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Accelerator application

Optimizing superconducting Nb film cavities by mitigating medium-field Q-slope through annealing

B. Abdisatarov et al, SUST, 2025
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Motivation of the study

Goal: Understanding origin of medium-field Q-slope in Nb film cavities
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1 Typical Qg as a function of E,. for 1.3 GHz single-cell Tesla-shaped
cavities made from bulk Nb and Nb film.
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Challenge
While Nb/Cu film cavities show great promise,
they face the long-standing problem
of medium-field Q-slope, unresolved since the
1980s.

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.
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Experimental setup

Nb film deposition parameters

< Main pulse duration: 200 us
X Bias voltage: -75V

X Pressure: 3 X 10> mbar
X Temperature: 150 °C
X Target: Nb RRR = 300
< Background gas: Kr
< Thickness: 6 pum
Data: CERN

Cavity parameters

*%* Frequency: 1.3 GHz

% RRR: 20 (300 before dep.)

¢ Grainsize: 1 um ( 50 um before dep.)
% Geometry factor: 270 Q
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Nb film was optimized and coated at CERN.
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DC bias HiPIMS film deposition system at CERN.

Before film deposition

Nb,O; (5 nm)

Nb (3 mm)

After film deposition

Nb;O;, §3 nm)

Nb film (6 pm)

Nb (3 mm)

A SR SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER



Nb film characteristics

SEM images - TEM image s AFM images
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Nb film

10 um 10 um
1 e
pm !
Average grain size is 1 um Pentoxide thickness is approximately 3.2 nm RMS surface roughness is 13 nm
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Experimental procedures with Nb film cavity

No oxidation after baking__
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Fe=============="

vacuum furnace

Oxidation in air after baking
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RF performance of the Nb film cavity
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Baking systematically increases the quench field and mitigates the medium-field Q-slope.
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Decomposition of Rgcsand R,

Bp (mT)
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Decomposition reveals that R, is strongly field-dependent, while Ry, is field-independent.
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Quadratic relation between R, and E_ .. at medium fields

Bp (mT)
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What are the key factors driving the enhanced RF performance of Nb film cavities?




Impurities and superconducting properties

10
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As deposited:

mfp~ 62 nm

RRR=23

T 1
9.0 9.5 10.0

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

Sensors

Power dissipation at E,..=10 MV/m
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Boards

Boards
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Sensors

Novel finding with TMAP: spots with no mid-field Q-slope exist

E,..=12.92 MV/m Temp. (pK) Bp (mT)
© 1.3x108 4 8 13 17 21 25 29 34 38 42 46 50 55 59 63
4.7%10°
3 1.8x10°
i 4
o~ 6.6%10*
2.5%10*
= 9.4x10° o
g
© 3.5x10° ph
1.3%10° 2 e S B TN o o ™
© 5.0%102 é
. \
= 1'9"101 —a—LHC1
7.1%10 —e—LHC2 Q
______________ -
—e— UHCA L
b 27x10! —e—UHC2
1.0x10’ ——EQRT 3
—a— Nb film
—4&—Bulk Nb
: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
tot _ 76 —_
Poiss = 2i=1 Ci " ATi - A=K Ty Eacc (MV/m)
2nf-U 2nf-U Power dissipation across the cavity is non-uniform:
QO —_ = = some regions behave like bulk Nb, while others
Pt()t k'T - .
diss av exhibit higher losses.

MATERIALS & SYSTEMS CENTER

12 Bektur Abdisatarov | SRF 2025 =G QAIM S e e



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°Cfor1h
600 °C for 3 h
i 800°Cfor3 h
[
" . 800 °C for 6 h
3 it 900 °C for6 h
2 il
o e
s |
o8|
o ]
o ]
N 7
s @
E 3
[=] l I":;\\‘
=z NN RN
l'.' ’.I 7 fk'.\ Y 'Q'.\_
1] N S~
i,i',-’;f Ts a\\::":'.‘"m-..
LAl , I 'b‘-'fé-ﬁ'-'r:::-':'ﬁ"“ﬁmm_mgm
0.0 0.4 02 03 0.4 05 0.6 07 0.8 0.9 1.0
900 °C for 6h Local misorientation (°)

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

B. Abdisatarov et al, APL, 2024
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Motivation of the study

metal - air  metal - metal
Josephson Junction

i EE BN .
1\ |

Aluminum

substrate - metal

substrate - air |—

10

T
® 13GHz = 1.3 GHz-after 340 °C
A 5GHz < 5GHz-after 450 °C

Substrate

A. Romanenko et al, Phys. Rev. Applied, 2020

Qubit device Q10" "
It is difficult to evaluate the contributions of different loss el W
mechanisms from the qubits’ performance. TSdortibaiodregine | ‘!
— : : : 10501 01 T
Motivation: A 3D SRF cavity can effectively isolate the Nb Temperature (K)

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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Temperature dependent losses in a quantum regime
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Nb film cavity showed slightly reduced
oxide TLS losses but marginally higher
conductive losses than bulk Nb.

4.23

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

+ Baking at 800 °C for 6 h improved both the medium-field Q-slope
and the quench field by ~75%.

»» Medium-field Q-slope in Nb film cavities is driven by hydrides, local
defects, and local misorientations.

% 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.

* 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.
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THANK YOU

Superconducting

National Quantum Information Science Research Centers,

H

Quantum Materials and Systems Center (SQMS) under contract number DE-AC02-07CH11359
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