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Introduction



Axion Haloscope
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Axion Haloscope
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Cavity Quality Factor in Axion Haloscope
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Superconducting Cavity R&D



Cavity Quality Factor
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ü 1/Q is related to the total energy loss in a cavity.
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Superconducting Radio-frequency Cavity
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ü Material Choice?

Å Most of superconductors are not working in a high magnetic field

Å Biaxially-textured Rare-earth Barium Copper Oxide (ReBCO)

ü How are we going to make a cavity?

Å HTS tapes + 3D Surface

Å Tape alignment for minimizing radiation energy loss

Posenet alSUST(2017)30
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8 GHz, YBCO

Scientific Reports 10 (2020) 12325
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Vortex Pinning is Important for Low R s
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f

Hext

https://www.cee.elektro.dtu.dk/news/nyhed?id=E6796539-A36B-4CA5-BC31-CBDBBCA335D8

Hm < Hc2

Hm

Three Phases of Type II Superconductor

Hc2,ReBCO> 100 T

ü Two criteria for evaluating materials

V Large upper critical field (Hc2 > 30 T)

Å Lower Vortex Density

V High depinning frequency (Ȓ0 > 1 GHz)

Å Ȓ0 = k / Ȅ

Å Ȓ ÙȒ0 (Drag force Ù Pinning force)

Depinning Frequency
flux-flow regime
(high dissipation)

flux-creep

Melting field

Golosovskyet alSUST (1996) 9

Axion Haloscope

Vortices

╙

╕╛ ╙

Surface
Current

Flux Quanta

x

Pinning
Potential

╕╛

Ɫ○

EM wave

▓●

Drag Force

Pinning Force

RSC<< RCu
pinning regime

(low dissipation) 



Material Evaluation
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100 mK
8 GHz

Rs (B = 0 T)
(Ohm)

Rs (B = 8 T, Ñc)
(Ohm)

Critical Field (Hc2)
Depinning
Frequency

OFHC Cu (Metal) ~ 7E-3 ~ 7E-3 None None

NbTi(LTS) ~ 1E-6 ~ 4e-3 ~ 13 T ~ 45 GHz

Nb3Sn (LTS) ~ 1E-6 ? ~ 25 T ~ 6 GHz

Bi-2212 (HTS)
Bi-2223 (HTS)

~ 1E-5 ?
> 100 T (Òab)

?

Tl-1223 (HTS) ~ 1E-5 ~ 1e-4
> 100 T (Òab)

12 ς480 MHz

ReBCO(HTS) ~ 1E-5 ~ 1e-4 > 100 T (Ñab) 10 ς100 GHz

Gattiet al. PRD(2019)

Calatroniet al. SUST(2017)

Romanovet al.
Scientific Reports(2020)

Larbalestieret al.
Nature(2001)

Larbalestieret al.
Nature(2001)

Larbalestieret al.
Nature(2001)

Weak Pinning

Calatroniet al. SUST(2017)

Romanovet al.
Scientific Reports(2020)

Ormenoet al.
PRB(2001)

Strong Pinning

Alimentiet al. SUST(2020)

Small

Small

Low Temperature Superconductors (LTS)

High Temperature Superconductors (HTS)

Re = Y, GdΣ 9ǳΣ Χ



Biaxially-Textured Film is Necessary for High Q
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aΦ WΦ [ŀƴŎŀǎǘŜǊΣ άtŀǎǎƛǾŜ ƳƛŎǊƻǿŀǾŜ ŘŜǾƛŎŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ƻŦ I¢{έΣ 
Cambridge University Press (2006).

BiaxiallyTextured

a or b
crystal axes

IEEE Trans. Appl. Supercond. 23 (2013) 6601205

ü Biaxial texture is essential to avoid weak links.

Å Weak link is a misalignment of crystal axes at grain boundaries

Å Weak links at grain boundaries degrades surface resistance.

Å Only biaxially-textured ReBCOfilms show low surface resistance at high magnetic field

ü For high Q cavity, biaxially-textured film should be fully covered on the cavity surfaces.
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8 GHz, Rutile Resonator

Scientific Reports 10 (2020) 12325

Ultra-low Rs at low T & high B



THEVA Catalog (2017)

Deposition on Curved Surface is Difficult
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ü Directly forming a biaxially-textured 

ReBCOfilm on the deeply concaved 

inner surface of the cavities is difficult.

ü Can we make a cavity with ReBCO

tapes?

Rolling-Assisted Biaxially Textured Substrates (RABiTS)

IEEE Trans. Appl. Supercond. 23 (2013) 6601205

Inclined-Substrate Deposition (ISD)

Ion-beam?
Biaxially-Textured Substrate?
MgO deposition?

