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Accelerator application
Optimizing superconducting Nb film cavities by mitigating medium-field Q-slope through annealing
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Motivation of the study

Motivation
Depositing Nb films on bulk Nb allows 
controlled modification of impurities and 
superconducting properties through baking, 
and analysis via TMAP, providing a pathway 
to identify the root cause of the medium-
field Q-slope.

Challenge
While Nb/Cu film cavities show great promise, 
they face the long-standing problem 
of medium-field Q-slope, unresolved since the 
1980s.

Typical Q0 as a function of Eacc for 1.3 GHz single-cell Tesla-shaped 
cavities made from bulk Nb and Nb film.

Goal: Understanding origin of medium-field Q-slope in Nb film cavities
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Experimental setup

DC bias HiPIMS film deposition system at CERN. 

Nb film deposition parameters

❖ Main pulse duration: 200 μs
❖ Bias voltage: -75 V
❖ Pressure: 3 × 10-3 mbar
❖ Temperature: 150 ⁰C
❖ Target: Nb RRR ≅ 300
❖ Background gas: Kr
❖ Thickness: 6 μm

Data: CERN 

Cavity parameters

❖ Frequency: 1.3 GHz
❖ RRR: 20 (300 before dep.)
❖ Grain size: 1 μm ( 50 μm before dep.)
❖ Geometry factor: 270 Ω

Nb film was optimized and coated at CERN.

Nb (3 mm)

Nb2O5 (5 nm)  

Before film deposition

Nb (3 mm)

Nb2O5 (3 nm) 

Nb film (6 μm)

After film deposition
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Nb film characteristics

Average grain size is 1 μm RMS surface roughness is 13 nm

AFM imagesSEM images TEM image

Pentoxide thickness is approximately 3.2 nm

a) c)

Nb film

Nb2O5

3.2 nm

b)
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Experimental procedures with Nb film cavity

Bulk Nb

1)

High RRR bulk Nb cavity

Nb film
DC bias HiPIMS

2)

Film deposition

340 °C 1 h
in-situ 

3)

Pentoxide dissolution

600 °C 3 h
vacuum furnace

4)

Film modification

800 °C 3 h
vacuum furnace

5)

Film modification

800 ° C 6 h
vacuum furnace 

6)

Film modification

900 °C 6 h
vacuum furnace 

7)

Film modification

No oxidation after baking

Oxidation in air after baking
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RF performance of the Nb film cavity 
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Condition Quench

bulk Nb 32 (MV/m)

as deposited 10 (MV/m)

340 °C for 1 h 12.5 (MV/m)

600 °C for 3 h 13.5 (MV/m)

800 °C for 3 h 15.3 (MV/m)

800 °C for 6 h 17.5 (MV/m)

900 °C for 6 h 12.5 (MV/m)

Baking systematically increases the quench field and mitigates the medium-field Q-slope.



Bektur Abdisatarov | SRF 20258

Decomposition of RBCS and Rres

Decomposition reveals that Rres is strongly field-dependent, while RBCS is field-independent.  
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Quadratic relation between Rres and Eacc at medium fields

Condition Rm (nW) α (×10-3) (nW/(MV/m)2 ) R2

Bulk Nb 5.7 9.2 0.98

As deposited 16.2 250.1 0.94

340 °C for 1 hour 21.1 153.2 0.92

600 °C for 3 hours 9.1 109.4 0.89

800 °C for 3 hours 3.4 71.3 0.92

800 °C for 6 hours 6.2 41.7 0.95

900 °C for 6 hours 9.0 50.5 0.96

𝐑𝐫𝐞𝐬 𝛂 = 𝐑𝐦 + 𝛂 ∙ 𝐄𝐚𝐜𝐜
𝟐

Baking at high temperatures significantly reduces the 
medium-field Q-slope parameter 𝛂.

What are the key factors driving the enhanced RF performance of Nb film cavities?
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Impurities and superconducting properties 

Reduction of hydrogen by tenfold drives the 
improvement in medium-field Q-slope.

