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Introduction

• Your beautiful and expensive vacuum system was well designed and prototypes

deeply tested …

… so what can happen?
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First turns of LHC: 10 Sept 2008
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The real life of operation …

E. Schopper
CERN DG

1981-1988

R. Aymar
CERN DG

2004-2008

L. Maiani

CERN DG

C. Llewellyn Smith
CERN DG

1994-1998

C. Rubbia
CERN DG

1989-1993

L. Maiani
CERN DG

1999-2003

Roger Bailey

Operation GL

Roger Bailey

Operation SL
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The real life of operation …

Lynn Evans

LHC PL

Roger Bailey

Operation SL
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What about the real life 

through the looking glass?
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The Sector 3-4 incident (just before the 1st ramp)

19th September 2008 at 11:18.36
last test of the last sector: 7kA (4TeV) towards 9.3 kA (5TeV)

Electrical arc at 8.7 kA in the interconnection
Rupture of bellows, expansion of liquid Helium with 
superinsulation debris

8
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14 quadrupole magnets 

replaced

5km beam-tube 

cleaned

longitudinal restraining 

system quadrupoles

900 ports for helium 

pressure release
6500 new detectors and 250km 

cables for new Interconnect 

Protection System

collateral damage mitigation

39 dipole magnets 

replaced

204 interconnections 

repaired

2009 - overall repair and consolidation
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Impact on beam tube …

Beam Screen (BS) : The red color is 
characteristic of a clean copper 

surface 
 

BS with some contamination by 
super-isolation (MLI multi layer 

insulation) 

BS with soot contamination. The 
grey color varies depending on the 
thickness of the soot, from grey to 

dark. 

   
 

Clean Copper surface.
Contamination with multi-

layer magnet insulation 

debris.

Contamination with soot.

 60% of the chambers  20% of the chambers 

• 2x 2.8 km damaged
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TE-VSC Vacuum Cleaner

Credits: E. Mahner, B. Jenninger, B. Henrist
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Beams back: 20 Nov 2009

Roger still here!

Happier than ever!
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1. What can happen?
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Disclaimer

• What I will show is not an exhaustive list of the events which can happen …

• I really trust the creativity of nature and humanity to complete the list!
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1.1 Vacuum loss
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Leaks

He leak detector

See tutorial P. Cruikshank, G. Bregliozzi

• This is the first demon faced by the vacuum expert

• Leaks can be due to:

• installations non conformity

• bad design / material

• mechanical or thermal fatigue of a component

• corrosion

• …

• One great thing, if you don’t look for them, you might not

find them yourself ….

… but something else might find it for you!
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Leak at welds: mechanical analysis

Y. Suetsugu et al. J. Vac. Sci. Technol. A 34, 021605 (2016)

• The stress at the level of the weld increases under vacuum and weight (and thermal

stress)

• Example of SuperKEKB:

• Supporting of below before evacuation

• Rewelding if too thin thickness
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LHC: 1st Leak triggering a beam dump

18

• During operation, the bellow of a wire scanner broke, creating a leak

• The total amount of bellow’s cycle was not recorded since the start of LHC 

and overpassed by far the acceptable limit ;-)

• Varnished was applied without success

• The emergency procedure which consist in Ne venting allowed to replace the 

faulty component and resume beam operation after 2 days

Beam dump
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Pressure Distribution after NEG ActivationFast Repair: Ne venting
• 5 days intervention

• Ne flow to reduce air back streaming

• This method avoids the NEG saturation (remember Ne is an inert gas)

• Avoid major NEG saturation but possible local saturation close to the exchanged

piece

• Zone that can stand over pressurization +100mbar

19

Neon trolley
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Corrosion
• Originates from chlorine pitting

• ISR: Brazing flux ! (ZnCl2)

• SPS: fire detection PVC pipes subjected to radiation in

a wet environment and located above the vacuum

system

• LEP: PVC based tape wrapped around photomultipliers
ISR 1980

SPS 2000 LEP 1995 
See S. Sgobba, F. Cerutti, M. Brugger lectures
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Corrosion
• Brazing flux containing chlorine leads to corrosion.