Ion-Beam Assisted Deposition (IBAD)

Superconductors in the Power Grid, Elsevier (2015)



Solution: Tape Attachement on 3D Surface
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Biaxially-Textured ReBCOTapes
+ Cavity Body Ą 3D HTS Cavity

THEVA Catalog (2017)

2D Material 3D Surface



Radio-Frequency Design Issues
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ü TM010 maximizes the form factor in the cavity haloscope.

Å Aligned directions of external magnetic field and the mode electric field makes high form factor.

ü Tape alignment is necessary to prevent the electromagnetic wave propagation 

through the gaps.

N polygonal structure with N gaps

JTM010

Gap

Polygon Cavity

Electric Field of a 
Resonant Mode

External 
Magnetic Field



Polygonal Cavity Simulation with Gaps
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Gap Only an evanescent field
enters into the gap 

JTM010
JTM010
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Qgap ~ 107



1st Generation 6.9 GHz Polygon Cavity
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1. Etching: Ammonia Water + Hydrogen Peroxide
2. Silver Sputtering



1st Generation 6.9 GHz Polygon Cavity
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ü (2019) First Prototype YBCO Cavity

V (1st Cavity) Q ~ 150,000 at 8 T

V (2nd Cavity) Q ~ 330,000 at 8 T

╠╨║╒╞Ⱦ╠╒◊

1‘m sputtering

2‘m sputtering + better alignment



Ni-9W Still Generate Surface Loss
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ü The Ni-9W tape was attached on one copper cavity wedge.

ü The Q factor behavior of the test cavity was similar to the 

YBCO cavity. 



Tape Delamination for Eliminating Ni-9W
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ReBCO

Buffer layer (<0.5˃m)

Substrate (>50˃m)
(NiW, Hastelloy)

Removing Ag layer 

(H2O2 + NH4OH)

ReBCO

Buffer layer (<0.5˃m)

Stabilizer (>50˃m)
(Copper)

Delaminating substrate 
mechanically

ü Ni-9W layer can be removed by tape delamination.

Ag



2nd Generation Cavity Development
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2nd Generation Cavity for Axion Haloscope
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Connecting Tapes

Attaching Half Cylinder
on the Cavity Inner Wall 
with Epoxy

Final Cavity Inner 
Surface

Assembled Cavity

Buffer (300 nm)
YBCO (1 ~ 1.5 ˃Ƴ)
Silver (3 ˃ Ƴ)
Copper (15 ˃ Ƴ)

Lead (5 ~ 6 ˃Ƴ)

Brass (200 ˃ Ƴ)

Final Cavity Inner 
Surface

Cap (300 nm)
GdBCO(3 ~ 5 ˃ Ƴ)
Silver (1.5 ˃ Ƴ)

Copper (100 ˃ Ƴ)

Lead (5 ~ 6 ˃Ƴ)

Hastelloy(100 ˃ Ƴ)Eliminated
MgO(3 ˃ Ƴ)

SuNAM THEVA
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ü 2.3 GHz HTS Cavity

V (December 8th, 2019) Q ~ 340,000 at 8 T (SuNAMYBCO Tape, 1.5 L)

V (January 18th, 2020) Q ~ 500,000 at 8 T (THEVA GdBCOTape, 1.5 L)

Q0 ~ 340,000 at 8 T Q0 ~ 500,000 at 8 T

SuNAM THEVA



Finding Optimal ReBCOTape
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üVarious tapes showed different performances.

ü It is necessary to study surface resistance of different tapes.

Å AMSC, SuNAM(YBCO)

Å THEVA, Superpower (GdBCO)

Å Fujikura (EuBCO+ Additional Pinning Center).
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HTS Tape RF DesignFabrication



Finding Optimal ReBCOTape
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üVarious tapes showed different performances.

ü It is necessary to study surface resistance of different tapes.

Å AMSC, SuNAM(YBCO)

Å THEVA, Superpower (GdBCO)

Å Fujikura (EuBCO+ Additional Pinning Center).

Hakki-Coleman Type Resonator using a Rutile Cylinder
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Temperature Study
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T Puig et al 2019 Supercond. Sci. Technol. 32 094006



EuBCOHas the Lowest Surface Resistance
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EuBCOHas the Lowest Rs in a Magnetic Field
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smaller Rs.

