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•  Conventional deep drawn high triple R solid Nb half cells electron 
 beam welded to form multi-cell cavities (JLab, TTF, ILC, XFEL, 
ERL,...) 

•  Spun Cu with few micron sputter coated Nb  (LEP, Muon Prototype) 
•  Spun explosion bonded Nb-Cu (500 MHz Muon Prototype) 
•  Spun hot isostatic bonded Nb-Cu (500 MHz Muon Prototype) 
•  Biased sputtering of Nb on Cu (RI R&D project – incomplete) 
•  Electron cyclotron resonance coating of Nb on Cu (JLab R&D) 
•  Arc deposition of Nb on Cu  (Palmieri R&D) 
•  Atomic Layer Deposition of Nb on Cu 
•  Thin very small grain size Nb hydroformed and plasma coated followed 

by electroplating Cu to provide both mechanical and thermal stability 

Production Techniques 
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•  Production technique is well understood 
•  Variation in accelerating gradients achieved 
•  Quench locations are always in the equator weld zone 
•  Q slope dependent on details of chemistry and low temp bake 
•  Production is complicated with many steps 
•  Chemistry is key to success 
•  Industry now capable of manufacturing cavities 
•  Elliptical cavity shape provides the highest accelerating gradient 
 
 

Conventional SRF Cavities 
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JLab Large Grain Cavity 
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•  Production technique is well understood (LEP and LHC) 
•  Variation in accelerating gradients achieved 
•  Large variation in Q slope 
•  Nb coating is fragile 
•  High pressure water rinse is only post-coating treatment process 

allowed   
•  Industry is capable of manufacturing cavities 
 
 

Nb coated Cu Cavities 
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Why Nb-Cu cavities? 

§  Save material cost 
§  May save cost on magnetic field shielding (Rs of 

sputtered Nb may be less sensitive to residual 
magnetic field than bulk Nb) 

§  May save cost on LHe inventory by pipe cooling 
(Brazing Cu pipe to Cu outer surface of cavity)  

1.5GHz bulk Nb cavity (3mm) material cost: ~ $ 2k/cell 
200MHz: X (1500/200)2 = 56 → $ 112k/cell 
Thicker material (8mm) needed: X 2.7 → $300k/cell 
Nb Material (bulk Nb version) cost for 600 cells : 180M$ 
Cu (OF) Material (sputter substrate) is x 40 cheaper: 5M$  
Nb-Cu Bonded Material:        < 50 M$    
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Example of Pipe Cooling 
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First 200MHz Nb-Cu cavity 

400mm BT 

Cavity length: 2 m 

Major dia.: 1.4 m 
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Fabrication at CERN 

Electro-polished half 
cell 

Magnetron Nb film (1-2 µm) sputtering 

•  DC voltage: 400-650 V 
•  Gas pressure: 2 mTorr 
•  Substrate T: 100 °C 
•  RRR = 11 
•  Tc = 9.5 K 
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First RF test at Cornell 

Cavity on test stand Cavity going into test pit  
in Newman basement 

Pit: 5m deep X 2.5m dia. 
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First Cavity Test Results 
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Third Cavity Test 

•  Eacc = 11MV/m 
•  Low field Q = 2E10 

Limited by RF coupler 

•  75% goal Eacc achieved 
•  Q-slope larger than expected 

Q(Eacc) after combined RF and Helium processing 

Q improves with lower T 
→ FE not dominant  
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Hext effect on cavity setup 

200MHz cavity 

SC Nb/Ti coil 

2T solenoid 

•  2T solenoid needed for tight focusing 
•  Solenoid and cavity fitted in one cryostat 
•  Large aperture (460 mm) 
•  Q: Will cavity still work Hext  > 0 ?  

Layout of Linear Accelerator for ν source 

Cavity test in the presence of an Hext 
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Hext effect on 2nd cavity 

Cavity Q stays intact up to Hext = 1200 Oe 
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sputtered film Nb cavities 

§  Q-slope is a result of 
material properties of 
film Nb 

§  The Cu substrate 
(surface) has some 
influence 

§  The exact Q-slope 
mechanism is not fully 
understood  

Sputtered 
Nb 

Bulk Nb 
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Sputtered Nb-Cu cavities 

350MHz LEP cavities 400MHz LHC cavities 

Despite Q-slope, sputtered Nb-Cu cavities have 
achieved a 15MV/m Eacc at 400MHz 

Q
0(X

1E
9) 
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Q-slope: impact angle effect 

100mm 

R67mm 

•  CERN explored low β = (v/c) 350MHz cavities 
•  With the same cathode geometry, lower β → low γ	



Impact angle of Nb atom: γ	
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Q-slope: impact angle effect 

Correlation: lower β → lower γ → steeper Q-slope 
→Need a more robust approach to maintain high Q 
needed for economy 
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Reducing Q-Slope 

§  It is clear from the LEP cavity production that there is 
significant variation in Q slope and it is always present in 
magnetron sputtered Nb cavities. 

§  To limit power requirements, both RF and cryogenic, Q 
slope must be reduced to a minimum. 

§  Different sputtering techniques other than magnetron 
sputtering may yield better results. 

§  The sputtered surface will always be a delicate feature. 
§  Reproducibility will always be a problem. 
§  Because of diffusion of Cu into Nb layer, low temperature 

bake known to help in solid Nb cavities is not possible. 
 



