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IFMIF concept 

Objective of the International Fusion 
Material Irradiation Facility (IFMIF): 
characterization of materials with intense 
neutrons flux (1017 n/s) for the future 
Fusion Reactor DEMO (~150 dpa) 

2 identical Linacs each accelerating a continuous-wave 
125-mA D+ beam at 40 MeV (10 MW)  
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Rokkasho 

Oarai 

The Engineering Validation and Engineering Design Activities (EVEDA), conducted in the framework of the 
Broader Approach aim at: 

– Providing the Engineering Design of IFMIF  IIEDR released by end 2013 
Cf. J. Knaster et al, “The accomplishment of the Engineering Design Activities of IFMIF/EVEDA:  
The European–Japanese project towards a Li(d,xn) fusion relevant neutron source“, Nucl. Fusion 55 (2015) 

– Validating the key technologies (high priority) 

• The lithium target facility 

• The high flux modules 

• The low energy part of accelerator  

 

IFMIF/EVEDA – IFMIF LIPAc: scope of the work 

Accelerator's technological feasibility tested through design, 
manufacturing, installation, commissioning and testing activities of a 1:1-
scale prototype accelerator from the injector to the first cryomodule (9 

MeV, 125 mA D+ beam CW): LIPAc (Linear IFMIF Prototype Accelerator) 
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Injector +LEBT 
CEA/Saclay 

RFQ 
INFN Legnaro 

JAEA Tokai 

MEBT 
CIEMAT Madrid 

HEBT 
CIEMAT Madrid 

Beam Dump 
CIEMAT Madrid 

Diagnostics 
CEA/Saclay 

RF power 
CEA/Saclay 

CIEMAT Madrid 
SCK Mol 

36 m 

SRF Linac 
CEA/Saclay 

CIEMAT Madrid 
 

— Transport and accelerate D+ beam from 5 MeV up to 9 MeV  

— 6 m long, 3 m high and 2.0 m wide, 12.5 tons 

— 8 superconducting HWRs working at 175 MHz and at 4.45 K 

 =0.094, Ea=4.5 MV/m, Q0≥5×108, Qext5×6.5×104 

 Tuning range [kHz]=50 kHz, Loaded bandwidth=2.7 kHz 

— 8 Power Couplers (70 kW CW) 

— 8 Solenoid Packages as focusing elements 

— Reference for the realization of the IFMIF cryomodules 

IFMIF LIPAc Cryomodule 
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Cryomodule Design 
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 Prototyping of the critical components in design phase 

– One solenoid prototype was successfully tested;  

    Magnet design (restricted space and low fringe field requirement) 

S. Sanz et al “Fabrication and testing of the first Magnet Package Prototype 

for the IFMIF project”, IPAC 2011 
 

– 2 Coupler prototypes designed by CEA, fabricated by CPI 

Company and conditioned at room temperature by CIEMAT in 

April 2014, qualified their design and fabrication.  

D. Regidor et al, “LIPAc SRF linac couplers conditioning”, Proc. of IPAC2014. 

 
 

– One Superconducting HWR prototype successfully qualified in 
Dec. 2012. The VT results were satisfactory with performance 
project specifications of 4.5 MV/m and Qo of 5.108 

F. Orsini et al, “Progress on the SRF Linac Developments for the IFMIF-LIPAC 
Project”, IPAC 2013. 

N. Bazin, Cavity Development for the linear IFMIF prototype accelerator 
SRF2013 THIOD03  

 

 Design evaluation by a panel of international experts 

 Detailed Risk analysis 

 Mitigation plan 

 

Overview of the development plan 
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 Detailed risk analysis (like FMECA) 

– Detailed risk analysis taking into account the DDR 
remarks carried out. 

– 63 risks identified  

– 5 main hazard classes related to: 

• Safety and regulation (pressure equipment, 
licensing, seismic risk) 

• Manufacturing 

• Assembly 

• Transportation 

• Performance tests 

Risk analysis 

Very High HIGH HIGH VERY HIGH VERY HIGH VERY HIGH
(16) (16) (32) (64) (128) (256)

High MEDIUM HIGH HIGH VERY HIGH VERY HIGH
(8) (8) (16) (32) (64) (128)

Medium MEDIUM MEDIUM HIGH HIGH VERY HIGH
(4) (4) (8) (16) (32) (64)

Low LOW MEDIUM MEDIUM HIGH HIGH
(2) (2) (4) (8) (16) (32)

Negligible LOW LOW MEDIUM MEDIUM HIGH
(1) (1) (2) (4) (8) (16)

Not Credible Unlikely Not Likely Likely Highly Likely
(1) (2) (4) (8) (16)

IM
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 Mitigation actions to lower risk criticality 

– Seismic analysis to check the cryomodule 
robustness to earthquakes, 

– Mitigation of the risks due to 
magnetization,  

– Numerical simulation in order to check 
the cryomodule cryogenic behavior. 

