


• Introduction
Ø IBS/CAPP
Ø Dark Matter Axion

• CAPP-PACE (Pilot Axion Cavity Exp.)
Ø CULTASK (CAPP’s Ultra Low Temperature Axion Search in Korea)
Ø First complete axion experiment in Korea
Ø Physics data (10*KSVZ and KSVZ runs) in 2018

• Improvements
Ø High Field Magnets
Ø Quantum Amplifiers
Ø High Q-factor (superconducting) cavity

• Summary
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Center for Axion and Precision Physics Research (CAPP)
Funded by the Institute for Basic Science (IBS)

• 6 years old in Oct.
• Led by Director,  Yannis Semertzidis (first gen. axion hunter)
• Physics at CAPP:

• Dark Matter Axion Search (Cosmic Frontier)
• Storage Ring Proton EDM (Strong CP Problem, BAU)
• Muon g-2, J-PARC, COMET, CAST, ARIADNE

• Located at and working with KAIST (Korea Advanced Institute of 
Science and Technology)

• ~50 members
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IBS/CAPP



• Peccei and Quinn (1977) postulated an elegant solution by adding a new 
global symmetry to resolve the Strong CP Problem in Standard Model

• Axion is an excellent (and attractive) dark matter candidate
– Pseudo Goldstone Boson
– Small Mass (1µeV<ma<10meV)
– Extremely Weakly Interacting 
– Local Halo Density of 0.45 GeV/cm3

– β ~ 10-3 à Qa ~ 106

• Detection scheme by P. Sikivie (PRL 51:1415 1983) : Haloscopy
– Axions will convert to photons in a strong magnetic field
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Axion Dark Matter
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Axion Landscape
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ALPs:
Axion
Like
Particles

Axions here solve the
Strong CP-problem
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IBS/CAPP

DESY

Florida

CAST
HAYSTACADMX

UWA
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Major Axion Activities



Axion Search Experiments
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• Cosmic Axion Search
Ø Haloscopes (Microwave Cavity)
Ø Dish Antenna
Ø Dielectric Haloscope
Ø LC Circuit
Ø NMR techniques
Ø Atomic Transitions

• Solar axion search
Ø Axion Helioscopes
Ø Bragg Diffraction Scattering
Ø Geomagnetic Conversion

• Laboratory Axion Search
Ø Light Shining through Wall
Ø Polarization Experiment
Ø 5th Force

Most sensitive
so far 



Cosmic Axion Search
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Name Type Mass range Location Status Reference

ADMX G2 cavity 10-6 to 10-5 eV Seattle Running Phys. Rev. Lett. 120, 
151301 

HAYSTAC cavity 10-5 to 10-4 eV Yale Running https://arxiv.org/abs 
/1803.03690 

CULTASK cavity 10-5 to 10-4 eV IBS/CAPP Running https://capp.ibs.re. 
kr/html/capp_en/ 

KLASH cavity 2 x 10-7 eV INFN Proposed https://arxiv.org/abs 
/1707.06010 

ORGAN cavity 10-4 eV UWA Prototype https://arxiv.org/abs 
/1706.00209 

RADES cavity 3.5 x 10-5 eV CERN Prototype https://arxiv.org/abs 
/1803.01243 

BEAST capacitive 10-11 eV UWA Tests https://arxiv.org/abs 
/1803.07755 

FUNK dish (hidden γ search) KIT Running https://arxiv.org/abs 
/1711.02961 

BRASS dish 10-5 to 10-2 eV Hamberg Proposed



Nov 5th  2019 Woohyun Chung     IBS-ICTP Workshop 11

ADMX (Haloscope)
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HAYSTAC (Haloscope)
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axion

Virtual photon

photon

Axion Conversion Power (~10-24W): 

Signal to Noise Ratio: Scan rate:

Quantum Amplifier
SQUID and/or JPA
Dr. Matlashov and Uchaikin

High Field SC Magnet
25T BNL (HTS Technology) Design

High Q Tunable Cavity
Superconducting Coating
Prof. Dojun Youm

Cryogenics (<50mK)

