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RFD at P1

DQW at P5

Actors:

• CERN

o internal

o outsourcing (industry)

• Canada contribution

o internal

o outsourcing (industry)

• UK contribution

o internal

o outsourcing (industry)

• US-AUP contribution

o internal

o outsourcing (industry)

• …

Compliance with 

CERN rules
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Overall context: the cryomodule

the installation in the LHC machine is out of the scope of this talk

Functional, scientific, 

technical requirements
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RF systems and

crab cavities (WP4) 

RF superconducting crab 
cavities

LHC Cavities

(ACF)

Cryomodule

(ACFGA)

Cryomodule components

(ACFCC)

Cryogenic circuits
(ACFQC)

Thermal shield & MLI
(ACFTS)

Vacuum Vessel 
(ACFVT)

Warm Magnetic shield
(ACFWM)

Alignment Monitoring System
(ACFAM)

Support and Alignment System 
(ACFAH)

RF internal lines 
(ACFRL)

Dressed cavities

(ACFDC)

Bare cavities 
(ACFCA)

Helium vessel

(ACFHT)

Tuning system

(ACFTU)

HOM couplers

(ACFHC)

Cold magnetic shield

(ACFCM)

Pick-up antenna 

(ACFPU)

Instrumentation

(ACFIS)

Beam Axis

(XYZ)

Vacuum valves 
(VVG)

Cold –Warm 
Transitions 
(ACFVW)

Inter Cavity Chamber 
(ACFVC)

Beam Screen 
(ACFVS)

Cryomodule Assembly

(ACF_A)

External supports

(HACF)

RF services

(ACFSV)

LLRF & Fast Controls

(ALL)

RF racks

(AY)

Slow controls

(AS)

Transmission lines

(ACFWG)

Main coupler - FPC 
(ACFMC)

RF Pick-ups 
(APW)

Amplifiers

(ACFA)

LHC

Harmonic 
system

200 MHz

800 MHz

Wide-band 
feedback system

Machining Tooling

(ACFMT)

Detailed system architecture for LHC

4

Amplifier Tetrode

(ACFAA)

Amplifier IOT

(ACFAB)

Amplifier Solid State

(ACFAC)

Amplifier 2nd Generation IOT

(ACFAD)

Forming Tooling

(ACFFT)

General Tooling

(ACF_T)

Welding Tooling

(ACFWT)

Clean Room Tooling

(ACFCT)

Protecting 

devices

4Amplifier 2nd Generation SSPA

(ACFAE)

CERN Safety rules 

for mech. equip.  

applicable
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SR-M Mechanical equipment 

GSI-M-4 Cryogenic equipment 

GSI-M-2 Standard 

pressure equipment 
SSI-M-2-5 - Vacuum chambers and beam pipes

European law: 

Directive 2014/68/EU 

(PED)

Applicable European 

harmonized standards

CE marking required, HSE could grant exception 

for “Cryogenic equipment liable to have major 

Safety implications:”

CERN rules for pressure/cryogenic equipment

Compliance shall be granted
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HiLumi structure for compliance with CERN Rules 

for Crab cryomodule
HiLumi Project

SSA System Safety 

Assessment for LHC 

cryomodule, EDMS 

2010001 

Launch Safety Agreement 

(conventional aspects) 

EDMS 1827925 

General list of Rules and Standards 

at project level:

• CERN Rules and standards

• European Rules and standards

• List of risks (i.e. pressure, xray,…) 

specific to cryomodule

• List of assumptions (i.e. MSI) 

specific to cryomodule

WP4 Crab 

cavities & RF

EDMS 2089140 

Safety Request Form -

Classification of DQW and 

RFD crab cryomodules in 

accordance with PED 

categories

cryomodule

• Cat I according to PED (Notified 

body not required)

• exempt from CE-marking 

• liable to have Major Safety 

Implications (MSI)

• the equipment shall meet the 

Essential Safety Requirements 

(ESRs) stated in PED 2014/68/EU

LLRF system

High-Power RF system

Memorandum on Safety 

checks expected for HSE-

OHS Safety clearance

PS=2.1 bara (1.1 barg) V=171 l /181 l 
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Article 6 

Obligations of manufacturers 

1… manufacturers shall ensure that (their pressure 

equipment or assemblies) have been designed and 

manufactured in accordance with the essential safety 

requirements set out in Annex I.