– Additional tests before cryomodule 
assembly 

After mitigation 
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 First analysis on the design 
– Major pb: cold mass swinging along the beam axis that could damage internal 

vacuum piping, bellows and lateral tie-rods for horizontal positioning of the 
support frame.  

– An additional mechanical structure, consisting of two tripods equipped with 
thermally insulated adjustable jaws, to anchor the frame along the beam axis.  

– The tripods are designed to sustain a 1.2 g acceleration of the 2.5 ton cold-mass 
without damage.  

– Thermal optimization. Total heat load on the 4K part due to the tripods is 1.3 W. 
Upper bound result since all the contacts are considered to be perfect.  

 

 
 

Seismic analysis – design improvements 

The Analyses highlighted some weaknesses of the cryomodule with regards to seism risks 
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– Second analysis with anti-seismic tripods confirmed their efficiency but revealed new 
induced weaknesses  

 4 major reinforcements:  

1) Dampers for the coupler T-transitions were added to avoid power couplers swinging,  

2) Phase separator supports reinforced with a longitudinal TA6V bar,  

 

 

 

 

 

 

 

3) Plate in the middle of the support frame connected with invar rods stiffened,  

4) invar rods diameter increased from 8 to 12 mm.  

– Maximum stress of 113 MPa in the Invar rod 

 

 

 

 

 

 

 

 

 

 

Seismic analysis – design improvements (cont’d) 

Image realised from a static analysis 
with 0.6g longitudinal acceleration 
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 Third seismic analysis to validate the reinforcement measures  
Maximum longitudinal displacement of both end cavities of about 1.7 mm and a transversal one less than 1.2 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Seismic analysis – design improvement results  

Natural mode 1: longitudinal displacement of solenoids and cavities on the 
cold mass support  

Natural mode 2: transversal swinging of the cryomodule 
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 Magnetization hazard 
– Solenoid packages and cryogenic stepper motors inside the magnetic shield  
 Risk of magnetization of some components by the fringe field of the solenoids during operation of the cryomodule 

Ex: Off-the-shelf bearing originally intended to be used 

 

 

 

 

 

 

 

Mitigation to minimize magnetization issues  

Needles magnetized Bearing cage 

Brass 
cage 

Ceramic needles 

Homemade rollers 

Off-the-shelf rollers 

Homemade rollers 

Mitigation 

 Mitigation 
– Use non ferromagnetic materials 
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 New support frame in Ti40 instead of stainless steel 316L devised 

 

 

 

 

 

 

 

 No more pb with the welds  

 Additional benefits: shrinkage lowered, cooling time divided by 3 

 Supporting elements of the phase separator in Ti40 

 

 

 

 

 

 Studies and measurements of all parts inside the  

magnetic shield of the cryomodule liable to be magnetized or naturally magnetized 

Motors, rollers, circlips, Invar tie rod, rolling components and c-shape elements  

supporting the cavities, bearings of the tuning system, etc. 

Cf. PLOUIN et al, “CEA experience and effort to limit magnetic flux trapping in  

superconducting cavities”, SRF2015, TUPB100 

 Procurement specifications and control procedures   

Systematic checking of the components liable to be magnetized before cryomodule assembly 

 Additional studies to be performed 

Work out degaussing procedures to eliminate any magnetic pollution 

cf. R. LAXDAL, Review of the Magnetic Shielding Design of Low-Beta Cryomodules, SRF2013, WEIOD01 

 

Mitigation to minimize magnetization issues  
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Crosscheck global cooling down already calculated and check thermal-hydraulic stability 

– Use a code for the simulation of thermo-hydraulic processes in cryogenics systems. 

– Highlight any potential imbalances in the cryogenic lines preventing the cryomodule from cooling down 
correctly with a reasonable time span taking into account the expected performance of the cryoplant to 
be built at Rokkasho. 

 

– Results: 

Cool-down and thermal-hydraulic behavior 

 Confirmation of a global cooling down time 
expected to last about 80 h.  

 No thermo-hydraulic imbalance in the 
cryogenic channels should preclude a 
satisfactory cooling down of the cavities.  

 Mass flow rate distribution between different 
channels remains balanced in acceptable 
values within plus or minus 10 % around the 
theoretical average 

 Various temperature steps were tested to 
assess the thermo-hydraulic response of the 
system and confirm a satisfactory behavior. 
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– Important mitigation measure to prevent a critical event during the assembly of the cavity string.  

– A dummy cavity, solenoid, coupler and part of the support frame manufactured and used to perform 
tests outside and inside the clean room to validate and optimize the assembly procedure and the tools.  

