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• Axion dark matter research has become:
• Main stream. Once thought impossible field, seems plausible to cover it within <2 decades
• Haloscopes: Conquering the 1-8 GHz region, expanding up to 25 GHz and down to ~100 MHz
• Great promise above 25 GHz and below ~100 MHz with new approaches 1



Axion dark matter review articles, 
theory and experiment

• Axion dark matter: What is it and why now?
By Francesca Chadha-Day, John Ellis, 
David J.E. Marsh, Sci. Adv. 8, eabj3618 (2022)

• Axion dark matter: How to see it?
By YkS and SungWoo Youn, Sci. Adv. 8, 
eabm9928 (2022)

https://www.science.org/doi/10.1126/sciadv.abj3618
https://www.science.org/doi/10.1126/sciadv.abm9928


Higgs, the Standard Model, and SUSY
• The SM seems robust, though without 

answers to major problems yet
• Higgs: existence proof of scalar particles
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Higgs, the Standard Model, and SUSY
• Impressive WIMP search failed to give 

any positive evidence so far 
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Looking beyond the Higgs
• The SM seems robust, without answering 

major problems yet, e.g., DM, Matter-
Antimatter asymmetry mystery,…
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Forces in Nature



The Strong Force Explained!



The Strong Force Explained!



The theory of Strong Force has a flaw!

It predicts Time reversal violation!



Frank Wilczek
“…Wouldn't it be great to be able to turn back the flow of time?   
To grow younger, for a change, instead of older?  It's a long-
standing fantasy, which has proved difficult to pull off in practice.  
But is there a fundamental barrier, rooted in the laws of physics?
For many centuries, the answer appeared to be "No".   If you 
imagined taking a movie, and then reversing the order of its 
frames, the new movie would still depict (it seemed) a physically 
possible history of events.   That assertion holds true in Newtonian 
mechanics, in Einstein's relativity, and in quantum 
electrodynamics, which governs, in the words of Paul Dirac, "all of 
chemistry and most of physics".    Physicists elevated such time-
reversibility to a fundamental principle, called time reversal 
invariance, or simply T.”



Frank Wilczek

“…There is a term that leads to T violation in the 
strong forces among quarks and gluons, the 
particles that combine to make protons (and 
neutrons, and other atomic nuclei).   It remains 
mysterious.   For despite heroic efforts, no effect of 
this kind has ever been observed.”



A Permanent EDM Violates both T & P Symmetries:
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Reminder: batteries are allowed in the SM!



Purcell and Ramsey:
“The question of the possible existence of an electric 
dipole moment of a nucleus or of an elementary 
particle…becomes a purely experimental matter”

Phys. Rev. 78 (1950)



Strong CP-problem and neutron EDM
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M. Pospelov,
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318 (2005) 119.
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In simple terms:  the theory of strong interactions demands a large 
neutron EDM.  Experiments show it is at least ~9-10 orders of 
magnitude less!  WHY?

€ 

Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem: the neutron EDM is too small…

• Peccei-Quinn: θQCD is a dynamical variable 
(1977), a(x)/fa.  It goes to zero naturally.
• Weinberg and Wilczek pointed out that a 

new particle must exist, axion.

LQCD,θ = θ −
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Strong CP-problem
• Peccei-Quinn: θQCD is a dynamical variable (1977), a(x)/fa.  It 

goes to zero naturally
• Wilczek and Weinberg: axion particle (1977)
• J.E. Kim: Hadronic axions (1979)

• Axions: pseudoscalars,
light cousins of neutral pions

€ 

ma ≈ 6 ×10−6  eV 1012  GeV
fa



Strong CP-problem
• Peccei-Quinn: θQCD is a dynamical variable (1977), a(x)/fa.  It 

goes to zero naturally

The Pool-Table Analogy with Axion 
Physics, Pierre Sikivie
Physics Today 49(12), 22 (1996);
http://dx.doi.org/10.1063/1.881573

LQCD,θ = θ −
a x( )
fa

⎛

⎝
⎜

⎞

⎠
⎟
g 2

32π 2 Gµν
a !Gaµν



Named by Frank Wilczek as axions “cleaned up”
a mess in theoretical physics of the strong 
interactions



Dark Matter and  Isaac Newton (1642-1726)

19

Isaac Newton unified the Physics phenomena:
falling of an apple with the planet, moon, star, 
sattelite, comet motions, under Gravity!