To RF Receiver

!!
Pa→γγ = gaγγ

2 ρa
ma

B2VCmnpmin(QL ,Qa)

!!
SNR ≡

Psignal
Pnoise

=
Pa→γγ

kBTsyst

t int
Δfa !! 

df
dt
∼B4V 2C2QLTsyst

−2

P. Sikivie’s Haloscope:
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CAPP-PACE 

CAPP-8TB

CAPP-MC

CAPP-18T

CAPP-12TB

CAPP25TCAPP/CAST

ARIADNE & GNOME
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Axion Laboratory with 7 Low Vibration Pads in KAIST Munji campus
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2013 2014 2015 2016 2017 2018 2019

BF3 & BF4

BF5 & BF6

Founded in 2013 (Oct.)
First Axion DM data!

LVP
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EXP

BF3 & BF4 for 
testing RF, QA and 
cavities

CAPP-MC

CAPP-PACE

CAPP-8TB

Preparing for 
CAPP-12TB and
CAPP-25T

Testbeds
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• Originally, R&D Project and testbed for
Ø Cryogenics (dry-type dilution refrigerator)
Ø Cavity development
Ø Frequency Tuning System (FTS) 
Ø Low noise cryo-RF receiver (Optimization)
Ø DAQ and Controls

• Has grown into the first complete axion experiment in Korea
Ø Achieved cavity physical temperature below 40 mK
Ø Flawless operation of FTS w/ Piezo actuators (sapphire and Cu rod)
Ø System noise temperature below 1.2 K
Ø Complete DAQ and Controls including automatic Safety Warnings

• Physics Data in 2018 
Ø 10*KSVZ runs: 2.45 – 2.70 GHz scanned 
Ø KSVZ run: around 2.59 GHz, ~ 1 MHz scanned



Target sensitivity: 10*KSVZ, KSVZ

parameters value

Tcavity <40mK (WR)

Frequency 2.45~2.70GHz

Magnetic field 7.2 T

Bore size 11.8 cm

Cavity volume 1.12 L

Q unloaded ~ 100,000

C (form factor) ~ 0.55

Tsystem < 1.2 K
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Cavity: OFHC Cu “split” type
Unloaded Q-factor of ~100,000 

Tuning:  Piezoelectric actuators (Attocube)
Thermal link to 1K plate 
Sapphire rod to cavity by cryo bearing
Rotator resolution of 1/1000 deg à 16 kHz/step
Vibration free: w/ ball and spring
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Q-factor vs. B field

Linear and Rotational Piezo Actuators
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10*KSVZ 
(1)

10*KSVZ 
(2)

10*KSVZ 
(3)

KSVZ 10*KSVZ 
(4)

Date 1/19 – 2/13 7/23 – 8/01 8/14 – 8/23 9/01 – 10/26 11/1 – 11/24

Frequency 
[GHz]

2.450 –
2.500

2.500 –
2.548

2.547 –
2.613

2.5905 –
2.5915

2.613 –
2.710

Volume [liter] 0.59 0.59 1.12 1.12 1.12

Tsystem [K] 1.05 1.05 1.14 1.16 1.16

<B0> [T] 7.0 7.0 7.2 7.2 7.2

coupling 1.9 1.9 2.0 1.9 2.0

C (form factor) .50 .50 0.55 0.66 0.55

In 2018
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(Mr. Caglar Kutlu’s)

PRELIMINARY
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axion

Virtual photon

photon

Axion Conversion Power (~10-24W): 

Signal to Noise Ratio: Scan rate:

Quantum Amplifier
SQUID and/or JPA
Dr. Matlashov and Uchaikin

High Field SC Magnet
25T BNL (HTS Technology) Design

High Q Tunable Cavity
Superconducting Coating
Prof. Dojun Youm

Cryogenics (<50mK)

To RF Receiver

!!
Pa→γγ = gaγγ

2 ρa
ma

B2VCmnpmin(QL ,Qa)

!!
SNR ≡

Psignal
Pnoise

=
Pa→γγ

kBTsyst

t int
Δfa !! 