CERN WP4 is manufacturer of 

the cryomodule

The cryomodule shall be 

designed and manufactured in 

accordance with the essential 

safety requirements.

CERN shall establish the 

technical documentation

PED key words (valid also for GSI-M-4)

Annex III Conformity assessment procedures

…

1. Module A: (Internal production control)

…

2. Technical documentation 

The manufacturer shall establish the technical 

documentation. The technical documentation shall make it 

possible to assess the conformity of the pressure equipment 

to the relevant requirements, …

Directive PED 2014/68/EU 

“‘manufacturer’ : any natural or legal person who

manufactures pressure equipment or an assembly or has 

such equipment or assembly designed or manufactured, and 

…uses it for his own purposes;”
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Essential Safety Requirements (ESRs)
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ESRs: a mix of 

• Design requirements

• Manufacturing requirements

• Inspection requirements

• Operational requirements

often interconnected 

• CERN specificities (i.e. LHC 

installation) 

• Crab project specificities (i.e. 

unconventional materials 

and joining technics)

• CERN-WP4 drives the detailed 

design of the cryomodule

• CERN-WP4 establishes the actions 

needed to comply with the ESRs

Technical documentation for Crab cryomodules

Technical documentation / SAFETY FILE

• Risk analysis

• Technical file

• Instruction manual

• Tests report

• Acceptance report

• Declaration of commissioning

• Periodic inspection schedule and reports

• Maintenance operation schedule and reports

• Documentation related to repairs

• Dismantling instructions

• Identity of the owning organic unit

EDMS and MTF 

are mandatory 
CERN WP4

CERN HSE

• CERN-WP4

• Collaborating Entities

• Subcontractors (CERN 

or Collaborating 

Entities)

Manufacturer 

shall 

demonstrate 

compliance

GSI-M-4/PED key words - encore
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So…
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Technical 

requirements

Functional 

requirements
CERN rules

ESRs (Safety 

requirements)

Safety file 

(technical 

documentation 

for compliance)

Different 

actors 

Quality

Traceability

…

Manufacturer is 

the responsible 

for safety

Acceptance 

criteria

CERN 

Procedures

LHC 

compatibility
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Strategy for Crab Cryomodule
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CONTENT

• to catch the HL-LHC 

needs (functional and 

technical requirements)

• to comply with ESRs

• List of required 

documentation

CONTENT:

• Refers. to the 

corresponding 

Engineering 

Specification

• Demonstration of 

compliance, ESR by 

ESR

Intended for CERN 

internal use and for HSE, 

available for consultation

Ad-hoc agreements with Collaborating 

Entities based on described strategy / 

documentation can be discussed

AUTHOR:

CERN-WP4 involving 

Collaborating Entities

AUTHOR: 

CERN-WP4

Respect of engineering specification 

= 

compliance with CERN safety Rules

2 main documents for the cryomodule

• engineering specification

• guideline for compliance with CERN safety rule

+

2 main documents per relevant component:

• engineering specification

• guideline for compliance with CERN safety rule
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Crab cryomodules

Cryomodule:

• EDMS 2043014 Engineering 

specification 

• EDMS 2043016 Guideline for 

compliance with CERN safety rule
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Example for Engineering Specification 

Acceptance 

Criteria included!
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For the dressed cavities



Example for Guideline
List of Essential safety 

requirements from 

GSI-M-4 and PED 
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For the dressed cavities
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Jacketed cavity

Material

• Certificate 3.1 + PMA from Desy

• Extensive test campaign (effect of forming, effect of 

heat treatment, tests at cold, Charpy tests planned)

• Extensive verification of the supplied material

Materials

• Definition of Yield strength: evolution and 

unexpected surprises, during series production

• Huge amount of tests required (not planned)

Design

• Elastic – plastic calculation (most advanced available 

tool according to Eu harmonized standards)

Manufacturing

• Forming simulation matching very well the real cavity 

(knowledge of hardened areas)

• Extensive test campaign on e-beam joints, brazed joints 

Nb-st.steel, brazed joints Ti-st.steel, bolted joints

• Qualification according to specification (with detailed 

report on mechanical properties) / Notified Body 

required for series

• Extensive metrology analyses on prototypes

Inspection and testing

• Extension of NDTs well defined (25% minimum)

• Selection of most stressed joints to test

Proof test

• Baseline: proof test maintained at 1.25xPS for DQW 

and RFD (difference form SPS tests)