He clarified the view of Heavens for Humanity!

He also gave us the ability to see what cannot be seen with ordinary methods. Looking 
from deviations from his rules we are able to sense the presence of Dark Matter. 



Newton’s laws: “observing” the unseen
• Gravitational law applied to the planets: by measuring the planet 

velocity and its distance from the center, we can estimate the 
enclosed mass.

20

1846, Adams and Le Verrier suggested the existence of Neptune: First 
discovery of “Dark Matter”. Frank Wilczek in “A Beautiful Question”

1915, Einstein’s General Relativity
Resolved the issue with Mercury’s precession 
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Vera Rubin
• Her findings were cross checked and found to be correct. 
• More galaxies were checked, most of them found to be part of extended halos
• Vera Rubin started a field in Astronomy that firmly established the idea of DM. 
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A Galaxy without Dark Matter, effectively 
confirming Dark Matter!

(This “discovery” is critical to be confirmed!)



Eric Charles, Fermi-LAT collaboration
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Cosmological inventory
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Dark matter 
candidates



Dark matter 
candidates



Axions: A leading Dark Matter Candidate
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Vast range

T. Lin, ArXiv: 1904.07915



Dark matter candidates



Axion Dark Matter: a Cosmic MASER
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“Field” Dark Matter
DM at long deBroglie wavelength 

useful to picture as a “coherent” field:

signal frequency = DM mass = m

⇠ mv2spread by DM kinetic energy

galactic virial velocity                   ➜ line widthv ⇠ 10�3 ⇠ 10�6m

➜ coherence time,                periodsQ ⇠ 106

particle DM

𝜆 ≈ 300m×
1µeV
𝑚!

De Broglie wavelength of axions



Rochester Brookhaven Fermilab axion dark matter search
• The RBF-dark matter axion group, circa 1990
• Under the leadership of Adrian C. Melissinos (Rochester), 1929-2022, a daring 

pioneer, full of energy, a great teacher. 
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Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles

A unique feature: There’s a
 bottom line

Axion coupling vs. axion mass
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Axion coupling vs. 
axion mass

C. O’Hare, cajohare/axionlimits:
https://cajohare.github.io/AxionLi
mits/

https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/


World map of current experiments on wavy dark matter
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Axion Couplings

• Gauge fields: 
• Electromagnetic fields (microwave cavities)

•
• Gluon Fields (Oscillating EDM: CASPEr, storage ring EDM)

� Fermions (coupling with axion field gradient, pseudomagnetic field, 
CASPEr-Electric, ARIADNE; GNOME)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f 38



Axion Couplings
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• Experiments for various couplings

• C. O’Hare, cajohare/axionlimits:

• https://cajohare.github.io/AxionLimits/

https://cajohare.github.io/AxionLimits/


Yannis K. Sem
ertzidis, IBS-CAPP and KAIST
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Woohyun Chung’s slide



Axion parameters range

G. Raffelt, Space Science 
Reviews 100: 153-158, 2002



Axion Dark matter

• Dark matter: 0.3-0.5 GeV/cm3

• Axions in the 1-300μeV range: 1012-1014/cm3, classical 
system.

• Lifetime ~7×1044s (100μeV / ma)5

• Cold Dark Matter (v/c~10-3), Kinetic energy ~10-6ma, very 
narrow line in spectrum.