df
dt
∼B4V 2C2QLTsyst

−2

P. Sikivie’s Haloscope:
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• Maximize Signal (B2VQ)
• 25T 10cm bore HTS magnet by BNL (?)                   ~ x100 faster scan
• 12T 32cm bore LTS magnet by Oxford (2020)          > x100 faster scan

• Higher frequencies without shrinking volume
• Pizza Cavity (S. Youn)
• Dielectric rings (TM030 and TM050) (O. Kwon)

• Improving Q-factor of cavity – YBCO cavity (D. Ahn) > x20 faster scan

• Minimize Noise (Tsystem = Tphysical + Tamp)     > x100 faster scan
• Quantum Amplifier - SQUID and/or JPA
• Optimize cryo-RF receiver chain

• Others (DAQ efficiency)
• Dead-time-less DAQ

Nov 5th  2019
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• 25T 10cm bore HTS magnet by BNL (2021) – Funding limited!
Ø The first 16 (of 24) pancakes wound!  
Ø No-insulation coil design (ReBCO tapes)
Ø 5 km of SC tape will be delivered

Nov 5th  2019

• 12 T 32 cm bore LTS magnet by Oxford Inst. (end of 2019)
Ø Nb3Sn
Ø Powerful Leiden DRS1000  
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• Led by A. Matlashov (from Los Alamos) and S. Uchaikin (from D-Wave)
• First batch of JPA’s for PACE frequency range (2.4 GHz) from U. of Tokyo (Nakamura’s 

group): taking adv. of their know-hows

From 
Andrei Matlashov
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• Test Setup

From Caglar Kutlu



Nov 5th  2019 Woohyun Chung     IBS-ICTP Workshop 30

• Second batch of JPA’s for 1.6, 4.0 and 6.9 GHz arrived
• 2.3 GHz JPA implemented into CAPP-PACE in Aug. (2019)
• Noise measurement measured < 125 mK: close to QNL
• Crucial to speed up the search (20~100 times) w/ squeezing
• Almost ready to take data with JPA

Gain vs frequency
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ØSC Resonant Cavity in high magnetic field
ü No significant progress last 15 years
ü Improve conversion power: 50k (typical Cu) to 1M(possibly...)
ü Usual SC material loses superconductivity even at small amount of magnetic field
ü Choice of material: HTS à REBCO (Rare Earth)
ü Help from KAIST: superconductor expert Prof. Dojun Youm
ü Polygon cavity with YBCO tape attached (texture aligned): 6.9 GHz
ü Sustain superconductivity (high Q-factor) even up to 8 Tesla!
ü arXiv:1904.05111
ü Room for improvement further
ü Bigger structure designed



Nov 5th  2019 Woohyun Chung     IBS-ICTP Workshop 33

From Danho Ahn
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From Danho Ahn
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From Danho Ahn
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From Danho Ahn

CAPP’s Solution:

Ø Bulk or deposition of HTS SC on cavity is almost impossible
ü Growing well-textured HTS film on 3D surface is not available

Ø Many commercial HTS tapes are available.
ü RABiTs: YBCO, AMSC, 10mm width
ü IBAD: ReBCO, Superpower

Ø How can we attach tape on the cavity inner surface?
ü How can we make 3D surface with planar objects?
ü What about “melon cut”?
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From Danho Ahn
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From Danho Ahn
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From Danho Ahn
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From Danho Ahn
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From Danho Ahn



Higher order mode axion search 
w/ dielectric meta-material

d
r

Radial translation of dielectric pieces  effectively changes
inner radius as well as effective dielectric constant

r
0 r0+dr

r0+dr

Radius r0 of sapphire cylinder (εsap) 

Cavity inner wall

Radial translation (dr)

Radius: r0
Thickness: t
ε = εsap

Radius: r0+dr
Thickness: t

εeff = εaverage

z
r

φ

Polar axis

Radius r0+dr of sapphire cylinder (εeff) 

εsap εeff

Frequency tuning of TM0n0 mode

= f(dr)
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From Ohjoon Kwon



Wide Frequency tuning w/ DM
>0.3

8.38GHz

4.26 - 8.38GHz tuning available w/ same tuning mechanism
( 1~1.5GHz can be covered with conventional method)1.5~2.9

