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Superconducting Cavity R&D at CAPP



: 13 Million Quality Factor High-Temperature Superconducting Cavity 

Superconducting Cavity R&D at CAPP
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: How to Make a High Quality Factor Cavities?

Superconducting Cavity R&D at CAPP
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: Superconducting Cavity Design – 01 Material Choice

Superconducting Cavity R&D at CAPP
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➢ Type II superconductors in a high magnetic field

• Type II superconductors form magnetic vortices in a magnetic field.

• Additional surface resistance is introduced due to the vortices.

8 GHz, YBCO

Scientific Reports 10 (2020) 12325
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: Superconducting Cavity Design – 01 Material Choice

Superconducting Cavity R&D at CAPP
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➢ Vortex pinning is important to reduce surface resistance

➢ The definition of ‘good’ material for cavities in axion haloscopes

• Large upper critical field: 𝑯𝒄𝟐 > 100 T (ReBCO)

• High depinning frequency: 10 < 𝝎𝒅𝒑 < 100 GHz (ReBCO)



: Superconducting Cavity Design – 01 Material Choice

Superconducting Cavity R&D at CAPP
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➢ Biaxial texture prevent energy loss from grain boundaries. 

➢ Deposition of biaxially-textured ReBCO on deeply concaved surfaces is 

technically difficult. 

Ion-Beam Assisted Deposition (IBAD)

Superconductors in the Power Grid, Elsevier (2015)
M. J. Lancaster, “Passive microwave device applications of HTS”, 
Cambridge University Press (2006).

Low Energy Loss

High Energy Loss



: Superconducting Cavity Design – 01 Material Choice

Superconducting Cavity R&D at CAPP
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➢ Biaxial texture prevent energy loss from grain boundaries. 

➢ Deposition of biaxially-textured ReBCO on deeply concaved surfaces is 

technically difficult. 

Ion-Beam Assisted Deposition (IBAD)

Superconductors in the Power Grid, Elsevier (2015)
M. J. Lancaster, “Passive microwave device applications of HTS”, 
Cambridge University Press (2006).

Can we make a cavity with ReBCO tapes?

Low Energy Loss

High Energy Loss

Hard to Deposit



: Superconducting Cavity Design – 01 Material Choice

Superconducting Cavity R&D at CAPP

CAPP’s Solution:

2D ReBCO Tapes + Cavity Body: 3D HTS Cavity

2D Material 3D Surface
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: Superconducting Cavity Design – 02 Radio-frequency Design

Superconducting Cavity R&D at CAPP
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➢ TM010 maximizes the form factor 𝐶 in the cavity haloscope.

➢ Tape alignment is necessary to prevent the electromagnetic wave 

propagation through the gaps.

N polygonal structure with N gaps



: Superconducting Cavity Design – 02 Radio-frequency Design

Superconducting Cavity R&D at CAPP
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➢ Simulation study can estimate energy loss from gaps.

➢ Misalignments and defects are considered based on fabrication error. 

➢ Only evanescent field enter into a gap.

Gap Evanescent Field
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: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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➢ Nickel-tungsten (Ni-9W) alloy tape is attached to a copper cavity to see the 

energy loss behavior from Ni-9W.

➢ Low field magnetic behavior of quality factor comes from nickel alloy. 



: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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➢ Nickel-alloy can be removed by delamination technique.

➢ Copper stabilizer can be used as a backplate.

ReBCO

Buffer layer (<0.5μm)

Substrate (>50μm)
(NiW, Hastelloy)

Removing Ag layer 

(H2O2 + NH4OH)

ReBCO

Buffer layer (<0.5μm)

Stabilizer (>50μm)
(Copper)

Delaminating substrate 
mechanically
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: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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➢ Nickel-alloy can be removed by delamination technique.

➢ Copper stabilizer can be used as a backplate.

by Dr. Seongtae Park



: 2.3 GHz 2nd Generation Cavity 

Superconducting Cavity R&D at CAPP

0 2 4 6 8
0

100000

200000

300000

400000

500000

600000

700000

Q
u
a
lit

y
 F

a
c
to

r

Magnetic Field (T)

 TM010

 TM011

Q0 ~ 500,000 at 8 T

2.3 GHz, 1.5 L, GdBCO Tapes (THEVA)

by Dr. Seongtae Park



: Superconducting Cavity Design – 03 Fabrication

Superconducting Cavity R&D at CAPP
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➢ Nickel alloy substrates are successfully removed.