Design

• Elastic – plastic calculation (some plasticity 

allowed for Standards, plasticity to reduce for 

frequency performances) 

• Not enormous margin (thin walls, complex shape)

• Analyses with frequency shift difficult to 

benchmark 

Manufacturing

• Qualifications of joints in parallel with the design 

and manufacturing for prototype

• Difficult interactions with subcontractors (all the 

steps of manufacturing shall be accounted for in 

the qualification)

• Thickness reduction on real cavity (tolerances on 

specification drawing)

Proof test

• RFD is still in development

Inspection and testing

• Not 100% for the series

Actions for compliance / Specs / Develop. strategies Difficulties encountered
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Conclusions

 Crab cryomodule: CAT 1 equipment according to PED, 
exempted form CE marking, “equipment liable to have major 
safety implications”

 CERN WP4 is manufacturer (PED meaning) of the cryomodule: 
CERN WP4 is responsible for compliance of the cryomodule with 
CERN rules and with PED ESRs

 Functional + technical + safety requirements 

=> Strategy: 2 driving documents: “Engineering Specification” + 
“Guideline for compliance with CERN safety rules”

for cryomodule and for relevant components

 Presumption of compliance with CERN rules if strategy is 
followed (= if engineering specification is respected)

 Jacketed cavity: nice object, with a lot of technics (and some 
difficulties…) behind!
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Thank you…
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 Back-up slides: LHC crab cryomodules



 Very low risk 

components: each 

component is treated 

independently

 Assessment of the 

assembly according to 

PED (ANNEX 1: 2.3. , 

2.8. , 2.9.)

 Notified body not 

required

Few technical considerations
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LHC doc: status and tentative deadlines
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Status of the End Spec Status of the 

Guidelines for 

Safety

Deadline

Cryomodule Draft in work, shared with 

Canada and UK

Draft

Dressed cavities Approved by 

management, not yet 

Released in EDMS

Engineering check

Cryogenic lines Draft Not started

Warm magnetic shield Advanced draft, shared 

with Canada and UK

Not neded

Thermal Shield Waiting for decision Not started

Vacuum vessel Advanced draft, shared 

with Canada and UK

Not started

Main coupler Not started Not started

Status Deadline

SSA System Safety 

Assessment

Draft (EDMS 2010001), 

circulated for feedback

Status Deadline

Protection device Started (calculation on-going)
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Strength assessment (LHC) - 1

• According to EN 13445-3 Direct Route

• Material model as described in the standard: 

elastic-perfectly plastic

• Design checks:

• Gross plastic deformation

• Progressive plastic deformation

• Instability 



Strength assessment (LHC) - 2

Gross plastic 

deformation

Progressive 

plastic 

deformation

Instability

EN 13445-3 –

Design by 

Analysis / 

Direct Route



Risk analysis
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EDMS 2142606 : work in progress

Based on EDMS 1758727, done for the SPS test prototype



Cryogenic circuits and safety protection (LHC)
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WORK IN PROGRESS

Individual safety devices for 

each cryomodule (sized 

according to according to ISO-

4126):

• Helium guarded operating 

valve at 1.8 bara

• Dedicated rupture disc at 

2.1 bara, sized to cover 

beam vacuum break

• Vacuum vessel protection 

(vacuum barrier in the 

jumper) : disk at 1.05 bara

Beam screen circuits and 

thermal shield circuits 

protected OUTSIDE the 

cryomodule
Courtesy of M. Sisti / M. Spitoni

(IN WORK)



Pressure bearing components (DQW)
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FPC

HOM

HOM

Leak tightness: 

welded joint (not 

pressure bearing 

joints!)

Edge welded-

bellows (5x)

Welded pressure 

vessels: actively 

cooled HOMs

Bolted pressure vessel: 

dressed cavity 



Material tests
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Materials: 

 Ti Gr. 2, Ti Gr. 5, high purity Nb and 55Ti-45Nb not considered in the Harmonised Standards

 conformity with the ESRs required

 compliance with PED would require PMA

o For Ti -> PMA (DESY) + material certificate + internal tests (EDMS 1538192) 

o For Nb and NbTi -> PMA on similar material (DESY XFEL) -> material certificate + internal tests 

(EDMS 1722302 for Nb and EDMS 1493400 for NbTi )
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Material tests (2)

Tests: 

 To verify compliance of the supplied material with CERN specification (i.e. 