APC: Additional Pinning Center



3rd Generation Cavity using EuBCOTapes (1)
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Delaminated Tapes Tape Attachment



3rd Generation Cavity using EuBCOTapes (1)
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Better Alignment

TM010

TM011

Q ~ 3.5e6 @ 8 T



3rd Generation Cavity using EuBCOTapes (2)
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13 Million Quality Factor is Achieved
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ü 3rd Generation EuBCOcavity reached two orders of magnitude 

bigger Q factor than copper cavity.
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Summary of HTS Cavity Development
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Summary of HTS Cavity Development
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CAPP-MAX

Haloscope
AQN

LHeTuning



HTS Tuning Rod for CAPP-MAX Experiment
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Axion Search with High-Temperature 

Superconducting Cavity



2nd Generation Cavity for Axion Haloscope
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ü1.5 L large volume cavity was designed for the cavity haloscope

experiment.

ü2.3 GHz resonant frequency was targeted for Josephson parametric 

amplifier with the same working frequency.
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Tuning Mechanism
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h = depth

Tuning Simulation
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Axion Search with Superconducting Cavity
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ü Total System Noise (Ὕ Ὕ Ὕ )

Å Cavity noise temperature (Ὕ 60mK)

V Ὕ Ⱦ , Ὕ (cavity physical temperature ~ 40 mK)

Å Added noise by the receiver chain (Ὕ 120mK)

Å Spectrum Analyzer Efficiency (– 0.7) ὨὪ

Ὠὸ
Ɫ
τ

υ

ρ

ὛὔὙ

ὖ

Ὧ╣▼◐▼

‍

ρ ‍

ὗὗ

ὗ ὗ

CAPP-PACE Detector Setup



CAPP-PACE Detector
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HEMT Run JPA Run SC Run

Frequency Range 2.457 ς2.749 GHz 2.27 ς2.30 GHz 2.273 ς2.295 GHz

Magnetic Field (B) 7.2 T 7.2 T 6.95 T

Volume (V) 1.12 L 1.12 L 1.5 L

Quality Factor (Q0) 100,000 100,000 500,000

Geometrical Factor 
(C)

0.51 ς0.66 0.45 0.51 ς0.65

System Noise (Tsys) ~ 1.1 K ~ 200 mK ~ 180 mK

Scan Rate (Norm.) 1 18 310

Phys. Rev. Lett. 126 (2021)

ŋB4V2C2Q0/Tsys
2

Anaysis in processPhys. Rev. Lett. 130 (2023)



CAPP-PACE Detector History
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HEMT Run JPA Run SC Run

Frequency Range 2.457 ς2.749 GHz 2.27 ς2.30 GHz 2.273 ς2.295 GHz

Magnetic Field (B) 7.2 T 7.2 T 6.95 T

Volume (V) 1.12 L 1.12 L 1.5 L

Quality Factor (Q0) 100,000 100,000 500,000

Geometrical Factor 
(C)

0.51 ς0.66 0.45 0.51 ς0.65

System Noise (Tsys) ~ 1.1 K ~ 200 mK ~ 180 mK

Scan Rate (Norm.) 1 18 310

Phys. Rev. Lett. 126 (2021)

ŋB4V2C2Q0/Tsys
2

Anaysis in processOn ArXiv, Will submit soon
(Mr. Jinsu Kim et al.)



JosephsonParametric Amplifier (JPA)
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Kutluet alSUST (2022)

SQUID (ὒ ‬ɮȾ‬Ὅ)
as Variable Inductor

SC run total system noise
171 Ô15 mK, 1.56 SQL

Ὕ Ὕ Ὕ Ὕ
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ςTotal system noise

Noise from cavity

Chain added noise

ü JPA is Josephson junction based quantum-noise-limited amplifier

ü CAPP Flux-driven JPA was developed in collaboration with Nakamura group at Univ. of Tokyo and RIKEN

ü Operation range: 2.27 GHz ï2.30 GHz

ü JPA was protected by two layer superconducting shield

ü Total system noise temperature



JosephsonParametric Amplifier (JPA)
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Kutluet alSUST (2022)

SQUID (ὒ ‬ɮȾ‬Ὅ)
as Variable Inductor

SC run total system noise
171 Ô15 mK, 1.56 SQL

Ὕ Ὕ Ὕ Ὕ
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ρ

ςTotal system noise

Noise from cavity

Chain added noise

ü JPA is Josephson junction based quantum-noise-limited amplifier

ü CAPP Flux-driven JPA was developed in collaboration with Nakamura group at Univ. of Tokyo and RIKEN

ü Operation range: 2.27 GHz ï2.30 GHz

ü JPA was protected by two layer superconducting shield

ü Total system noise temperature

~ 21 dB gain

~ 120 mKadded noise

Total System Noise
200 mKĄ 180 mK(1.56 SQL)