➢ Area defect from delamination is minimized.

by Prof. Dojun Youm by Prof. Dojun Youm



: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP

➢ Various tapes showed different performances.

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

✓ AMSC, SuNAM (YBCO, 𝜔𝑑𝑝 ~ 10 GHz @ < 30 K)

✓ THEVA, Superpower (GdBCO, 𝜔𝑑𝑝 ~ 10 GHz @ < 30 K)

✓ Fujikura (EuBCO + Additional Pinning Center, 𝜔𝑑𝑝 ~ 100 GHz @ < 30 K)
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: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP



𝐺𝐻𝑇𝑆
𝑅𝐻𝑇𝑆

J
Ht

Rs,i

Material Choice

0 20 40 60 80 100

0.1

1

10

100

S
u

rf
a
ce

 r
e

si
st

a
n

ce
 (

m
Ω

)

Temperature(K)

Delaminated Theva (GdBCO)

Etched Theva (GdBCO)

Etched SuperPower (GdBCO)

Delaminated Fujikura (EuBCO)

Etched Fujikura (EuBCO)

T Puig et al 2019 Supercond. Sci. Technol. 32 094006

: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP

w/ Mr. Jiwon Lee
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: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP
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: 2.3 GHz 3rd Generation Cavity 

Superconducting Cavity R&D at CAPP

Tested in CAPP-8TB System
(Dr. Soohyung Lee, Mon)
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: 5.4 GHz 3rd Generation Cavity 

Superconducting Cavity R&D at CAPP



: Summary 

Superconducting Cavity R&D at CAPP

Gen Tape f (GHz) ngap Q (0 T) Q (8 T) Qgap Experiment

1 YBCO 6.9 12 0.22 M 0.33 M

> 10 M

Prototype

2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope

3-0 GdBCO 6.9 12 1.1 M 1.2 M Prototype

3-1 EuBCO+APC 2.3 34 5.0 M 3.5 M Axion Quark Nugget Search

3-2 EuBCO+APC 5.4 14 20 M 13 M Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)
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: Summary 

Superconducting Cavity R&D at CAPP

Gen Tape f (GHz) ngap Q (0 T) Q (8 T) Qgap Experiment
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3-0 GdBCO 6.9 12 1.1 M 1.2 M Prototype

3-1 EuBCO+APC 2.3 34 5.0 M 3.5 M Axion Quark Nugget Search

3-2 EuBCO+APC 5.4 14 20 M 13 M Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)

JTM010

Gap

N Polygonal Structure
w/ N Gaps



: Summary 

Superconducting Cavity R&D at CAPP

Gen Tape f (GHz) ngap Q (0 T) Q (8 T) Qgap Experiment
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Surface defect improved
: Delamination + Clean Surface

~ Qdefect



: Summary 

Superconducting Cavity R&D at CAPP
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Tape Surface Resistance Study

𝟐𝟎𝟎 × 𝐐𝐂𝐮

𝟏𝟎 × 𝑸𝒂



Axion Searches with High-Temperature 
Superconducting Cavities
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: Superconducting Cavity R&D Summary 

Axion Searches with High-Temperature Superconducting Cavities
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Axion Searches with High-Temperature Superconducting Cavities



: The First Axion Haloscope Experiment with a 2nd Generation Cavity

B0 V C Q0 β SNR η Ttot

6.95 T 1.5 L ~ 0.6 500,000 ~ 1.75 5 0.7 ~ 180 mK

~ 0.6 MHz / day
➢ For 2.282 – 2.295 GHz (13 MHz)

• 1st phase (2.284 – 2.295 GHz)

- Oct 7 ~ Oct 16, 2021

• 2nd phase (2.284 – 2.295 GHz)

- Oct 26 ~ Nov 4, 2021

• 3rd phase (2.282 – 2.292 GHz)

- Jul 20 ~ Aug 24, 2022

Axion Searches with High-Temperature Superconducting Cavities

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

Total ~ 7,500 spectra



JPA Run SC Run

Frequency Range 2.27 – 2.30 GHz 2.273 – 2.295 GHz

Magnetic Field (B) 7.2 T 6.95 T

Volume (V) 1.12 L 1.5 L

Quality Factor (Q0) 100,000 500,000

Geometrical Factor (C) 0.45 0.51 – 0.65

System Noise (Tsys) ~ 200 mK ~ 180 mK

SNR Efficiency 85 % 57 %

Scan Rate (Norm.) 1 7.6

2021 – 2022

SC Cavity Run

(1.36 KSVZ)