• Example, ESRF

The chlorine cannot be cleaned 

being trapped in small interstices!

Brazing flux forbidden!

CracksL. Hardy, ARW 2009
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Water leak in cooled devices
• The crotch is a photon absorber (~ kw), used in SR machines. It need to be water cooled …

• Example ESRF crotch, March 2005

• Water leak:

• 50 m vented

• water inside the vacuum system!

• 5 days lost

Crotch

L. Hardy, ARW 2009 Origin: de-ionised water+ Copper + radiations
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Water – cooled devices: another example

M. Shoji et al. 

Vacuum 84 (2010) 738–742

• Example Spring 8 photon absorber, June 2001

 New design with cooling tube out of the

SR fan

Vacuum for Particle Accelerators, Glumslov, Sweden,                     

V. Baglin, 6 - 16 June,  2017



Vacuum, Surfaces & Coatings Group

Technology Department
24

1.2 Non conformities

Vacuum for Particle Accelerators, Glumslov, Sweden,                     

V. Baglin, 6 - 16 June,  2017



Vacuum, Surfaces & Coatings Group

Technology Department
25

LHC Dipole-Dipole Interconnection

Cold bore

Cooling tube
exit pieces

Beam 
screen

Plug-in module

Bellows
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Plug-in Modules with RF Fingers

• Last installed component to interconnect superconducting magnets (~ 1 700 PIM)

• RF bridge made of sliding RF fingers (Au coated to avoid cold welding)

• < 0.1 mOhm contact resistance, Rh coating (i.e. 3 mOhm/RF finger)

RF bellows
Copper 

transition tube

Upstream flange

Downstream flange

Plug-in module 

transition tube

RF-contact Gold 

coating 5 m

RF-contact strips

coating 5 m

Indium brazed

RF-contact strips

coating 5 m

Indium brazed

RF-contact 

transition flange

Rhodium coating 3 m

Screw & Spring washer

Screw & 

Spring 

washer

Room temperature position

Working position at cryogenic temperature

Courtesy R. Veness
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August 2007
• After warm-up of sector 7-8

• A buckled PIM was discovered in interconnect QQBI.26.R7

• Was really found by chance!

Vacuum for Particle Accelerators, Glumslov, Sweden,                     

V. Baglin, 6 - 16 June,  2017



Vacuum, Surfaces & Coatings Group

Technology Department
28

Why buckling ?

• Non conformity during manufacturing

• Not properly documented       => Lesson:  respect of Quality Assurance is a MUST
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The consequence: RF ball emitter
• Identification of critical PIM :

• Repair / consolidation when possible

• ~ 1 mm longitudinal shift of quadrupole to gain margin

• Maintain arc below 130 K during stand-by period

• Recurrent observation after each warm up of arc with:

• RF ball

• Tomography

• Endoscopes

RF ball RF ball inside PIM A buckled PIM 
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Deformation of bellow  

• Production of bellows for the LHC QRL:

• design: convolution height “at the limit”

• non-conform production

• not traced !

• Cured by mechanical consolidation

• Production follow-up shall be appropriate !

See C. Garion lecture and tutorial
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It can always be worse ..

• CERN ISR vacuum chamber located at the interaction point
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1.3 Aperture losses
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Warm Modules for Interconnection

• Modular system

• ~ 1 800 in the LHC ring

• Bellow shielding to optimise beam impedance

• RF bridge with several shapes (circular/elliptical)

• Ag coated CuBe fingers

• Rh coated insert

• Allow thermal expansion during bakeout (+/- 20 

mm stroke)

• Can accommodate instrumentation ports
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Summer 2011 : Vacuum Modules - VMTSA

• Design extrapolated and not mechanically validated before installation in the ring

• Pressure spikes located beside inner triplets generated interlocks and background

34

Observed Pressure spikes during a physics fill
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Vacuum Modules : VMTSA - 2011

• X-rays done in May showed a conform module, in November the module was broken

• The RF bridge was destroyed by the beam !