 

 

 

 

 

 

 

 

 

 

– Dummy element welds are leak tight  check of the leak tightness of the gaskets between the dummy 
cavity, solenoid and coupler. 

– Mock-ups intended to be used to train the operators for the assembly of the whole cavity string.  

N. Bazin et al, “Development of a test bench to prepare the assembly of the IFMIF LIPAC cavity string”, TUPB107, 
SRF2015 

 

 

 

Early testing before cryomodule assembly 
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 New  dedicated test cryostat (SaTHoRI) for an intermediate characterization of a jacketed 
and fully dressed cavity with its coupler and tuner  

 

 

 

 

 

 

 

 

 

 

 

 

 

– Experts’ recommendation made during the IFMIF cryomodule DDR 

– Powerful mitigation mean for detecting potential issues during operation of a fully equipped 
cavity in realistic conditions before cryomodule assembly 

Early testing before cryomodule assembly (cont’d) 
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 SaTHoRI test bench status 

– Construction started by early 2015 
– First tests on the pre-series cavity expected in January 2016 

Early testing before cryomodule assembly (cont’d) 

 Tests to be carried out with SaTHoRI test bench 

– Measurement of RF dissipation in the coupler flange and gasket  

– Heat transferred and power radiated from the coupler to the cavity 

– Qext of the coupler connected to the cavity 

– LLRF performance assessment 

– Power coupler conditioning with cold surface assessment 

– Validation of the quality of the assembly in clean room by comparison with the tests of individual 
components 
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 Original plan 

– Transportation by sea. Cheapest solution but: 

• Several loadings/unloadings  heavy shocks possible 
during transshipment 

• Coupler window failure or weakening due to fatigue 
(resulting from ocean swell) 

• Risk of contamination of the beam vacuum during 
shipment (long journey) 

• Additional transport studies  

(fatigue, shock and vibration levels,  

frame, container, etc.) 

 

 

 Mitigation 

– Transportation by plane 

– Assembly in Japan 

 
 

 

Transportation 

http://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://ec.europa.eu/research/industrial_technologies/newsletter08_en.html&ei=GvfWVKrQMYzkaJitghA&bvm=bv.85464276,d.d2s&psig=AFQjCNEWy4gptU9-ZIcB4hrF5A-HSyLnGw&ust=1423460488768902
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– Cryogenic fluid inside the IFMIF cryomodule  Must comply with High Pressure Gas Safety Law 

– Strategy negotiated with the Japanese authorities: design, fabrication and tests of all the cryomodule 
components according to ASME BPVC or B31.3 

– HWR is the most complicated part to be licensed due to the use of non referenced materials (Nb, NbTi) 
and complicated geometry 

 The licensing procedure with the Japanese Authorities started with this component in Dec 2013. 

 7 meetings with KHK were necessary prior to the official submission in June 2015. 

 The licensing activity has been an unexpectedly time and resource consuming activity to perform the 
numerical simulations, deal with the many questions raised by KHK, prepare and test the samples 
(NbTi, Nb, NbTi-Ti, NbTi-Nb, Nb-Nb),  and complete the application form. 

Licensing 
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Application form summary Application form 

Cavity Licensing 

Design Welding Material 
Manufacturing and 

testing 

ASME BPVC, Section 

VIII, Division 1 
ASME BPVC, Section IX ASME BPVC, Section II 

ASME rules & third 

party conformity 

assessment 
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 Manufacturing phase ongoing 

– Contract launched in Dec. 2014   
 Final cavity manufacturing drawings could be issued  

(Welding location and symbol with welding details) 

 Quality control plan, welding book, visual and 
dimensional test report, pressure test procedure issued by 
the manufacturer could be provided 

– Qualification of the welds according to ASME BPVC ongoing 
(with a Lloyd’s register third part inspector) 

– Pre-serieries cavity to be delivered at Saclay in Oct. 2015 for 
chemical etching  

cf. G. Devanz et al, Progress in IFMIF half wave resonators manufacturing and test 
preparation, THPB045 

– First test in SaTHoRI test bench by early 2016  

HWR cavity manufacturing status 

cavity torus, central 
drift tube, conical stem 
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  Ongoing fabrication of key cryomodule components 

– Power couplers 
– Vacuum tank, thermal shield 

Manufacturing status of the other main 
Cryomodule components  

  Manufacturers selected or calls for tender on going 

– Phase separator, cryo and vacuum piping 
– Support frame, magnetic shield, tuning systems 
  Technical specifications being prepared (CIEMAT) 

– Current leads and solenoid packages 
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— The main risks related to the fabrication and performance of the LIPAc cryomodule have 
been identified and mitigation strategies have been implemented 