Major activities

• ADMX (UW, microwave cavity)
• HAYSTAC (Yale, microwave cavity)
• IBS/CAPP (CULTASK, multiple microwave cavities)
• ORGAN (UWA, high frequency)
• KLASH (KLOE magnet in Frascati, microwave cavity) 
• MADMAX (DESY, dielectric interfaces)
• ALPs (DESY, coupled FP resonators)
• CAST-CAPP (CERN, rectangular cavities-TE modes)
• Dark Matter RADIO 
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Major activities

• CASPEr electric (Boston Univ.)

• CASPEr axion-wind (MAINZ)

• Oscillating neutron-EDM (PSI)

• Axion-EDM (JEDI at Juelich)

44



Major activities

• GNOME (Axion domain walls, stars; International network)

• ARIADNE (Axion-mediated long-range forces; No dark matter needed)

45



Axion detection method
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Nice overview: Irastorza, Redondo 1801.08127v2



Figure of merit in various experiments
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R. Battesti et al., Phys. Rep. (2018)



Axion haloscope method by Pierre Sikivie
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The ability to scan fast depends on B-field, Volume, Temperature, and Q0

Most sensitive method

Running Haloscope 
Experiments:
CAPP
ADMX
HAYSTAC



David Tanner, Univ. of Florida

Yannis K. Semertzidis, IBS-CAPP and KAIST



Axion research is like a Marathon requiring hard work, 
high-risk, high-potential choices, and lots of patience

IBS President Oh, Se Jeong at my recruitment 

time (as first foreign-born IBS-Director): 

“Just show promise…” 

CAPP was established October 16, 2013, first 

major investment on axion research and it has 

helped bring in the critical mass to the field.

Yannis K. Semertzidis, IBS-CAPP and KAIST 50



Could CAPP produce a Nobel Prize opportunity for Korea?



IBS-CAPP looked at all possible parameters

1. B-field, maximum value of magnetic field (8T, 9T, 12T, and 18T)
2. Cavity volume, V, especially for high-frequencies (37l,12T)
3. Cavity quality factor with HTS cavity 34l, Q0 (106)
4. System noise temperature, T (~200 mK, 1.1 GHz)
5. Geometrical factor, C (keep it high >0.6 with special techniques)
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Superconducting materials
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Superconducting materials

54



TM010 quality factor: Q=4.7 M

2023 and beyond

5

FIG. 4. The CAPP-PACE exclusion limit at 90% confidence level (Red area). Vacancy between the Rochester-Brookhaven-
Fermilab (RBF) results (mint color gamut) [13] is filled with this work. The inset shows this work along with other axion
searching results in the extended axion mass range [13–18, 44].

in the Fourier transformed spectrum and significantly
reduces the averaging e�ciency when the virialized
axion signal has a larger bandwidth than the bin size.
The overlapping methods can partially o↵set the loss in
e�ciency [37]. The SA uses a fixed overlapping ratio
of 50%, resulting in ⇠ 70% e�ciency compared to ideal
uniform windowed data [46].
The SNR target was set at 5� with 90% confidence

level for all runs. We had 81 candidates above 3.718 �
for the 9KSVZ runs, and none for the KSVZ run. Each
candidate was re-scanned for 30 minutes and none of
them survived. Fig. 4 shows the excluded axion mass
range of 10.7126-10.7186 µeV with close to KSVZ axion
coupling sensitivity and 10.16-11.37 µeV with 8-10 times
KSVZ coupling at 90% confidence when we assumed
a virialized axion line shape [25]. The faintly visible
gaps around 2.48 GHz are due to Bluetooth interference
during the experiment. The gaps in 2.5-2.6 GHz and
near 2.74 GHz, correspond to TE mode crossing.
We reported here the data establishing the first

high sensitivity limits around 10.7 µeV axions, which
has never been previously explored. In this pilot
experiment, an 8 T superconducting magnet was used
together with relatively small volume microwave cav-
ities. Nevertheless, the axion scanning sensitivity was
maintained at a high level by using a powerful dilution
refrigerator, stable and high quality factor microwave
cavities, a flawless frequency tuning system with low

heat generation, and a low-noise HEMT amplifier.
The cavity was successfully maintained near 40 mK
for all experimental runs, achieving the lowest physi-
cal temperature among all the axion experiments to date.
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56
Center for Axion and Precision Physics Research (IBS-CAPP) at KAIST