• 8 out of a total of 20 in LHC were damaged i.e. 40 %

35
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Heating due to Re[Z]

36

Permanently deformed fingers

• Origin of the systematic default was identified to be due to a poor contact between the RF finger

and the transition tube.

• Lesson : always validate the design of your components (even under schedule pressure)

See R. Wanzenberg, B. Salvant and S. Calatroni lecture and tutorial

LHC: the most expansive 

brazing machine
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2011: Pressure spikes in right side of CMS

37

• In 2011, frequent pressure spikes, some up to 10-6 mbar, were observed at CMS, 18 m, 

right side. 

• When the local pressure was above 10-8 mbar, CMS background was larger than 100 % 

thereby reducing the detector capability

Fill 2241 with 50 ns bunch spacing

Typical Observation

Courtesy J-M. Dalin EN-MME
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Pressure Distribution after NEG ActivationNe venting to save the 2012 CMS Run !
• Vacuum system performance recovered even following the dismounting of 2 m long

vacuum chambers

38
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4th July 2012: SM BEH Boson Discovery

ATLAS and CMS discovered a new boson 

in the mass region ~ 125-126 GeV/c2
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RF bridge: PETRA III
• PETRA III RF contact are placed inside the transition tube when the bellow are over-

extended

=> beam intensity limited in 40 bunch modes to 80 mA till 2012 (design 100 mA)

• Define specification

• Check at surface mechanical and electrical specification

Courtesy L. Lilje
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RF bridge: ESRF

• Vacuum levels and gamma-graphy are great tools to

avoid disaster.

• X-rays before machine closure and pressure follow up

helps!
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RF Contact: SOLEIL

N. Bechu, OLOAV 2014

• Misplaced RF contact are producing arcing
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RF bridge: RHIC

P. Sampson, ARW2009
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RF bridge: BEPC II 

Bellow damaged 

downstream 

of R21-AMB

J, Cao, ARW2013
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RF Bridge: KEKB

M. Mazuzawa, 2004
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• A movable mask to protect ALICE during injection (Boron nitride jaw)

• Deformed beam screen observed during winter technical stop 2011-12

• Beam induced, via impedance, thermal outgassing 

Beam induced outgassing

46

 Suspected origin is a bad sliding point

 Cu beam screen was deformed during 

bakeout at 300 deg

Deformation

 ~ 10-7 mbar
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Benefit of a large aperture

• Allows many optics to be deployed, in particular new ones not foreseen at the stage

of the design e.g.

• CERN Achromatic Telescope Squeeze to be used for HL-LHC

• PETRA III

• Solving ULO (unidentified lying object) issue by applying a bump

CERN ULO 15R8

L. Lutz, Olav 2014
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Unexpected beam aperture restriction in LEP

around IP1 22 June 1996

S. Myers
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Unexpected beam aperture restriction in LEP

around IP1 22 June 1996

• Qualified by of the CERN accelerator director, S. Myers, of:
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1.4 Energy losses
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Tunnel environment and cleanliness …
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UFO Particulates
• They originate from the construction / installation and may latter interact with the beams

• Most of the particulates have a positive charge (shall be less sensitive to positive beams)

• HERA

• pumping system upgraded to NEG strip and positron operation preferred

• LHC

• Most of them are very small, a few leads to beam dump triggered by BLM system

• Rate reduce with time thanks to gravity and vibrations.

See lecture L. Lilje
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Stored Energy
• Modern machines have a few MJ of energy … what can you do with that apart from

collision ?

See F. Cerutti, M. Brugger lectures
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Beam extraction from SPS: 10/2004
• 450 GeV beam, 3.4 1013 p on stainless steel (3 MJ) miskicked, result:

 A 1 m long groove along a SPS vacuum chamber after the impact of ~1% of a nominal LHC

beam during an ‘incident’: ~ 3 days repair

• In a superconducting machine, it would cost several months of work!
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TEVATRON Accident: 5 December 2003
• A roman pot moved into the beam

 the particle showers quenched 16 superconducting magnets

• The beam moved by 0.005 mm/turn and touched a collimator jaw surface after ~ 300

turns

 the entire beam was lost, mostly at the collimator

• Beam loss monitor where switched off!