— The design of the IFMIF cavity has been approved by KHK 

— The licensing is not anymore a show stopper. A lot of work is still to be done but 
licensing may no longer jeopardize the project 

— The pre-series cavity is being manufactured and is expected at Saclay in October 2015 
for chemical tuning and the first test (vertical cryostat)  

— The first test of a fully equipped cavity in realistic conditions in a new dedicated test 
cryostat will start by early 2016 

— The fabrication of the series cavities is on going and the fabrication phase of the critical 
components has started 

— All the cryomodule components are expected to be delivered by the end of 2016 and 
qualified by March 2017 

 

Conclusion 
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Job opportunities at 
CEA/Saclay 

in SRF 
Please contact: 

catherine.madec@cea.fr 
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Back-up slides 
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 Beam dynamics: many components in a restricted space (8 cavities and 8 solenoid packages) 

 Short lattice  length 

 

 Alignment requirement:  

 ± 1 mm and ± 10 mrad around the beam axis for SP 

 ± 2 mm and ± 20 mrad around the beam axis for cavities 

 Safety and Licensing 

 Transport and installation in Rokkasho   

 

 

280 mm 400 mm 

Main Design Constraints 
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 Component orientation  

 Coupler design with a long antenna brazed on a ceramic 
 Safer to position the coupler vertically to avoid high stress on the 

ceramic 

 Common support for the whole cold mass  
(including cavities, SP, couplers, cryogenics,…)  

 Base of the clean room assembly 

 To limit the cold mass handling (around 2500 kg) 
 Including alignment adjustments 

 Cold mass preassembly outside the vacuum tank 

 Two main sub-assemblies for integration 
Cavity and coupler assembly 

Cryomodule cold mass on its support 
Vacuum tank with magnetic and thermal shield 

Design Concept 
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SRF Linac: Specifications 

  Target Values of complete Cryomodule 

Frequency 175 MHz 

   value of the HWR  0.094 

  Accelerating field Ea 4.5 MV/m 

  Unloaded Quality factor Q0 for Rs=20 
n at nominal field 

1.4×109 

  Beam aperture HWR/SP 40 / 50 mm 

  Freq. range of HWR tuning syst 60 kHz 
Freq. Resolution of tuners 200 Hz 

  Max. transmitted RF power by 
coupler in CW (for LIPAc) 

70 kW 

Max. reflected RF power in CW 20 kW 

  External quality factor Qex 6.3×104 

  Magnetic field Bz on axis max. 6 T 

   B.dl on axis  1 T.m 

  Field at cavity flange  20 mT 

  CBPM position meas. Accuracy 0.25 mm 

  CBPM phase meas. accuracy 2 deg 

  Total Static/Dynamic Heat losses 26 / 95 W 

Objective: accelerate a 125 mA D+ beam in CW operations from 5 to 9 MeV 
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Seismic risk  

 Static + response spectrum analyses performed to check the cryomodule behavior in case of 

earthquake 
– Design presented at the DDR, 1st structural reinforcement, final reinforced design 

– Check the effect of the reinforcement. 

 Seismic spectrum:  
– Spectrum built according to criteria defined in ASME III, Appendix N, Analysis Methods 

– Peak ground acceleration map from the Global Seismic Hazard Assessment Program (GSHAP) was used to determine 
the ground accelerations at Rokkasho site (values with 10% probability of exceedance in 50 years).  

– 5% damping effect taken into account. 
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Structure of High Pressure Gas Safety Law 

High Pressure Gas Safety Law 

Ordinance of High Pressure Gas Safety Law 

Safety Management Rules  
for General High Pressure  

Gases   

Safety Management Rules  

for Refrigerator   

Planning of 
Safety Training 

for High Pressure 
Gas  

JAEA Internal Rules 

The High Pressure Gas Safety Institute of Japan (KHK) 
 - Management Principles, Code of Conduct, etc. 

Guidelines constituted by METI (Ministry of Economy, Trade and Industry) 

General High Pressure  
Gas Safety Regulations 

Refrigeration Safety 
Regulations 

Container  
Safety Regulations  
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High Pressure Gas Safety 
Reguration 

Refrigeration Safety 
Reguration 

Safety 
Management 
Structure 

- Safety management 
structure is required. 

- Appointment of responsible 
persons for every  watching 
shift  

- Appointment of a responsible 
person for safety management 

- No safety management 
structure is required 

Monitoring - 24 hour monitoring is 
required. 

 

- 24 hour monitoring is not 
required. 

Facility 
Inspection 

- Every year 

- Self inspection with 
disasembling 

- Every three years 

Licencing 
Application 

- Whole factory, institute - Each machine 

High Pressure Gas vs Refrigeration Safety 
Regulations  


