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q All but 1 cryomodule to undergo transatlantic transportation
q Scope from design to delivery of qualified CMs to Linac

Technical Scope/Deliverables

Cryomodule Number 
(prototype + 

installed)

Cavity 
number

Magnet 
number

Testing Notes

LB650 1 pre-production
9 production

4 0 Full test at 
Partner & 
Fermilab

Integrated 
design

HB650 1 prototype 
4 production

6 0 Full test at 
Fermilab

Integrated 
design



Defined & traceable in Teamcenter 
q Physics Requirements Documents (PRD)

o SRF Cavity Parameters PRD: TC# ED0010221
o Cryogenic Heat Load PRD: TC# ED0008200

q Functional Requirement Specifications (FRS) 
o LB650 CM FRS: TC# ED0001830
o HB650 CM FRS: TC# ED0001322

q Technical Requirement Specifications (TRS) 
o LB650 CM TRS: TC# ED0009658
o HB650 CM TRS: TC# ED0009659

and more for cavities, coupler and tuners,,

Requirements
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Requirements
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Units LB650 HB650

Geometrical/Optimal beta 0.61/0.65 0.92/0.971

Energy gain at optimal beta MV 11.9 19.9

Operating cavity gradient MV/m 16.9 18.8

Maximum cavity gradient in VTS MV/m 20 24

Unloaded cavity quality factor 2.4×1010 3.3×1010

Unloaded cavity quality factor in VTS 2.6×1010 4.0×1010

Cavity operating temperature K 2.0 2.0

2 K dynamic heat load per cavity + coupler W < 20 < 22.5

Cavity longitudinal stiffness kN/mm < 5 < 5

Sensitivity to LHe pressure fluctuations Hz/mbar < 25 < 25

Coupler power kW 35 50

q 650MHz Cavities, Couplers, Tuners



q 650 MHz Cryomodules

Requirements
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Units LB650 HB650

Energy for section MeV 177 to 516 516 to 833

βg 0.61 0.92

Cavities per cryomodule 4 6

Cryomodule flange-to-flange length m 5.52 9.92

2 K heat load W < 80 < 131

5 K heat load W < 25 < 27

30 – 50 K heat load W < 125 < 188

Environmental magnetic field mG ≤ 5 ≤ 5

Transverse cavity alignment error, RMS mm 0.5 0.5

Angular cavity alignment error, RMS mrad 1 1



q Interfaces well defined & revision controlled in Teamcenter

Interfaces: PIP-II ICD Master
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L2 Sys L3 WBS L3 System Name L3 Sys ICD TC ID

SRFCryo 121.02.04 650 MHz Cryomodules (650MHz) 650MHz ED0010433
PIP-II 

ISD 

Document Title:   PIP-II - ISD - HB650 

Document Number:   ED0011227 
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RF power distribution  
The design of 650MHz high power coupler waveguide needs to be compatible with RF power 
distribution (HPRF) from the RF power amplifier. 

Unique L3-L3 ID Interface # Interface ID Interface Name 
1954 2 1954-002 HB650 RF power input connection (650MHz) 

 

 
Figure 13: Cross section of the HB650 Cryomodule 

  
TC number: F10125305; WAVEGUIDE WR1150 MOD 
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Figure 13: Cross section of the HB650 Cryomodule 

  
TC number: F10125305; WAVEGUIDE WR1150 MOD 

 
 

Example



q HB650 CM interfaces drafted: ED0011227

Interfaces: HB650 CM ICD
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PIP-II 
ISD 

Document Title:   PIP-II - ISD - HB650 

Document Number:   ED0011227 

 

Fermi National Accelerator Laboratory        3 

Interfaces 

In this chapter the specifications for all interfaces will be listed. 
 

101 
The HB650 cavity notes are ED0005527 and ED0010266. These documents show that the design 
of this cavity follows ASME code Section VIII code. 
 

103 
The bare cavity shall connect to the cold part of the coupler. 

 
Figure 1: Design of the bare cavity with the cold part of the coupler 

PIP-II 
ISD 

Document Title:   PIP-II - ISD - HB650 

Document Number:   ED0011227 
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Figure 6: HB650 cavity with its support frame 

 
Figure 7: HPR Assembly – HB650 configuration 

 
Figure 8: Lifting cart for HB650 cavity 

  

PIP-II 
ISD 

Document Title:   PIP-II - ISD - HB650 

Document Number:   ED0011227 
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210 
The design of the jacketed cavity shall be compatible with VTS at Fermilab. 
 

 
Figure 9: VTS Assembly - HB650 configuration 

211 
The design of the jacketed cavity is compatible with STC at Fermilab. 
 

 

 

 

Figure 10: STC Assembly - HB650 configuration 

 
  

Examples
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q LB650 1-cell cavities
• INFN has procured three 1-cell cavities to develop electropolishing 

parameters 
• First set of experiments conducted at INFN
• One Cavity was shipped from INFN to Fermilab for testing
• EP/VTS tooling for LB650 is in progress at ANL/FNAL
• LB650 coupon host cavity being designed at FNAL for process 

optimization and surface studies

Technical status: LB650 1-cell Cavity
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q Fermilab 
• proto-Final Design Review completed
• Working on POs of LB650 Nb materials, cavities, and He vessels
• EP tooling for LB650 is in progress at ANL/FNAL  

q INFN 
• Mechanical design prototyped with two 5-cell cavity order. 
• The first LB650 5-cell has been shipped to Fermilab

q VECC 
• Fabrication of 5-cell cavities begun

Technical status: LB650 5-cell cavity

EP cathode with enhancement pieces in LB650 



B0.9 cavities VTS (bare) Jacketing VTS (dressed) STC

B9A-AES-007 Qualified On waiting list

B9A-AES-008 Qualified In progress

B9A-AES-009 In progress

B9A-AES-010 Qualified Completed Completed Completed

Technical status: HB650 B0.9 Cavities
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0 10 20 30
1010