~ 7.6 times scan rate

improvement

2020 JPA Run

(2.7 KSVZ)

: The First Axion Haloscope Experiment with a 2nd Generation Cavity

Axion Search with High-Temperature Superconducting Cavities

An Order of Magnitude
Scan Rate Enhancement

Will be published
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3-1 EuBCO+APC 2.3 34 5.0 M 3.5 M Axion Quark Nugget Search (Dr. Jinsu Kim)

3-2 EuBCO+APC 5.4 14 20 M 13 M Superfluid Helium Tuning (Dr. Heesu Byun)

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)

: Superconducting Cavity R&D Summary 

Axion Searches with High-Temperature Superconducting Cavities



: HTS Cavity for CAPP-MAX Experiment

Axion Search with High-Temperature Superconducting Cavities
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: HTS Cavity for CAPP-MAX Experiment

Axion Search with High-Temperature Superconducting Cavities
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: HTS Cavity for CAPP-MAX Experiment

Axion Search with High-Temperature Superconducting Cavities

0

2

4

6

8

10

12

14

16

18

1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5 1.55

U
n

lo
ad

e
d

 Q
-f

ac
to

r x
 1

0
0

0
0

Frequency (GHz)

Unloaded Q-factor @7K

from Dr. Ohjoon Kwon’s Slide



: Current Progress and Future Plans for Axion Searches at CAPP

Summary: High-Temperature Superconducting Cavities

➢ Superconducting RF technology can enhance the scan rate of axion haloscope.

➢ ReBCO is one of the most promising superconductors for realizing a high Q cavity in a 

high magnetic field.

➢ CAPP have achieved 13 million Q factor high-temperature superconducting (HTS) cavity 

working at 8 T magnetic field.

➢ Physics data from the half-million Q factor 2.3 GHz GdBCO cavity will be published.

➢ Axion-quark nugget search and superfluid Helium tuning for axion haloscope

experiements is now in process with HTS cavities.

➢ CAPP have a plan to construct 36 liter HTS cavity for CAPP-MAX experiment.
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N gaps do not degrade Q factor
less than axion Q factor (106)

Q ~ 107

Q ~ 105
Surface defect can 
degrade Q factor less 
than 106

Q ~ 107

Without main surface loss

: Superconducting Cavity Design – 02 Radio-frequency Design

Superconducting Cavity R&D at CAPP
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Ahn et al. PRApplied(2022), 17, L061005
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: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP
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TM010

TM011

Q ~ 3.5e6 @ 8 T

2.3 GHz, 1.6 L,
EuBCO+APC Tapes (Fujikura)

: 2.3 GHz 3rd Generation Cavity 

Superconducting Cavity R&D at CAPP

Tested in CAPP-8TB System
(Dr. Soohyung Lee, Mon)

QHTS > 10 M ~ QHTS,vertB
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: 5.4 GHz 3rd Generation Cavity 

Superconducting Cavity R&D at CAPP

QHTS > 3 M ~ QHTS,vertB



YBCO, 5.4 GHz, 57 K
Parallel Plate Resonator

PRB 50 (1994) 471
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: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP
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Wikipedia:
High-Temperature
Superconductivity
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: Superconducting Cavity Design – 04 Surface Resistance Study

Superconducting Cavity R&D at CAPP
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: Superconducting Cavity Design – 05 Magnetic Field

Superconducting Cavity R&D at CAPP

8 T Coil6.9 GHz
Polygon Cavity

SC films
t = 100 um
mu ~ 0
(Near Perfect
Diamagnetism)

• Simulation Situation: Polygon 
Shell with 100 𝜇𝑚 Perfect 
Superconductor

• ∆𝑩𝒂𝒗𝒈/𝑩𝒂𝒗𝒈~𝟏𝟎
−𝟒 even with 

over-estimated condition of 
shielding

• Actual Situation: 1 – 5 𝜇𝑚
Superconducting Film & Non-
Perfect Diamagnetism



: Superconducting Cavity R&D Summary 

Axion Searches with High-Temperature Superconducting Cavities

Gen Tape f (GHz) ngap Q (0 T) Q (8 T) Qgap Experiment

1 YBCO 6.9 12 0.22 M 0.33 M

> 10 M

Prototype

2 GdBCO 2.3 32 0.60 M 0.50 M Axion Haloscope

3-0 GdBCO 6.9 12 1.1 M 1.2 M Prototype

3-1 EuBCO+APC 2.3 34 5.0 M 3.5 M Axion Quark Nugget Search

3-2 EuBCO+APC 5.4 14 20 M 13 M Axion Haloscope

4 EuBCO+APC 1.5 ? ? ? Axion Haloscope (CAPP-MAX)



: The First Axion Haloscope Experiment with a 2nd Generation Cavity

Axion Searches with High-Temperature Superconducting Cavities

➢ The sapphire tuning mechanism does not break azimuthal symmetry.