Don Hartill       NuFact 2012       July 24, 2012 

20 Other techniques  
for Nb film deposition 

§  Bias sputtering 
§  Energetic deposition in vacuum 
§  Vacuum arc deposition 
§  Electron cyclotron resonance sputtering 
§  Prototypes of these techniques were developed but none 

were mature enough to produce a cavity. 
§  Bond 1 mm thick Nb to 3 mm thick Cu by hot isostatic 

bonding or explosion bonding. 
§  With all the challenges of Nb sputter coating decide to 

concentrate on using bonded Nb material. 
§  Bonded Nb permits a low temperature bake. 
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Spinning Cavities 

•  A few slides illustrating the spinning process 
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Finished Cavity 
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Finished Cavity 
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Spinning of Bonded Nb-Cu 

 
§  Both hot isostatic pressure bonded (hipped) Nb-Cu and 

explosion bonded Nb-Cu plates were spun into 500 MHz 
cavities. 

§  The hipped material appeared to yield an excellent Nb inner 
surface after initial spinning.  After annealing at 250 oC, 
several small bubbles ( 10 mm2 ) appeared indicating de-
lamination of Nb from Cu in both cavities. 

§  Minor surface cracks were apparent in the two cavities 
spun from the explosion bonded material. 

§  With very light grinding and subsequent surface chemistry 
the cavity from explosion bonded material is likely to yield 
cavities capable of > 20 MV/m accelerating gradient.  The 
hipped cavities cannot be used because they will be 
thermally unstable in the bubble regions. 

§  A single cell 1300 MHz cavity spun from the explosion 
bonded material has achieved a 40 MV/m accelerating 
gradient. 
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Summary of Original  Program 

§  The first two 200MHz SC cavities have been constructed. 

§  Test results for the first cavity were Eacc = 11 MV/m with Q0 
= 2E10 at low field. 

§  MP barriers were present and could be processed through. 

§  Cavity performance was not affected by Hext < 1200 Oe.  

§  Some progress was made on the understanding of the Q-
slope in sputtered cavities. 

§  Currently a low temperature bake ~ 100 oC seems to 
significantly reduce the Q slope in solid Nb cavities.  This is 
not suitable for sputter coated cavities because of the 
diffusion of Cu into the Nb layer.  OK for the bonded 
material since Nb is 1 mm thick and diffusion rates are low. 
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Summary of Original Program 

§  A 500 MHz cavity coated at ACCEL was assembled and 
tested twice to 4 MV/m with heavy field emission and 
quench.  A second cavity reached 10 MV/m with large Q 
slope on its second test. 

§  Recoated 200 MHz cavity #1 at CERN in 3/04 – peeling 
observed – recoated again, still bad – recoat again and 
retested with heavy field emission and quench – both 
cavities shipped back to CERN to avoid paying duty. 

§  Used Auger surface analysis system and SIMS to further 
characterize sputtered Nb surfaces.  Found that the oxygen 
level near the surface is an important player.  

§  Spun cavities from bonded material were sent to ACCEL for 
flange installation. 
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Summary of Original Program 

§  Cost of 1 mm Nb bonded to 3 mm of Cu is <1/3 that of 4 mm 
RRR 300 Nb sheet in small quantities for both hip and 
explosion bonded material. 

§  Program was terminated in the Fall of 2006 due to lack of 
funding. 
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The next few months ... 

•  Received NSF funding for three year program last year 
•  Have a plan to finish the two explosion bonded cavities at RI 
•  Plan to visit RI in September to finalize plan to finish the two 

cavities 
•  Electron beam weld thick Nb beam tubes to the cavity ends 
•  Weld flanges to both beam tube ends 
•  Carry out the BCP chemistry to remove 50 microns of material 

at Cornell on both cavities 
•  High pressure water rinse the cavities 
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Continuing the Development Program 

 
•  Test the cavities taking advantage of the new helium recovery 

system and the new diagnostic technique based on second 
sound.  This may be particularly interesting since these cavities 
have no equator weld zone. 

•  Check sensitivity to external DC magnetic field. 
•  Spin two new cavities from the two remaining explosion 

bonded sheets at INFN.  Pay particular attention to the 
annealing procedure to see if this influences the minor surface 
cracking. 

•  Add flanges and beam tubes to the new cavities at Research 
Instruments. 

•  Carry out surface preparation, chemistry and high pressure 
rinsing and test the new cavities. 
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Future Program 

•  Investigate hydro-forming thin (~ 1 mm) small grain size Nb 
tube into a two cell cavity 

•  Add flanges to the cavity 
•  Plasma coat a thin layer of Cu on the outer surface of the cavity 
•  Electroplate several mm of Cu on the outer surface of the cavity 
•  Carry out appropriate chemistry on the Nb inner surface 
•  High pressure rinse the cavity and test 
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Liquid Helium Properties 

 
 

Second Sound Velocity vs Pressure
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First Successful Use of OSTs to Locate Quench 

@ 2K (vs = 16.68 m/s), horizontal scale = 5 ms/Div 

Quench Location 
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Making Sure This Works! 
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Defect Identification 

•  The defect 
near the weld 
in cell 1 

•  For scale, the 
weld is ~ 4 
mm wide 
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Other Programs 

•  Arc coating has been successful in producing a good Nb 
surface on small samples but is prone to leaving a large blob of 
Nb on larger surfaces appropriate for a cavity 

•  JLab is continuing to explore electron cyclotron resonance 
sputtering using apparatus partially financed by Cornell – no 
new results on cavity scale samples 

•  Atomic layer deposition has generated a lot of interest but no 
significant results so far 

•  Biased sputtering has not received a lot of attention lately 
•  A two cell hydro-formed cavity from small grain Nb has been 

successfully tested at JLab 
•  Hydro-forming cavities eliminates the equator weld which we 

know to be a problem.  Iris welds have not been a problem 
 