1011

limited by FE

 B9A-AES-007_2/6 N-doping + 7um cold EP 
 B9A-AES-008_2/6 N-doping + 7um EP + 3um cold EP 
 B9A-AES-009_2/6 N-doping + 7um EP + 3um cold EP 
 B9A-AES-010_2/6 N-doping + 20um EP (pre-dressing)
 VTS spec
 LINAC spec

Q
0

Eacc (MV/m)

5-cell 650 MHz cavities for PIP-II Installation to STC

 2

VTS data, 2K

Baseline recipe: N doping (2/6) + 7 µm cold EP

Installation into STC, B9A-AES-010
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q β=0.92Cavity prototype FDR completed
• Baseline HB650 cavity for PIP-II 

q RRCAT
• 4 bare cavities fabricated
• Processing & testing performed
• Jacketing of first cavity completed
• Next: vertical test & horizontal qualification

q FNAL
• One B0.92 delivered from RRCAT will be tested
• Nb for 3 cavities ordered & received
• Order for 3 cavities to be placed soon

Technical status: HB650 B0.92 cavity
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Technical status: Couplers

Optimized design

q Copper coated cold end chosen as baseline
q Tested in STC
q Integrated into cryomodule design
• Diagnostics integration being examined 
q 650 coupler Proto-FDR was held in Feb. 

2020
q Coupler procurement for HB650 proto CM 

have initiated

Cavity MP conditioning

 9

LHe mass flow

• MP in range 7.5-22 MV/m w/ strong 
radiation

• Pulsed/CW conditioning, limited at 22 MV/m 
(pulsed) and 17.6 MV/m (CW) by RF

• Cleaned some MP after 20 hours 
conditioning

• Still persistent MP in 12-16 MV/m and 
intermittent MP in 7.5-12 MV/m and 16-17.6 
MV/m ranges

MP event in STC
• Cleaned some MP after 20 hours conditioning 
• Still persistent MP in 12-16 MV/m and 

intermittent MP in 7.5-12 MV/m and 16-17.6 
MV/m ranges 
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Technical status: Tuners
q Tuner design warm validated by Fermilab & Partner

• Test done on stiffer b=0.9 cavity
• Short arm tuner for B0.9 cavities
• Long arm tuner for B0.92 and B0.61 cavities

q Tested in STC
q RRCAT fabricated four B0.92 tuners
q 650 Tuner Final Design Review will be held

Tuner studies, 2K

 7

Tuner studies in STC, 2KTuner on B0.9 cavity in STC



q Commissioned STC for 650 MHz operation, ED0011810 1st STC test report
q The cavity, coupler, and tuner tested in STC will be shipped to RRCAT to 

commission their horizontal test stand
q Lessons Learned from STC was documented and entered to PIP-II LL database: 

STC LL summary
q Studies on fast cooldown procedures and cool down rate vs. Q0 in STC will be 

addressed during next STC.
q Optimal cooldown rate is estimated from LCLS-II data, tentatively

Technical status: STC
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Cavity Types Niobium Mass [kg] Cool down mass flow 
per cavity [g/s]

Cool down mass flow 
per cryomodule [g/s]

LCLS-II 21.8 4 32
LB650 58.6 10.7 43
HB650 65.3 12 72

Table: Estimation on 650 cavity and cryomodule cooldown mass flow rate

https://web.fnal.gov/project/piptech/PIP2lessonslearned/Lists/Lessons%2520Learned/DispForm.aspx%3FID=63&Source=https%253A%252F%252Fweb%252Efnal%252Egov%252Fproject%252Fpiptech%252FPIP2lessonslearned%252FSitePages%252FHome%252Easpx&ContentTypeId=0x01003232FE36F0C2FD42909E38B0BFC30907


q Integrated engineering design team formed
• Fermilab is lead for HB650 design, & Partner is lead for LB650
• Partners participate in sub-system design

q HB650 CM Preliminary Design Review completed, FDR will be held in summer
q Cryomodule design is in final stage

• String: Cavities, couplers, tuners: prototype stage
• Strong back & supports: Final design & analysis stage; 
• Thermal design & magnetic shields, piping, vacuum vessel: Final design &  analysis stage

q Piping & Instrumentation Diagram
• Drafted and placed in Teamcenter: F10101087 

Technical status: Cryomodule design
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Technical status: HB650 proto CM plans
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q Cryomodule assembly plan
• Assembly optimization ongoing by Partner
• String & CM assembly to be performed at MP9 building, FNAL

q Transportation testing plan includes function/cold tests
• Road & air transport assumed
• CM overseas transportation frame design led by Partner :Preliminary design stage
• US DoD specification MIL-STD-810H used as reference
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q Requirements and interface documents are defined and traceable in 
Teamcenter

q Q0 requirement in VTS had been achieved with B0.9 cavities, efforts will 
continue to achieve that of B0.92 and B0.61 cavities. 

q STC had successfully commissioned for 650MHz, and next STC will 
address the studies on fast cooldown procedure and optimal cool down 
rate for 650 cavities.

q Thanks for your attention!

Summary