• 10 days repair

25 cm groove in stainless steel 5 mm hole in a vertical W jaw
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Also with electrons machine

• Example of an air leak in SPRING 8:

• 8 GeV electron beam with 15 micron vertical beam size on a 0.7 mm thick

stainless steel wall

M. Shoji et al. 

Vacuum 84 (2010) 738–742
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Also with photons from SR machine
• Example of melted gate valve at SSRF, Shangai:

• The photon shutter was opened while the gate valve was closed, the synchrotron

radiation produced by 3.5 GeV electron beam at 200 mA melted the stainless

steel.

L. Yin, ARW2013

Metal melted by SR heat 

load
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Also with photons from SR machine
• Example of SOLEIL, france

Courtesy N. Bechu

Metal melted by SR 

heat load
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SR induced fluorescence

• Observed at SOLEIL, france

• The X-ray fluorescence of Zr at 16 and 18 keV can

destroy the Kapton bakeout foil if the Al or Cu vacuum

chamber is thick enough

C. Herbeaux, OLAV 2014
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The read pressure is not always a true pressure
• Photons produce photoelectrons, stray particles can ionised the cable or magnetic

field can modified significantly the reading of pressure

The apparent absence of 

beam conditioning is due to 

scattered particles on the 

gauge collector and cable

M. Shoji et al. 

Vacuum 84 (2010) 738–742
L. Hardy, ARW 2009

Erratic pressure 

readings

See F. Cerutti and M. Brugger lectures
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1.5 Summary
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Summary

• The vacuum group people have always the impression of being firemen !!!!!

• Can we do better?
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2. Quest towards availability
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Availability: Vad fan är det här?

(what the hell is this?)

Availability: The percentage of time an equipment is in operable state
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Accelerator schedule: objective beam time!

ESRF

LHC

SSRF
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2.1 Study, Design,

Procurement & Installation
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Design reports

• Communication & release of Official documents and books is mandatory to share 

pertinent information across the project

2010

MAX IV design report

2015

HL-LHC

Preliminary design

2004

LHC design report
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LHC Project

Design

Nominal Ultimate

Energy [TeV] 7

Luminosity [x1034 cm-2.s-1] 1.0 2.3

Current [mA] 584 860

Proton per bunch [x1011] 1.15 1.7

Number of bunches 2808

Bunch spacing [ns] 25

Normalised emittance [μm.rad] 3.75

β * [m] 0.55

Total crossing angle [μrad] 285

Critical energy [eV] 44.1

Photon flux [ph/m/s] 1 1017 1.5 1017

SR power [W/m] 0.22 0.33

Photon dose [ph/m/year] 1 1024 1.5 1024

• Defining and understanding the machine parameters impacting the vacuum system 

was a crucial part of the project
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Allow provisions for upgrades!
• There might be always good reasons to upgrade the performance of the machine that 

you ignore at the time of the design of your project …

ISR

S. Myers
• LEP becomes LEP2

• LHC becomes HL-LHC

• ESRF upgrades

• KEKB becomes SuperKEKB

• …
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Base Line Validation
• Many studies conducted over ~ a decade with experts all around the world, some 

examples:

C. Scheuerlein et al. Appl.Surf.Sci 172(2001)

R. Cimino , I.R. Collins, App. Surf. Sci. 235, 231-235, (2004)

Material performance qualification System performance qualification

V. Anashin et al., J. Vac. Sci. Technol. A 14(4) (1996) 2618

A. Rossi, Proc. Ecloud’04See O. Malyshev and R. Cimino lectures
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Design of components / assemblies
• Design review (conceptual, detailed, production readiness …)

• During LHC procurement, the LHC-VAC group internally reviewed all technical 

specifications and drawings :

• ensure compatibility across the vacuum system

• allows optimisation across components and performance (standardisation)

• use quality class (class A, approval circuit after control 1&2)

• GOLDEN Rule: reject components, including in-kind, which do not meet VACUUM 

DESIGN APPROVAL

 Technical specification & drawing validation 

State of the art material, cleaning methods, procedures

• Do’s and don’ts (just a few important ones from LHC design and experience)

• No halogenated fluxes

• No cold demountable joints

• Helium envelopes are all-metal

• Joining techniques need to be validated (materials, welding, DT)

• No dye penetrant testing

• Minimise thin wall components.