As deposited: 
mfp≈ 𝟔𝟐 𝐧𝐦

RRR=23

After baking: 
mfp≈ 𝟏𝟑𝟒 𝐧𝐦

RRR=50

Baking alters impurities (oxygen diffusion, hydrogen 
degassing) and increases RRR by a factor of two. 
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xi 620 ± 0
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Rres 5E-9 ± 0
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Power dissipation at Eacc=10 MV/m
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Non-uniform power dissipation across the cavity surface.
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Novel finding with TMAP: spots with no mid-field Q-slope exist

𝐐𝟎 =
𝟐𝛑𝐟∙𝐔

𝐏𝐝𝐢𝐬𝐬
𝐭𝐨𝐭 =

𝟐𝛑𝐟∙𝐔

𝐤∙𝐓𝐚𝐯
 

𝐏𝐝𝐢𝐬𝐬
𝐭𝐨𝐭 = σ𝐢=𝟏

𝟓𝟕𝟔 𝐜𝐢 ∙ ∆𝐓𝐢 ∙ 𝐀 = 𝐤 ∙ 𝐓𝐚𝐯 

Power dissipation across the cavity is non-uniform: 
some regions behave like bulk Nb, while others 

exhibit higher losses.
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Optical camera investigation

Micrometer 
size defect at 
quench area

Surface defects act as hotspots, and quench spot determined by a surface defect.
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Local misorientation analysis

as deposited 340 °C for 1h 600 °C for 3h 

800 °C for 6h 900 °C for 6h 800 °C for 3h as deposited 340 °C fo 1 h 600 °C fo 3 h 800 °C fo 3 h 800 °C fo 6 h
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Surface EBSD reveals grain growth after 800 °C baking. However, Q-slope improvement arises from reduced local 
misorientation, not grain size. 
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Quantum application
Direct measurement of microwave loss in Nb films for superconducting qubits
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Motivation of the study

Motivation: A 3D SRF cavity can effectively isolate the Nb 
film from other loss contributions. This enables direct 
measurement of conductive losses in the Nb film (metal) 
and TLS losses on the surface oxide (metal-air).
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Qubit device

It is difficult to evaluate the contributions of different loss 
mechanisms from the qubits’ performance.
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Temperature dependent losses in a quantum regime 

𝟏

𝐐 𝐊
= 𝐅𝛅𝐓𝐋𝐒 𝐭𝐚𝐧𝐡 𝛂

𝐡𝛚

𝟐𝐤𝐓
+

𝐑𝐫𝐞𝐬

𝐆

𝐎𝐱𝐢𝐝𝐞 𝛅𝐓𝐋𝐒
𝐂𝐨𝐧𝐝𝐮𝐜𝐭𝐢𝐯𝐞 𝐥𝐨𝐬𝐬

𝐑𝐫𝐞𝐬 (nΩ)

bulk Nb 0.17 3.21

Nb film 0.12 4.23

Nb film cavity showed slightly reduced 
oxide TLS losses but marginally higher 

conductive losses than bulk Nb.

TLS loss fitting model

RRR, crystallite size, and lattice strain do not play a significant role in Nb film losses in the quantum regime.
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Conclusion

❖ Nb film losses are comparable to bulk Nb, with surface oxide causing 
dominant TLS losses in the quantum regime.

❖ The losses in the Nb film remain largely unaffected by variations in RRR, 
crystallite size, and lattice strain, underscoring their minimal impact on its 
overall performance in the quantum regime.

❖ Discovery: areas of film with no mid-field Q-slope exist, which 

means it is possible to achieve a Nb film cavity with no slope.

❖ Medium-field Q-slope in Nb film cavities is driven by hydrides, local 

defects, and local misorientations.

❖ Baking at 800 °C for 6 h improved both the medium-field Q-slope 

and the quench field by ~75%.
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