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Crab cavity project:
mechanical design and safety
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Outline

today… 
inspiration from the past… 

with new standards!
• The Crab cavity project
• Safety rules at CERN
• Dressed RF cavity
• Materials
• Calculations
• Welded joints
• Pressure test
• Open points
• Conclusions
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Crab cavity project

dresses cavity

SPS cryomodule for 
preliminary tests

-> need 16 Crab cavities
2 cavities / IP / side / beam
between D2 and Q4

HL-LHC Crab cavities
2-cavity module
SPS test

superconducting 
RF cavity

Framework - HL-LHC Crab cavities
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3 HOMs per cavity
• Hook + internal wall: Nb
• External wall: stainless 

steel

Crab cavity project
The pressure vessel 

FPC

HOM

HOM

Dressed cavity:
• Cavity: Nb
• Transition NbTi
• Vessel: Ti Grade 2 
• Bolts: Ti Grade 5 (Ti6Al4V)

Bolts for He vessel
Leak tightness: welded joint (not pressure bearing joints!)

Bolted pressure vessel: dressed cavity

Welded pressure vessels: actively cooled HOMs
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CERN Safety
Applicable safety policy at 

CERN

THE CERN SAFETY POLICY: Organization’s policy concerning all aspects of Safety
SR-M: Safety Regulation for mechanical equipment
GSI-M2: General Safety Instruction for Standard Pressure Equipment (+ related SSI-M-2-Xs)
GSI-M4: Cryogenic Equipment

GSI-M4
• Definitions
• Supplementary rules 

(wrt SR-M)
• MINIMUM SAFETY 

REQUIREMENTS 
• Safety file content

CERN Safety Rules 
+

PED 97/23/EC (now replaced with 2014/68/EU)
+ 

European Harmonized Standards

Cryogenic equipment (T≤ 123.15 K) liable to have major Safety 
implications:
− not compliant with the applicable European directives, or
− of a highly complex design, or
− using reduced safety factors, or
− requiring special conditions of use, or
− using unconventional materials or manufacturing technologies, or
− presenting a high-level hazard

total compliance with pressure vessel codes 
not always possible 

derogation BUT proof of compliance with ESRs
Crab SPS prototype cryomodule
• equipment liable to have major Safety implications
• exempted from CE-marking 
• the equipment shall meet the Essential Safety 

Requirements (ESRs) stated PED 97/23/EC.

• European harmonized standards used whenever possible 
• If not possible, ASME Section VIII Div. 2 + compensatory 

measures in view of compliance with the ESRs of the PED.

• Hydrostatic proof test will be replaced by alternative 
methods

Review and discussion 
with HSE unit
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Materials
Materials: 
• Ti Gr. 2, Ti Gr. 5 high purity Nb and NbTi 55Ti-45Nb not considered in the Harmonised 

Standards
• manufacturer is in charge of the proof of conformity with the ESRs
• compliance with PED would require PMA

Crab cavity materials
• For Ti -> PMA provided by DESY XFEL -> material provided according to same standards
• For Nb and NbTi

o PMA on similar material (DESY XFEL)
o provided according to a Technical Specification developed internally at CERN
o material certificate + internal tests 

Experience from other labs:
• DESY PMAs
• Fermilab technical report 
• literature

No impact toughness test so far
DESY PMA: “The evidence of ductility at 
lowest… temperature is not approved through 
Charpy tests. The applicability of the materials 
owing to the fact that there are long time 
running devices in testing facilities, the design 
of the facility and tests done under -196 ˚C”

Nb:
• Warm + cold traction test

Elongation after rupture >= 14%
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CalculationsStandard: EN 13445-3:2014

Design  by Formula approach not possible
So Design by Analysis -> 2 options

1) Method based on stress categories
• Linear analysis 
• Interpretation of the results required 
o Selection of the supporting lines
o Primary and Secondary Stress
o Local and General Stress
o Ambiguous
o Welded joints difficult to treat

2) Direct Route
• Nonlinear analyses
• Some aspects not really clarified (see Progressive 

Plastic Deformation and Shakedown)

Cavity

Ti Vessel

• Vessel stiffness has impact on cavity 
stress level 

• Very low stress level for the vessel itself

Loads:
• PS = 1.8 bar abs

• T= 300 K
• Pre-tuning = 0.2 mm
Loads not considered:
• Tuning (only at cold)

Other remarks
• Fatigue life: not applicable
• Pressure test: derogation
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Bolts

Bolted He vessel + welded joint for leak tightness

Bolted He vessel is unusual pressure vessel: in standards 
there are guideline for flanges

VDI2230:2014 has been adopted as guideline for bolt 
dimensioning

Ti bolts 
• High quality supplier
• Material certificate (not common for bolts)
• Specific tests on bolts at room T and at 4.5 K
• Dummy vessel tests

o leak tests
o thermal shocks
o “conventional” pressure test (up to Δp=2.6 bar) 

Preloaded at 3.8 kN
Rupture at warm 15.9 kN
Tested at 4.5 K up to 12 kN
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Welded joints

Study of the ASME/EN standards:
• For brazing/welding qualifications: equivalence is stated
• For operator qualifications : equivalence is stated

• some complex joint / not standard (not only for 
pressure)

• exotic materials
• allow manufacturer to follow ASME or EN standards

Vacuum brazing, electron-beam 
welding, TIG (GTAW) welding 

For welding qualifications: ASME is less demanding than EN. 

CERN reserves the right to ask for additional welding samples 
in order to perform test not listed in ASME but listed in EN 
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Not possible to manufacture the entire dressed 
cavity according to ASME.

Study of the ASME/EN standards:
For Nb, NbTi, Ti (e-beam)
• For acceptance criteria on imperfections: EN requirements are 

retained, more stringent than ASME. Clearly stated
• Standards or part of standards related to Al alloy have been 

retained and own criteria have been derived from it, 
considering that Al is the material with the closest behaviour to 
Nb

Concerning acceptance of defects, critical welded 
joints from a RF point of view have special 
requirements, independent from Safety aspects

Welded joints
Acceptance criteria

For Ti (GTAW)
• equivalence is stated
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Pressure test
Results of preliminary analysis shows that an extended area would 
be interested by too high plasticization during pressure test.

De-tuning of the cavities at ambient temperature must be avoided

The mechanical properties of the material used for manufacture of the 
bare cavities will be verified by dedicated mechanical tests.

Alternative method proposed: pressure test at the maximum allowable 
pressure (0.8 barg) at ambient temperature. 

Accepted by HSE CERN unit
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Open points

Bellows (5 x cavity):
No standard is available for Ti edge-welded bellows -> a lot of 
welded joints, very difficult to control each of them
So proposal: 
• high quality supplier (aerospace)
• documentation related to material / manufacturing (highly 

automated process)
• testing campaign at cold to perform
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Conclusions

• CERN Safety Rules ask for compliance with PED but consider derogation for most 
complex cases -> Crab cavities are under the scope of the exception

• Materials not considered in Standards -> dedicated tests, experience from other labs
• Calculations: FE analyses mandatory, stress analysis complex
• Welded joints: ASME equivalence for manufacturing qualification but acceptance criteria 

only according to EN
• Pressure test: derogation accepted
• Open points: edge welded bellows compliance with ESRs not yet finalized

Today
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Back-up slides
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Equipment category

Working conditions (from project specification):
• PS = 1.8 bar abs
• Volume < 200 l
• Fluid group 2, gaseous state
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Welded joints
Example of documentation

Dressed cavity in internal production at CERN: only EN standard

Internal qualification of each weld is performed 
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