➢ A weak antenna couples to the cavity through the tuning system.

➢ There is no mode crossing within the tuning range (2.272 – 2.296 GHz)

➢ Form factor reduction is small (< 15 %)
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: The First Axion Haloscope Experiment with a 2nd Generation Cavity

Axion Searches with High-Temperature Superconducting Cavities

➢ The sapphire tuning mechanism does not break azimuthal symmetry.

➢ A weak antenna couples to the cavity through the tuning system.

➢ There is no mode crossing within the tuning range (2.272 – 2.296 GHz)

➢ Form factor reduction is small (< 15 %)

1.80E+09

1.90E+09

2.00E+09

2.10E+09

2.20E+09

2.30E+09

2.40E+09

0 10 20 30

R
es

o
n

an
t 

Fr
eq

u
en

cy
 (

H
z)

h (mm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

2.25E+09 2.27E+09 2.29E+09 2.31E+09

Fo
rm

 F
ac

to
r

Frequency (Hz)

TM010

TE111

TE112



: The First Axion Haloscope Experiment with a 2nd Generation Cavity

CAPP-PACE Detector Setup

➢ Total System Noise (𝑇𝑠𝑦𝑠 = 𝑇𝑐𝑎𝑣 + 𝑇𝑎𝑑𝑑)

• Cavity noise temperature (𝑇𝑐𝑎𝑣 ≈ 60mK)

✓ 𝑇𝑐𝑎𝑣 =
ℎ𝜈

𝑘𝐵

1

𝑒
ℎ𝜈/𝑘𝐵𝑇𝑝ℎ𝑦−1

+
1

2
, 𝑇𝑝ℎ𝑦 ~ 40 mK

• Added noise by the receiver chain (𝑇𝑎𝑑𝑑 ≈ 120mK)

HEMT Run JPA Run SC Run

Frequency 
Range

2.457 –
2.749 GHz

2.27 – 2.30 
GHz

2.273 –
2.295 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 – 0.66 0.45 0.51 – 0.65

System 
Noise (Tsys)

~ 1.1 K ~ 200 mK ~ 180 mK

Status
PRL 126 
(2021)

Dr. Ohjoon Kwon

PRL 130
(2023)

Dr. Jinsu Kim

Will 
publish 
soon

Scan Rate 
(Norm.)

1 18 310

Axion Searches with High-Temperature Superconducting Cavities



: The First Axion Haloscope Experiment with a 2nd Generation Cavity
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Kutlu et al SUST (2022)

SQUID (𝐿 = 𝜕Φ/𝜕𝐼)
as Variable Inductor

SC run total system noise
171 ± 15 mK, 1.56 SQL

~ 21 dB gain

~ 120 mK added noise

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

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

➢ Operation range: 2.27 GHz – 2.30 GHz

➢ JPA was protected by two layer superconducting shield

Axion Searches with High-Temperature Superconducting Cavities



TM010

TM011

Q ~ 3.5e6 @ 8 T

2.3 GHz, 1.6 L,
EuBCO+APC Tapes (Fujikura)

: Axion-Quark Nugget Search with a 3rd Generation Cavity 

Axion Searches with High-Temperature Superconducting Cavities

For Axion Quark Nugget Search
(Dr. Jinsu Kim, Thu)

A. Zhitnitsky, “Structure formation paradigm and axion 
quark nugget dark matter model”, Scientific Reports 40 
(2023) 101217



0.00E+00

5.00E+06

1.00E+07

1.50E+07

2.00E+07

2.50E+07

0 2 4 6 8

Q
 F

ac
to

r

Magnetic Field (T)

Q_l Q_0

TM010

TM011

Q ~ 1.3e7 @ 8 T

Loaded Unloaded

w/o magnet ramping

5.4 GHz, 0.2 L,
EuBCO+APC Tapes (Fujikura)

For Liquid Helium Tuning
(Dr. Heesu Byun, Wed)

: Superfluid Frequency Tuning of Superconducting Cavities for Axion Haloscope

Axion Searches with High-Temperature Superconducting Cavities

from Dr. Heesu Byun’s Slide