Operation model of parallel R&D
§ Several experiments in parallel
§ Nb3Sn based magnet
§ High-risk, high physics potential outcome

§ CAPP of Institute for Basic Science (IBS) at KAIST in Korea since October 2013.
§ Projects : Axion dark matter, Storage ring proton EDM, Axion mediated long range forces

State of the art infra-
structure: 7 low 
vibration pads for 
parallel experiments; 6 
cryo or dilution 
refrigerators; 
high B-field, high 
volume magnet: 12T, 
5.6MJ. Flagship exp. 

Created a state-of-the-
art RF-lab at an 
existing bldg.



CAPP experimental hall, top view



Strategy at CAPP: best infra-structure and know-how
• Under (a brighter) lamp-post with microwave resonators 

• LTS-12T/320mm, Nb3Sn magnet: for 1-8 GHz 
• 12T for large volume 37 liters

• Powerful dilution refrigerator: ~5mK base temp.
• 25mK for the top plate of the 37 liter cavity

• State of the art quantum amplifiers (JPAs)
• Best noise for wide frequencies: 1-6 GHz

• High-frequency, efficient, high-Q microwave cavities (best in the world)

Key to Dark Matter



Yannis K. Semertzidis, IBS-CAPP and KAIST 59



LTS-12T/320mm from Oxfrod Instruments

• Fully commissioned end of 2020 delivering 12T max field (5.6MJ)

Magnet delivered early 
March 2020 but couldn’t be 
comissioned due to COVID-19



The CAPP-MAX, our flagship experiment
based on the LTS-12T/320mm magnet

• Axion to photon conversion power at 1.15 GHz
• KSVZ: 6.2×10-22 W or ~103 photons/s generated
• DFSZ: 0.9×10-22 W or ~102 photons/s generated

• With total system noise of 300mK, Q0=105, eff. = 0.80
• KSVZ:  25   GHz/year
• DFSZ:    0.5 GHz/year

• With total system noise of 200mK (250mK), Q0=105

• KSVZ: 50 GHz/year  (35 GHz/year)
• DFSZ:    1 GHz/year (0.64 GHz/year)

• With total system noise of 100mK (150mK), Q0=105

• KSVZ: 200 GHz/year (90 GHz/year)
• DFSZ:      4 GHz/year (1.7 GHz/year)



IBS-CAPP at DFSZ sensitivity, scanning 1-8 GHz
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S. Ahn et al.,
PRX (2024)



IBS-CAPP and collaborators

• First efficient high frequency scanning with “pizza” cavities, at KSVZ 
sensitivity at >5 GHz. New designs >10 GHz
• Low temperature (<40mK), with large volume ultra-light-cavity, reaching 

DFSZ sensitivity over 1 GHz and 3MHz/day. 
• Best JPA performance for wide frequency cover (international 

collaboration with Tokyo/RIKEN)
• First HTS cavities with Q>106 in high magnetic field, projected to reach 

>10MHz/day at better than DFSZ

• Critical contributions to ARIADNE, GNOME (international 
collaborations)
• Active R&D on bolometer, single photon detectors, large volume magnets 

(international collaborations, Aalto, INFN, Grenoble)



The CAPP-MAX, our flagship experiment
based on the LTS-12T/320mm magnet

• Axion to photon conversion power at 1.15 GHz
• KSVZ: 6.2×10-22 W or ~103 photons/s generated
• DFSZ: 0.9×10-22 W or ~102 photons/s generated

• With total system noise of 300mK, Q0=105, eff. = 0.80
• KSVZ:  25   GHz/year
• DFSZ:    0.5 GHz/year

• With total system noise of 200mK (250mK), Q0=105

• KSVZ: 50 GHz/year  (35 GHz/year)
• DFSZ:    1 GHz/year (0.64 GHz/year)

• With total system noise of 125mK, Q0=1×106

• DFSZ:   1-2 GHz/year for 20% of dark matter as axions
• DFSZ:   2-4 GHz/year, 4-8 GHz/year, 20% ADM
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Equivalent noise temperature

1. The uncertainty principle limits the lowest equivalent electronic noise of 
the system (quantum noise limited amplifiers) 

Slide by SungWoo Youn



Single RF-photon detector!

