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Gradient Re-evaluation 

in SB2009 and R&D Plan Release 5 
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SB2009
Gradient, Q and Gradient Spread
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R&D Plan Release 5
Radiation Emitted from Cavity (due to Field Emission)

R.L. Geng, BAW1 @ KEK  

September 9, 2010
Global Design Effort 5

Gradient spread
further justified

Field emission 

induced radiation



Cavity Gradient and Q Goals

in R&D Plan Release 5 
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Gradient



Site-Independent Demonstration of > 35 MV/m in 

9-Cell Cavities by “New” vendor
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average

38.1 MV/m

2004 DESY EP 9-cell cavities

Gradient distribution in cells from

pass-band measurements (~ 8 cavities) 

2004

2010

Gradient

State-of-the-art

then and now
35 MV/m

38 MV/m



An Example of 88% Yield up to 38 MV/m

with 8 Cavities from One Vendor
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Gradient Specification

• 35 MV/m for cavity vertical acceptance was chosen 

in RDR

– based on the then state-of-the-art from DESY with 9-

cell cavities built by European vendors.

• Globally coordinated gradient R&D since publication 

of RDR resulted in progress

– site-independent demonstration of > 35 MV/m in 9-cell 

cavities built by a US vendor.

– State-of-the-art gradient results from most recent 9-cell 

processing and testing show that average gradient for 

vertical test is 38 MV/m.

• Conclusion: 35 MV/m is a technically sound choice.

• Recommendation: increase gradient specification 

for cavity vertical test to 38 MV/m.       
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Gradient Yield & Scatter



“Global” Gradient Yield 

as Published in R&D Plan Release 5
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35 cavities 27 cavities

Accomplishment of 50% yield (up to 2nd pass proc.) at 35 MV/m

TDP-1 cavity gradient milestone 



Gradient Yield based on 2008-2010 

JLab Results as of August 2010 
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• Same data set as 

contributed to global 

data base

• All cavities that 

satisfy selection 

criterion.

• All processed using 

JLab optimal EP. 



Gradient Scatter
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JLAB/DESY

27 cavities

JLAB

14 cavities

• Gradient scatter due to quench 

caused by highly localized defect.

• Often limited by only one sub-mm 

sized defect in one cell near equator 

EBW while other superior cells 

already reaching surface field 

capability of equivalent gradient of > 

30 MV/m.

• Quench limit < 25 MV/m due to 

geometrical defect and in-sensitive 

to re-EP.

• Quench limit > 25 MV/m due to 

probably compositional defect and 

often can be raised by re-EP. 



Examples of Quench Limited Cavities

R.L. Geng, BAW1 @ KEK  

September 9, 2010
Global Design Effort 16

q
u

e
n

c
h

Twin defects 300-500 m dia.

8mm from equator EBW seam
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MHI#8
• No geometrical defects (down to 

~10 m) observed at quench location

• Re-EP effectively raises cavity gradient: 

18 MV/m >>> 38 MV/m

AES6
Twin defect in center cell limit 

cavity gradient to 15 MV/m; 

while all other cells capable 

of 32-41 MV/m; re-EP has 

little effect.



Gradient Spread Specification
• Gradient spread mainly due to two types of local defects 

within 20 mm from seam of equator EBW.

– Geometrical

– Compositional (further R&D needed to confirm)

• Low performing cavities < 25 MV/m often limited by 

geometrical defect; insensitive to re-EP.

• Quench limit > 25 MV/m can be raised to 30-40 MV/m

by a second EP. 

• Conclusion: global data set is still relatively small and a 

confident choice of gradient spread has to wait; and 

gradient scatter seems to be site dependent suggesting 

variability in cavity fabrication and processing.

• Recommendation: choose a starting value of 25 MV/m

as lower bound of acceptable gradients spread.     
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Cavity Gradient Yield Specification

• Reliable gradient yield prediction on a global basis requires 

controlled variability in cavity Material, Fabrication & 

Processing and sufficient number of cavities.

• Significant variability in M, F, & P the cause of vendor- and 

lab- dependency in gradient yield.

• Effort in fabrication improvement will increase first-pass yield 

at 15 - 25 MV/m; effort in processing improvement will 

increase second-pass yield at 25 – 40 MV/m. 

• First-pass yield at 25 MV/m 66% (2xLab,3xVendor) to 78% 

(1xLab, 2xVendor); second-pass yield at 35/38 MV/m 56% 

(2xLab, 3xVendor) to 88% (1xLab, 1xVendor).