TM010

2.45-2.5

0.6 – 0.64

F

C

1Normalized 
scan rate

TM020 TM030-1

4.26-5.51

0.56 – 0.33

5.3-6.95

TM030-2

6.95-8.38

0.43– 0.35 0.46– 0.3

2.3 2.6 3.9

~0.62 ~0.45 ~0.4 ~0.4

Original method

(GHz)

mode

(average)

1.5~1.9 2.4~2.9~0.9 1.8~2.4(12T used)

+ α w/ TM040, TM050

8.4~10

~0.24

2.9~3.5

2.4

TM040

11.1~12.8

~0.18

3.9~4.5

2.3

TM050

Preliminary
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From Ohjoon Kwon



axion

Virtual photon

photon

Axion Conversion Power (~10-24W): 

Signal to Noise Ratio: Scan rate:

Quantum Amplifier
JPA noise temp:  TN<125 mK@2.3 GHz
Other (switches, circulators, cables): ~30 mK

High Field SC Magnet
B4V2:

8T (1 liter):            x1
8T (2 liters):           x4
12T (30 liters): ~ x100
25T (4 liters):    ~ x400 

High Q Tunable Cavity
YBCO taping
Q-factor: > x6 better than Cu already

> x20 possible

Cryogenics
Physical temp of cavity
2018: 38 mK

To RF Receiver

!!
Pa→γγ = gaγγ

2 ρa
ma

B2VCmnpmin(QL ,Qa)

!!
SNR ≡

Psignal
Pnoise

=
Pa→γγ

kBTsyst

t int
Δfa !! 

df
dt
∼B4V 2C2QLTsyst

−2

P. Sikivie’s Haloscope:

Total system noise temp:
Tsyst =   TTphy + TRF
2018: 1.2 K
2019: < 200 mK, x36 faster scan
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Ø In 2018 CAPP-PACE’s KSVZ run (2 months) scanned 1 MHz (6 MHz/year)
ü System noise temperature of ~1.2 K
ü Cavity QL ~ 30,000 (Q0 ~90,000)
ü Cavity volume: 1 liter

Ø Physics run with JPA will start soon (before the end of 2019)
ü System NT < 200 mK (x36)
ü Cavity volume: 2 liters (x4)
ü Scanning rate: > x100  à ~ 500 MHz/year

Ø In 2020, taking data with JPA and SC cavity
ü Scanning rate: 0.5 x (Qsc/Q0) GHz
ü Qsc ~ 106, then we should be able to scan ~ 5 GHz/year (very optimistic!!)

Ø JPA and SC cavity should be applied to CAPP-12TB with high frequency R&D
ü x100 enhancement from B4V2 à 1~10 GHz DFSZ scan in a year (Hmmm)
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• CAPP has successfully established multiple haloscope axion dark matter 
experiments in Korea.

• CAPP’s pilot experiment, CAPP-PACE started to take physics data in 2018 
(10*KSVZ and KSVZ runs).

• 2 more experiments, CAPP-8TB and CAPP-MC, are ready to take data 
soon.

• R&D on superconducting cavity looks promising!

• Major improvement is expected with big bore (12 T, 32 cm bore) magnet 
(end of 2019) and high frequency regime.

• CAPP will start physics runs with quantum amplifier + superconducting 
cavity for axion dark matter search in 2020.
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Thank You For Your Attention!
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Physics Data w/ JPA & SC Cavity



• Design and Operation of a Microwave Cavity Axion Detector for the 10 – 20 µeV
For PRD

• First results from the CAPP-PACE microwave cavity axion experiment
For Physical Review Letters

• A superconducting microwave cavity made of YBCO tapes in a high magnetic field
For Nature (rapid communication) or PRR

• And Many More on…

– SQUID and/or JPA test results
– LVP 
– Physics results from CAPP-8TB
– Results from CAPP-MC
– Another from SC cavity development
– Dielectric cavity for high frequency results
– ….
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