• A dream come true:
• Lescanne et al., PRX (2020)
•Albertinale et al., Nature (2021)
•Wang et al., Nature (2023)

• Qubits or bolometers combined with HTS cavities pave the path 
to the high frequency. It’s getting very close to a major running 
system.



The low-frequency domain
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Dark-Matter Radio, probing the low frequency axions at 
SLAC/USA

6
8

Low frequencies (long Compton wavelength)
favor induction coil detection



Dark Matter Radio, 2203.11246



Haloscopes using spins
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Resonance:

Nuclear Magnetic Resonance (NMR)
Dima Budker, CASPEr
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SQUID
pickup
loop

Larmor frequency = axion mass ➔ resonant enhancement

CASPEr

axion “wind”
OR

SQUID measures resulting transverse magnetization

Example materials: liquid 129Xe, ferroelectric PbTiO3

Dima Budker



The experimental reach of CASPEr

73

GUT scalePlanck 
scale

phase II:
• optically enhanced spin polarization
• 5 cm sample size,
• 14T magnet, homogeneity 100 ppm
• tuned SQUID circuit?

CASPEr-now at BU:
• thermal spin polarization,
• 0.5 cm sample size,
• 9T magnet, homogeneity 1000 ppm
• broadband SQUID detection

phase III:
• hyperpolarization by optical pumping
• 10 cm sample size,
• 14T magnet, homogeneity 10 ppm
• tuned SQUID circuit?

[Phys. Rev. X 4, 021030 (2014)]

Slide by Alex Suskov (adapted)

Dima Budker



GNOME
• Global network of GPS-synchronized optical magnetometers
• Sensitive to localized dark matter: domain walls, axion stars, 

…
• Multi-messenger astronomy
Nature Physics, V. 17, 1396-1401, Dec. 2021

• Fictitious magnetic field Bfic:
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• Optically pumped atomic 
magnetometer detects Bfic

• Direct detection of local dark 
matter with network detector
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• Now in R&D of sub-components

• First Prototype measurement in 
2022

• Full scale exp. In 2024

• Fictitious magnetic field Bfic:
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• Spin system resonantly enhance Bfic

• Scan broad axion mass range from one measurement.

Plan 

Projected Sensitivity (first phase)Experimental scheme

Source mass

𝑩𝟎

Axion source: nuclear mass. The axion field gradient acts on fermion spins
ARIADNE

75



Haloscopes with dielectrics
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Axion dark matter: open resonators, MADMAX
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1801.08127v2

Dielectrics for high frequency-short wavelength

Dielectrics to 
suppress negative
E-field

Reverse direction 
of B-field



MADMAX: Physics at the interface
MADMAX – search for dark matter axions

MADMAX (dark matter)
• Site in HERA hall north being prepared
• Magnet studies by Bilfinger-Noell and

CEA Saclay, aim for magnet decision in 
late 2018

MADMAX collaboration
• Founded at DESY in 2017



Mixing of axion with photon in extrenal B-field
à Sources oscillating E-field
At surfaces with transition of ε: Discontinuity of E-field
à Emission of photons 

D. Horns, J. Jaeckel, A. 
Lindner, A. Lobanov, J. 
Redondo and A. Ringwald
JCAP 1304 (2013) 016 
[arXiv:1212.2970].

Experimental approaches: Effect of Dielectric
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Axion dark matter: MADMAX
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MAgnetized Disc and Mirror Axion eXperiment

Mirror

Parabolic
Mirror

10 T dipole
magnet

Horn 
antenna

(+ receiver)