Material for DQW production at RI): some problems have been encountered 

with the Nb supply from Ningxia for the pre-series cavity

 To evaluate the effect of the forming process on Nb properties

 To evaluate the effect of het treatment for hydrogen disease on Nb

 To evaluate the performances of joints

 To improve knowledge of material behavior at cryogenic properties (ductility)



Test on new brazed joints
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Ongoing tests to validate the utilization of 

brazed joint between titanium and stainless 

steel
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 Back-up slides: SPS test cryomodules
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Crab SPS prototype cryomodule

• According to PED Annex 2, the cryomodule belongs to risk category I

• equipment liable to have major Safety implications (GSI-M-4) 

• exempted from EC-marking 

• the equipment shall meet the Essential Safety Requirements 

(ESRs) stated PED 97/23/EC.

• EU 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.

• Difficulties in the definition of the PS (1.8 bara VS 2.1 bara) and in the 

sizing of the protecting devices

• Hydrostatic proof test will be replaced by alternative methods / 

The SPS cryomodule
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Valid only 

for SPS 

cryomodule

designers engineers

HSE unit
management

manufacturing 

experts• prototype approach

• in house manufacturing and assembly

• materials not considered in harmonised 

standards

• unconventional configuration (bolted 

vessel, edge-welded bellows…)

• proof test with high risk to impact on RF 

performances



Strength assessment (SPS tests) - 1
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 Loads:

o PS = 1.8 bar abs

o T= 300 K

o Static pre-tuning = 0.2 mm

Loads not considered:

o Dynamic fine tuning (only at cold)

 Other remarks

o Fatigue life: not applicable (cycles < 500) 

o Pressure test: derogation

 Cavity, bolts, weld assessment -> 

EDMS 1549819 

 HOM assessment -> EDMS 

1433086

 Vessel assessment -> EDMS 

1712011

 Biphase line assessment -> EDMS 

1727787 

EN 13445-3 – Design by Analysis / Method based on stress categories
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Courtesy of C. Zanoni, 11/11/2015 - SPS Cryo-module Engineering Review

Strength assessment (SPS tests) - 2
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Courtesy of C. Zanoni,

11/11/2015 - SPS Cryo-

module Engineering Review

Strength assessment (SPS tests) - 3
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Courtesy of C. Zanoni, 11/11/2015 - SPS Cryo-module Engineering Review

Strength assessment (SPS tests) - 4



Cryog. circuits and safety protection (SPS tests)
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Flex lines

Courtesy of K. Brodzinski, Crab cavities SPS Test Stand Safety Review – CERN – 9 November 2016



Preliminary tests on components
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Bolted He vessel = 

unusual pressure vessel

Courtesy of C.

Zanoni, 11/11/2015 -

SPS Cryo-module

Engineering Review

Report EDMS 1705731

Report EDMS 

1721359



Test on welded joints

 EDMS 1458356 Technical Report: 

Titanium Welding Test for Crab 

Cavities project.
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 EDMS 1562825 WELDING 

HELIUM TANK PROTOTYPE 

CRAB CAVITY‐DQW

 EDMS 1716204 Metallographic Weld 

Analyses for Crab Cavity Helium Tank 

Prototype



Luca Dassa (EN-MME) - 05/04/2017 37

Explosion bonding (Nickel interlayer) -> EDMS 1705993 

Explosion bonding (Copper interlayer) -> EDMS 1724598 

Explosion bonding (Tantalum interlayer) -> EDMS 1739621

Tests

• Leak

• Traction

• Metallographic

• Ultrasonic

• + thermal cycles on the real component + leak test

Test on explosion bonding joints
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Manufacturing & Inspection (SPS tests)
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Bare cavity

• EDMS 1581039 CERN documentation for welding qualification 

and tests

• EDMS 1685099 Welding Book Crab Cavity DQW. Extremities 

and Final assembly. : ASSETS HCACFCA004‐CR000001 & 

CR000002.

• EDMS 1758810, WELDING DOCUMENT CRAB CAVITY 

DQW

Material traceability:

• EDMS 1549318 Summary of 

materials for Crab Cavity and He 

tank manufacturing at CERN

Ti vessel:

• welding book in progress



Documentation for SPS test proto
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 cryomodule components

 design

And similar for other components… 

 CERN-0000115183

 CERN-0000115182

 only for bare cavity


