.3%

weld and leak QA 2.4%

support jacks 3.1%
instrumentation system 2.2%

100 kCHF (~81.4 kUSD) per cryo-dipole assembled cryostat (2007 value) (1 CHF = ~0.82 USD)
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Costs of Assembled SSS

tooling and fixed costs for assembly 11.6 %

Cost break-down

assembly 16.1 %

vacuum barrier 16.7 %

vacuum vessel 15.5 %
cryogenic module 14.7 %

thermal shielding 7.9 %

ancillaries & consumables 4.3%

GRFE support posts 4.3 %

Instrumentation system 1.6%

Support jacks 1.7%
MLI blankets 2.2%

Weld and leak QA 2.6%

Unit cost: 114-136 kCHF (93.5-111.5 kUSD) depending on SSS complexity (2007 value)