80 adjustable
dielectric discs
⊘:	~1m

Separate 
cryogenic
volume

~2m
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Scheduled for DESY (approved), using large-volume magnet at CERN (Morpurgo magnet) taking preliminary data



Solar axions
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Solar Axions

83

R. Battesti et al., Phys. Rep. (2018)



Solar axion spectrum
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Solar Axions
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FOM = B2l2A = B2Vl 1801.08127v2



Solar Axions
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CAST: LHC prototype magnet



Solar Axions
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Future IAXO

Baby-IAXO approved at DESY
Magnet design in progress
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CAST and planned axion Helioscopes



Shining through the wall using axions
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ALPS

90

For sufficiently small 
axion mass

ALPSII is running at DESY



Light shining through walls

Particle Physics at DESY  |  Patras Workshop  |  18 June 2018  |  J. Mnich

Irastorza, Redondo 1801.08127v2



ALPS II at DESY, Started data taking with production cavity
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ALPS

93
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Near future
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CAPP’s immediate target 1-2 GHz 
The axion could show up any day.

CAPP next



ADMX plan



ADMX plan



ADMX: Rybka, August 2022 
Existing MRI magnet to be 
moved to Fermilab
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A new haloscope at Grenoble: GrAHal
B2V wins (GrAHal-CAPP plans to scan 0.2-0.6 GHz at better than DFSZ)

9 T in 810 mm warm bore

New experimental effort!
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Axion-photon with projections
C. O’Hare, cajohare/axionlimits:
https://cajohare.github.io/AxionLimits/

CAPP plans to scan 1-8 GHz 
at better than DFSZ

GrAHal-CAPP plans to scan 
0.2-0.6 GHz at better than 
DFSZ

Using existing magnets, 
know-how

Collaborating to reach our 
goals faster

https://cajohare.github.io/AxionLimits/


Summary
• ADMX, CAPP, GrAHal, HAYSTAC,… now could cover:
• 0.2-4 GHz axion freq. in the next 2-years (DFSZ) 
• 4-8 GHz within the next 5-years (DFSZ) 
• 0.2-25 GHz within the next 10-20 years, even for 20% of axions as dark matter

• HTS-based cavities and single photon detectors can bring a phase-transition in 
high-frequency axion cavity searches. Heterodyne-variance method is a bridge…
• Large volume dielectric/metamaterial microwave cavities are sensitive and able to 

reach the high frequency axions
• The international effort is intensified, promising to cover all the available axion 

dark matter parameter space within the next 10-20 years.
• The low frequency (<0.1 GHz), with DM-Radio and CASPER is on path to great 

success, the high frequency (>25 GHz) started developing sensitive  experiments



Extra slides

Yannis K. Semertzidis, IBS-CAPP and KAIST 102



Actively planned axion exps.

103

Irastorza, Redondo 1801.08127v2



Axion dark matter  results using an LHC dipole magnet at CERN

104



CAPP’s flagship experiment status and plans 

• In spring 2022, covered 20MHz at DFSZ sensitivity, scanning rate at 1.4 MHz/day 
@ 1.1 GHz with our LTS-12T/320mm magnet from Oxford Instr.

• Covered ~60MHz at DFSZ sensitivity in September 2022, scanning at 3 MHz/day

• Target to cover 1-4 GHz within the next two years at DFSZ sensitivity.



Is the axion quality factor (106) the limit?

It depends on the noise temperature.  For high-frequency, 
single photon detection is everything!

