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• Motivation - Impurity Alloying
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• Motivation – Mid-T bake
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• Motivation – Previous Works
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SIMS Results - Secondary Ion Mass Spectrometry

9

[1] https://www.cameca.com/products/sims/technique
[2] Cameca: IMS 7f-GEO www.cameca.com/instruments-for-research/ims7fgeo.aspx
[3] P. Dhakal, et al. Phys. Rev. Spec. Top. Accel. Beams 16.4 (2013): 042001
[4] Angle, Jonathan W., et al. J. Vac. Sci. Technol. B 39.2 (2021): 024004.

[1] [2] 

[3] [4] 

Why SIMS?
• Part per million impurity 

concentration required
• High depth resolution is 

required.
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https://www.cameca.com/products/sims/technique
http://www.cameca.com/instruments-for-research/ims7fgeo.aspx


SIMS Results – Shallow Depth Profile

10

• Clean Nb has background C,N,O 
impurity concentrations at ~0.005 at. % 

300 °C/2.3 hours 

• After vacuum annealing at 300 C for 2.3 hr we find a 
large enhancement in O.

• C and N have diffusion coefficients 2-3 orders of 
magnitude less than O

• O concentrations similar to that of N in N-alloyed 
cavities

Electropolished sample
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• Ciovati’s Native Oxide Dissolution and O Diffusion Model 
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𝜕𝜕𝑡𝑡 = 𝐷𝐷 𝑇𝑇

𝜕𝜕2𝑐𝑐 𝑥𝑥, 𝑡𝑡
𝜕𝜕𝑥𝑥2

+ 𝑞𝑞 𝑥𝑥, 𝑡𝑡,𝑇𝑇 .

𝑣𝑣 𝑥𝑥, 𝑡𝑡 = 𝑣𝑣0
𝜋𝜋𝜋𝜋(𝑇𝑇)𝑡𝑡
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𝑢𝑢 𝑥𝑥, 𝑡𝑡 =
𝑢𝑢0
𝜋𝜋𝜋𝜋(𝑇𝑇)

�
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𝑡𝑡 𝑘𝑘 𝑇𝑇 𝑒𝑒−𝑘𝑘 𝑇𝑇 𝑠𝑠

𝑡𝑡 − 𝑠𝑠
𝑒𝑒−𝑥𝑥2/(4𝐷𝐷(𝑇𝑇)(𝑡𝑡−𝑠𝑠))𝑑𝑑𝑑𝑑 − 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
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Arrhenius equations

𝑐𝑐 𝑥𝑥, 𝑡𝑡 = 𝑣𝑣 𝑥𝑥, 𝑡𝑡 + 𝑢𝑢 𝑥𝑥, 𝑡𝑡

Solutions to the diffusion equation

One-dimensional diffusion equation [1]

[1] Ciovati, Gianluigi. Applied physics letters 89.2 (2006): 022507. Tuning Nb SRF Cavity Performance via Oxide Dissolution



Ciovati’s Model – SIMS O Concentration Depth Profiles
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𝑣𝑣0 = 3.5 O % nm
𝐸𝐸𝑎𝑎𝑎𝑎 = 119.9  kJ/mol 
𝐷𝐷0 = 0.075 cm2/s 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐸𝐸𝑎𝑎𝑘𝑘 =131 kJ/mol 
A = 0.9 ×109 1/s

𝑢𝑢0 = 200 O % nm 

• Measurements are consistent with Ciovati’s
model

• Predictability and ability to tune interstitials by 
changing only temperature and time of 
vacuum anneal

• Oxygen source is the native oxide

Tuning Nb SRF Cavity Performance via Oxide Dissolution



RF - Results
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120C/12hr

300C/2.6hr

• Electropolish 180 nm off the surface to 
remove any contribution of C and N

• High Q0 still exists! Oxygen is the main 
alloying interstitial

Tuning Nb SRF Cavity Performance via Oxide Dissolution



High Q0 and High Eacc
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1.3 GHz Single Cell RF Tests

• Reproducibly high Q 
• Emax that match or exceed the baseline EP HFQS



Oxygen Content
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Non-uniform

Uniform

Tuning Nb SRF Cavity Performance via Oxide Dissolution

• O tunability
• Uniform or non-uniform O-profiles



Role of Oxygen in Infusion Recipes?
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• Can N infusion-like recipes be developed using this model?
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• Benefits – Furnace
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• O source is the oxide, no gas injection required



Benefits - Simplicity
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Vacuum heat treat (200-
800 C)

High Pressure Rinse

Reset Electropolish

High Pressure 
Rinse+RF test

Ito et al.’s cavity prep.

[1] H. Ito et al. Progress of Theoretical and Experimental Physics, 2021;, ptab056
[2] P. Dhakal Physics Open (2020): 100034.
[3] F. He, et al. Superconductor Science and Technology 34.9 (2021): 095005.
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Tuning Nb SRF Cavity Performance via Oxide Dissolution

• Simple process



• Benefits – Inherently Conformal
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• The oxygen source is conformal to the surface of the cavity
• Uniformity of O interstitials



Conclusions/Where next?

Conclusions
• Using SIMS, we measured O,C, N concentration depth and showed major enhancement in O 

impurities
• RF and SIMS measurements confirmed that the alloying effect of vacuum annealing is due 

primarily to oxide dissolution and diffusion
• Constrained a model of native oxide dissolution for predictive O-alloying

Where next?
－Heat treat additional cavities to evaluate performance scaling with O content.
－Explore the role of tailored impurity diffusion profiles within the RF penetration depth
－Explore multiple dissolutions or multi-step temperature profile
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Thanks for your time!
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Questions?

https://doi.org/10.1063/5.0059464
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