1. Development of Buffered Electropolishing on Nb
A new Nb surface treatment technique called buffered electropolishing (BEP) was developed firstly by scientists at JLab in 2001[1] and later on at Peking University in China and CEA Saclay in France.  It has been demonstrated that BEP can produce not only very smooth surface finish on Nb (20 nm over a surface area of 200x200 μm2), but also a very high Nb removal rate [2] of 10 μm/min. Furthermore, it does not induce any sulfur precipitation in contrast to the way that conventional electropolishing (EP) does. Using a vertical polishing setup, an accelerating gradient of 28.4 MV/m has been achieved on a BEP treated fine grain Nb SRF cavity of CEBAF shape that has a relatively high Ta content and low RRR. The RF measurement is limited by quench with a Qo of 1.2x1010 at the quench point.
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Image of profilometer scans on a BEP treated Nb surface.  A RMS of 20 nm is obtained over a surface area of 200x200 μm2.
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Photos of BEP treated cavity a) upper half cell b) lower half cell.



RF test result on a BEP treated fine grain Nb SRF cavity of CEBAF shape. Test 1 is done right after BEP treatment with DI water rinsing. Test 2 is done after high pressure water rinse. Test 3 is done after baking at 120 oC for 48 hours.

1) J. Delayen et al, Proc. of the 10th SRF Workshop, Japan, (2001) P499
2) A.T. Wu et al, Proc. of IPAC2011, MOPC119.
2. Development of GCIB Treatments on Nb
Gas cluster ion beam (GCIB) technique was applied to the treatments of Nb samples and SRF cavities in 2005 through collaboration between JLab, Epion, Fermi Lab, and Argonne Lab.  Detailed information about GCIB technique and the outcome of the collaboration can be found in Ref.1.  It was demonstrated [2] that field emission could be suppressed on Nb surfaces by as much as 87.5% after O2 GCIB treatments. O2 GCIB treatments can also increase Qo at 4.5K and enlarge the superconducting gap. 
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Schematic of the working principal of GCIB technique.
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Example of the sites of field emission detected on GCIB treated and untreated Nb surface.
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Surface resistance measured as a function of temperature on an Nb SRF cavity treated by O2 GCIB.
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Illustration for GCIB treatments on a 9-cell Nb SRF cavity.
1) A.T. Wu et al, in the book Neural Computation and Particle Accelerators: Research, Technology, and Application, Nova Science Publishers Inc., New York, USA, (2010) Chapter 4
2) A.T. Wu et al, Phys. Rev. ST Accel. Beams 13, (2010), P093504


3. Study of Field Emission on Nb Surfaces
Investigations have been done trying to correlate the particulates found on the inner surfaces of Nb SRF cavities to those found on the filters of a high pressure water rinse system,  vacuum pump line, and the surface of a scroll pump that was used to pump the cavity [1]. 
The effects of low temperature baking on field emission on the surfaces of BCP, EP, and BEP treated Nb surfaces have been also studied [2]. This study implied that the thickness of Nb surface oxide layers could affect field emission.  A model based on the classic electromagnetic theory was developed to explain the experimental results [2]. A systematic study [3] on the effects of the thickness of Nb surface oxide layers showed that thicker surface oxide layers could increase the thresholds of field emission on Nb surfaces and therefore were beneficial for suppressing field emission. 
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Element appearance frequency detected at the rear side of vacuum pump line based on 20 particles analyzed using SEM and EDX on a DSCT.
Summary of the numbers of detected field
Emitters on the surfaces of BEP, EP, and BCP treated Nb
samples before and after the low temperature baking
	
	BEP
	EP
	BCP

	Before Baking
	67
	163
	710

	After Baking
	78
	86
	743
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Calculated electric field on pent-oxide surface as a function of the thickness of the oxide layer when a voltage of 7 kV is applied to the tip of the SFEM.
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Detected number of emitters by SFEM as a function of the thickness of Nb surface oxide layer. The green line shows a guide to your eyes.
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4. Nb surface characterization
Various surface measurement techniques such as, SEM, MOM, EDX, EBSD, profilometer, SFEM, and TEM have been used to do surface characterization on Nb at JLab.  Especially a procedure was developed at JLab [1] to do TEM sample preparation for surface cross-section observations and the first TEM atomic images of Nb were obtained at JLab [2]. It was shown [2] that there exist several surface defects on Nb surfaces treated by BCP, EP, and BEP and the thickness of the pentoxide is ~3nm.
[image: ]
A sample preparation procedure for doing TEM cross-section observation on the surface oxide structure of Nb has been developed [1]


[image: ]
Atomically resolved TEM cross-section image of a BCP treated Nb sample obtained using JEM-2100F.
1) A.T. Wu, Proc. of 11th Workshop on SRF, Germany, (2003), ThP13
2) A.T. Wu et al, Proc. of 14th Conference on SRF, Germany, (2009), P300
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Si Buddy Sample
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