• Combine RT leak and pressure test of components

• Decide a policy for cold testing of critical components

• Keep non-vacuum group manufacturing under control – assign a vac link person

• Don’t allow deliveries until tightness certification is approved

• Minimise number of welds to be tested in the tunnel

• Many, many more 

• …
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Spares
• a spare policy / strategy shall be defined based on:

• cost

• time to recover including building of components

• failure rate

• failure probability

• complexity of the component

• long term storage of spare

• In case of accident, does the repair can be done in the shadow of another 

faulty component ?

• …

• Driven by major items and possible events (rupture, beam loss …) 

Vacuum for Particle Accelerators, Glumslov, Sweden,                     

V. Baglin, 6 - 16 June,  2017



Vacuum, Surfaces & Coatings Group

Technology Department
74

Long Shutdown 1 (LS1)

• Main aim : consolidate the splice interconnection between superconducting 

magnets to allow operation at 7 TeV/beam

• Started Feb 2013, Physics resumed April 2015
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Overview of  LSS Beam Vacuum Activities 

• 148 vacuum sector to re-commission i.e. 5.1 km of vacuum system (80 % of the LSS)
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Quality Assurance Plan
• Allows to share information in a global way producing the right component

Engineering Change Request
Standard components Libraries Equipment Management Folder

Naming Convention

LHC layout database
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Vacuum Layout
• Define components, produce data based drawings and SCADA systems, ease 

installation and optimise future intervention (e.g. in radioactive areas)

Vacuum layout database
Integration studies Installation drawings

SCADA

New components

Production & follow up
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Infrastructure and Material
• Adapted stores, components, tools and storage management are mandatory

Gaskets – Flanges - Pinch-off

Vacuum modules

Vacuum adapters

LHC’s spare
Bake-out

Store

Remote tooling

Mobile

Pumping group

Pinch-off

ARC

Mechanical

NEG Activation
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LSS Vacuum SectorsVacuum Acceptance Tests
• Prior installation all (several thousands) equipment have been baked and 

validated at the surface before installation in the tunnel:

• functional test

• leak detection

• residual gas composition

• total outgassing rate

79

G. Cattenoz et al., IPAC 2014

 Logistics, scheduling, coordinating & official reporting

See G. Bregliozzi lecture
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The LHC beam Vacuum Laboratory in 2012

Qualification of components:

Chambers, collimators, modules, BPM…

Outgassing Measurements

Ultra Pure Neon Injection 

And collimators set-ups

Relative vacuum Gauges Calibration
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Examples of tested parts

Collimator jaws
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Installation and Quality Control
• Expert teams dedicated to specific tasks, logistic included 

• Industrial support coordinated by CERN staff

Bake out

NEG activation

Chamber installation

Module installation

Mechanical installation

Inspection

Inspection

J. Sestak et al., IPAC 2015
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Work Orders
• Allows, scheduling, coordination, identification of tunnel activities, control of equipment

and fulfil safety aspects: electrical lock-out, radiation

CERN

APS

CERN

TRIUMF
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Pressure Distribution after NEG ActivationCommissioning of a vacuum sector

84

Usually a 3 weeks intervention (typical of any baked vacuum system) depending on 

the sector complexity:

• Venting the sector to air

• Mechanical intervention

• Pumping and leak detection

• Bakeout installation

• Bakeout and NEG activation

• Bakeout removal

Mechanical installation

Bake out installation
NEG activation
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Commissioning of the NEG coated vacuum system 
• Bake out of stainless steel part first

• Followed by NEG activation

Specific procedure for NEG activation

Activity reports

Progress & performance charts
G. Bregliozzi et al., EPAC Genoa, 2008

<P> ~ 10-11 mbar

Pressure reading limited by 

outgassing of the gauge port and by 

the gauge sensitivity
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Human error

• Controls are necessary because of human fallibility, not incompetence

• Would you take this plane if there were no check list?