Journal of Cosmology and
Astroparticle Physics
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Is the axion quality factor (106) the limit?
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Figure 6. Comparison of the scanning rate between the original (eq. (1.4)) and revised (eq. (5.2))
calculations as a function of normalized cavity quality factor, Qc/Qa, for three di↵erent values of �,
the relative noise contribution. The former and the latter estimations are represented by dashed and
solid lines, respectively.

rate is sensitive to the receiver coupling strength, which was optimized for various scenar-
ios of the experimental parameters. A comparison with the original calculation indicates
that further development of superconducting RF science and quantum technology would be
more beneficial than we expected. This revision would have non-trivial impacts on not only
the sensitivity calculation of present experiments but also the conceptual design of future
experiments.
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A Validity of the Cauchy approximation

The energy spectrum of halo axions in the galactic rest frame is thermodynamically modeled
by a Gamma distribution with a shape parameter of 3/2 and a scale parameter associated
with the energy dispersion. The spectrum, however, appears boosted by an observer on
Earth owing to the Sun’s circular motion as described in ref. [20] and the analytical form is
rephrased as

ã(u) =

r
3

2⇡

1

r
exp


�3

2

�
r2 + u

��
sinh

⇥
3r
p
u
⇤
, (A.1)

where u is the axion kinetic energy in the unit of mav2rms/2 with its mass ma and rms velocity
vrms ⇡ 270 km/s, and r = v�/vrms ⇡ 0.85 is the boosting ratio with v� being the circular
velocity of the Sun. Ignoring the orbital and rotational motions of the Earth and using the
average (Ea = mav̄2a/2) and dispersion (�Ea = mav̄2dis/2) of the kinetic energy, the boosted
distribution function returns the average axion quality factor of 1.0⇥ 106.

For cavity haloscopes, the axion conversion power is proportional to the inner product
of the axion distribution function and the cavity transfer function, which is represented by
the Cauchy distribution. An approximation of the axion energy spectrum to the Cauchy

– 11 –

It depends on the noise parameter:
Single photon detector wins big!



Heterodyne-variance method, Omarov, Jeong, YkS, 2209.07022
Injecting photons into the microwave cavity can enhance the axion detection rate

Adapted from Junu Jeong’s slides



Heterodyne-variance method, 2209.07022
Can always reach QNL performance even when the power detectors (bolometers) are noisy

Junu Jeong’s slide



Heterodyne-variance method, 2209.07022 
Intermediate method before low-noise single photon detection

Junu Jeong’s slide



David Tanner



HTS superconducting cavity in large B-field!
2

FIG. 1: Design of the YBCO polygon cavity. (A) Six alu-
minum cavity pieces to each of which a YBCO tape is at-
tached. (B) Twelve pieces composing two cylinder halves are
assembled to a whole cavity.

FIG. 2: Simulation (COMSOL) result for the TM010 mode in
the polygon cavity. B is the direction of the applied magnetic
field in the axion cavity experiment. (A) The electric field
(red arrows, colored 3D plot) and magnetic field (yellow ar-
rows) of the TM010 mode. (B) Surface current distribution
of the TM010 mode. The colored surface shows the magnitude
distribution of surface current. Current flows in the direction
of the blue arrows.

YBCO tapes are attached. Each YBCO tape was
prepared and attached securely to the inner surface
of a cavity piece with a minimum bending to prevent
cracks (FIG.1). The arc radius of 10 mm was applied
between the top/bottom and the sidewall surfaces to
avoid excess bending stress on the YBCO tapes [22].
The twelve separated cavity pieces are designed for
accurate alignment of the YBCO tapes upon assembly.
For the fundamental TM modes most commonly used in
axion search, the vertical cuts of the cylindrical cavity
do not make any significant degradation of the Q-factor,
since the direction of the surface current in TM010 mode
and the boundary of each cavity piece are parallel as
seen in FIG.2B, which was already demonstrated by the

Center for Axion and Precision Physics research (CAPP)
[12]. We have confirmed it by COMSOL simulation
and the Q-factor measurement of an assembled cavity.
Once the YBCO tape was completely attached to the
inner surface of each polygon piece, we removed the
protective layers to expose the bare YBCO surface
by a technique developed by CAPP (patent pending).
The cut edges of the YBCO tapes exposed on the side
were coated by sputtering silver to reduce the loss due
to small imperfection created in the cutting process.
The technique used in this work was optimized for TM
modes of a cylindrical cavity but could be applied to
any resonators, minimizing surface losses and resolving
contact problems. The assembled cavity was installed
in a cryogenic system, equipped with an 8 T supercon-
ducting magnet, and brought to a low temperature at
around 4 K. The Q-factor and resonant frequency were
measured using a network analyzer through transmission
signal between a pair of RF antennae, which are weakly
coupled to the cavity. The coupling strengths of the
antennae were monitored over the course and accounted
for in obtaining the unloaded quality factor.