• Recommendation: First-pass yield at 25 MV/m 80%; second-

pass yield at 38 MV/m 80%.        
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Unloaded Quality Factor



DESY Data

2K Q0 > 1×1010 for 25-41 MV/m
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JLab Data

2K Q0 > 8×109 for 25-38 MV/m

Q0 > 6×109 up to 42 MV/m
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Higher Q0 at Lower Temperatures

1×1010 at 40 MV/m
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AES7 EP at JLab



Unloaded Quality Factor Specification

• Consistent Q0 values above 8×109 are obtained up to 38 MV/m; 

scatter in unloaded quality factors is about +/-20% around the 

mean values.   

• These values are obtained usually with measureable field 

emission induced radiation (although examples exist where no 

measurable radiation up to 40 MV/m). 

• Perspective of higher unloaded quality factor at lower 

temperature can be expected. There are experimental 

examples of Q0 1×1010 at 1.8K at 40 MV/m

• Conclusion: RDR choice of unloaded quality factor is sound; 

perspective of higher Q0 at lower temperature should be 

examined in context of ILC operation cost.

• Recommendation: unloaded quality factor 8×109 at 38 MV/m

and 1×1010 at 31.5 MV/m.      
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Field Emission 

Induced Radiation



Some Remarks

• As reported earlier in the gradient progress overview talk, 

field emission is much reduced due to S0 effort.

• There are several examples of 9-cell test up to 40 MV/m

without measureable field emission induced radiation.

• It is also fairly established that re-HPR can be used as an 

effective 2nd-pass processing technique for reducing 

radiation induced by field emission.

• However, measureable field emission induced radiation still 

present despite in most cases negligible impact to cavity 

quality factor.

• Two main field emission related phenomena:

– Baking induced field emission

– Explosive field emission turn on, followed by performance loss   
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Baking Induced Field Emission
• There is evidence to show this phenomenon has to do with sulfur 

migration/segregation due to in-situ 120 Celsius bake.

• “Hidden spaces” in end groups such as HOM coupler cans are involved.

• Wiping and brushing HOM cans seems useful.  
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First power rise

reached 42.6 MV/m

Performance loss after 

event at highest field 

• Similar phenomenon observed in high gradient (35-42 MV/m) 9-cell 

cavity vertical test at JLab.
 Explosive field emission turn on, followed by “permanent” performance loss.

• Another similar case was reported in a high gradient 9-cell cavity 

horizontal test at FNAL. Until 37 MV/m, no field emission, then sudden 

turn on followed by “permanent” performance loss.    



FE Induced Radiation Specification

• Examples exist of 41 MV/m 9-cell without measurable radiation.   

• Further effort in FE suppression is necessary as some cavities 

have to be operated at very high gradient to compensate lower 

performance cavities – due to acceptance of gradient spread. 

• Present day radiation monitoring varies from lab to lab. 

Calibrated radiation monitoring is a TDP-2 goal. 

• Conclusion: Very high gradient (> 40 MV/m) operation requires  

increased FE suppression due to exponential nature of the 

process. Calibrated radiation monitoring requires coordinated 

effort due to importance of the matter and limited resources. 

• Recommendation: Establish site-independent radiation 

monitoring; choose 40 MV/m as the upper bound of acceptable 

gradient spread.        
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Cavity Specification Summary

Specification Unit Note

Gradient 38 MV/m

Gradient Spread 25 - 40 MV/m

Gradient Yield 80%(1st-pass)

80%(2nd-pass)

-

-

at 25 MV/m

at 38 MV/m

Unloaded Quality 

Factor

≥ 8×109

≥ 1×1010

-

-

at 38 MV/m

at 31.5 MV/m

Field Emission 

Induced Radiation

TBD TDP-2 goal
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Comments

• Cavity specification recommendation based on most recent 

R&D status.

• SRF technology gradient confidence has increased since 

publication of RDR due to global effort in gradient R&D.

– Following DESY success, FNAL, JLAB, and KEK demonstrated 

9-cell cavity processing and testing of ≥ 35 MV/m.

– Following ACCEL and Zanon success, AES and MHI 

demonstrated 9-cell cavity fabrication of > 35 MV/m.

– Hitachi (35 MV/m w/o end groups) and PKU ( > 28 MV/m w/ end 

groups) fabrication 9-cell cavities encouraging initial results.

– More coming: Niowave-Roark, Toshiba, IHEP, PAVAC.

• State-of-the-art average gradient is now 38 MV/m; practical 

gradient limit in 9-cell cavity is pushed to 41-42 MV/m.        
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Comments (cont.)

• Cavity specification must be backed by a detailed specification 

of technology including

– Material requirements

– Fabrication requirements

– Processing requirements

• Recent effort of EP parameter comparison in reference to TTC 

report 2008-05 by T. Saeki of KEK is a good start toward 

cavity processing EP technology specification.

• Intensified analysis, exchange and communication of material, 

fabrication and processing measurements important.    
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Gradient

Processing
Fabrication

Material