Airbus A380 cockpit
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Some examples

• A classic: venting or commissioning the wrong vacuum sector!

• Exchanging the of a turbomolecular pump without closing the sector valves

while the pump is connected to the beam vacuum venting several vacuum

sectors!

• Activating / baking a vacuum sector under atmospheric pressure!

• Pumping down a vacuum sector with aluminium foils used at blank flange!

• …
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Check lists

V. Kempson, ARW 2013
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Visual inspection

• Documented inspection tours are needed and avoids potential failures

Someone forgot a tool on an undulator:

The imprint of it is visible on the Al vacuum chamber!
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2.2 Operation

Vacuum for Particle Accelerators, Glumslov, Sweden,                     

V. Baglin, 6 - 16 June,  2017



Vacuum, Surfaces & Coatings Group

Technology Department 91

Vacuum Monitoring – Stand-By
• General monitoring : check status of components, record of machine status

• Stand-by with specific duties: answer to control room request, act on simple 

intervention, assist expert teams during complicate / delicate interventions

• Stand-by must be trained !

Daily and weekly ReportsProcedures
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SCADA & Alarms

MAX IV 

• Software tools are available to help & alert the vacuum expert

• Next generation will integrate predictive behaviour of pressure levels!

LHC
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Pressure Follow-Up
• Expert monitoring: check general trends and track / resolve specific issues, follow 

daily and detailed machine operation 

Fill by fill monitoring

General trends

Tracking interlocks
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Operation Follow-Up: Checking Design

• Checking that the system behave as expected: example synchrotron radiation 

induced gas desorption
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Beam conditioning
• This is not a myth and it is observed in many machines across the world!

• Your machine shall behave the same way

ALBA

ISR

E. Al-Dmour, D. Einfeld, IPAC 2011
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Beam scrubbing

• Graphitization is clearly visible!

Courtesy R. Macek

LANL

dipole chamber (SRBM11, 6/20/07) quadrupole chamber (SRQF11)
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Accelerator Fault Tracker

• Big brother is watching you … for your system health!

• it Pays:

• Machine availability > 96%

• X-ray availability > 91 %
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Fault allocation

SRS, Daresbury

E. Karantzoulis, 2002

E. Park, ARW2013

Annual trend, PLS

Vacuum
The vacuum system is always a good 

candidate for fault generator, in 

particular at the beginning of a project 
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LHC Vacuum: Lost Physics and Fault Time

2011: ~ 24 h

2012: ~ 5 days 

• A thorough consolidation of the vacuum system during LS1 paid!

2016: 1 h2015: 2h

L. Ponce et al.
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LHC Design Luminosity: 26th June 2016
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Celebration at the CCC!
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Summary

• The real life of operation relies on availability.

• Availability is a constant concern during the life of a system.

• Availability of vacuum system relies on :

• Group Expertise (which must be maintained and continued to be developed)

• New concepts

• Studies

• Design

• Production & installation follow up: Quality Assurance Plan is a must

• General monitoring / support by stand-by 

• Fill by fill and daily monitoring / support by experts

• Repair, consolidation and upgrade of the system

• All these activities are based on many technical, engineering and scientific skills which 

must be available for the project to ensure availability!
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Some References
• Cern Accelerator School,  Vacuum technology, CERN 99-05

• Cern Accelerator School,  Vacuum in accelerators, CERN 2007-03

• This school !

Workshops & conference

• PAC, EPAC, IPAC series available on JACOW web site

• OLAV: Operation of Large Vacuum Systems Workshops

• ARW: Accelerator Reliability Workshops

• WAO: Workshops on Accelerator Operation
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Thank you for your attention !!!
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LHC: the most expansive 

brazing machine

LHC: repair at cold or how brings ice in the beam tube ….

Superinsulation

harvest

Increasing contact impedance at 

the price of buckling

Sector 3-4 incident: soot and superinsulation debris along ~ 6 km !

Using Al foil as a blank flange 

to check “vacuum force”

Still RF fingers …

HOM induced RF 

finger deformation
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