Measuring the Q-factor (TM010 mode) of the polygon
cavity with the twelve YBCO pieces by varying the
temperature, we observed the superconducting phase
transition around 90 K which agrees with the critical
temperature (Tc) of the YBCO (FIG.3A). The global
increase of resonant frequency was due to thermal
shrinkage of the aluminum cavity, but an anomalous
frequency shift was also observed near the critical
temperature. The decrease of the frequency shift at Tc

can be attributed to the divergence of the penetration
depth of YBCO surface [13, 25–27]. The maximum Q
factor at the 4.2 K was about 95,000. The Q-factor for
the same polygon cavity with oxygen-free high thermal
conductivity (OFHC) copper (the same geometry)
was measured to be 56,500. Varying the applied DC
magnetic field from 0 T to 8 T, at the beginning of
ramping up the magnet, the Q-factor of the cavity
dropped rapidly to 60,000 until the magnetic field
reaches 0.23 T and then rose up to the maximum
value of 155,000 at around 3.5 T for the TM010 mode.
This might be explained in terms of the vibration,
movement and the pinning of magnetic vortices, which
lies beyond the scope of this work. From the Q-factor
measurement, we observed that the Q-factor of the reso-
nant cavity’s TM010 mode did not decrease significantly
(only a few percent changes) until reaching 8 T (FIG.3B).

The maximum Q-factor achievable with YBCO cavity
is currently unknown but the comparison between the
surface resistance of 4 K copper (5 m⌦ at 5.712 GHz)
[24] and 4 K YBCO (0.02 m⌦ at 5-6 GHz) [13, 23]
suggests that the Q-factor could be much higher even
with a strong magnetic field. Improvements are expected
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conductivity (OFHC) copper (the same geometry)
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magnetic field from 0 T to 8 T, at the beginning of
ramping up the magnet, the Q-factor of the cavity
dropped rapidly to 60,000 until the magnetic field
reaches 0.23 T and then rose up to the maximum
value of 155,000 at around 3.5 T for the TM010 mode.
This might be explained in terms of the vibration,
movement and the pinning of magnetic vortices, which
lies beyond the scope of this work. From the Q-factor
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YBCO tapes on cavity walls
Phys. Rev. Applied 17, L061005 – Published 28 June 2022
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Superconducting cavity in a high magnetic field
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A high Q-factor microwave resonator in a high magnetic field could be of great use in a wide range
of applications, from accelerator design to axion dark matter research. The natural choice of material
for the superconducting cavity to be placed in a high field is a high temperature superconductor
(HTS) with high critical field (>100 T) and high depinning frequency (>10 GHz). The deposition,
however, of a high-quality, grain-aligned HTS film on a three-dimensional surface is technically
challenging. As a technical solution, we introduce a polygon-shaped resonant cavity with commercial
YBa2Cu3O7�x (YBCO) tapes covering the entire inner wall. We then measured the Q-factor at 4
K at 6.93 GHz as a function of an external DC magnetic field. We demonstrated that the maximum
Q-factor of the superconducting YBCO cavity was about 6 times higher than that of a copper
cavity and showed no significant degradation up to 8 T. This is the first indication of the possible
applications of HTS technology to the research areas requiring low loss in a strong magnetic field
at high radio frequencies.

PACS numbers:

Superconducting radio-frequency (SRF) science and
technology involves the application of superconducting
properties to radio frequency systems. Due to the ultra-
low electrical resistivity, which allows an RF resonator to
obtain an extremely high quality (Q) factor, SRF reso-
nant cavities can be used in a broad scope of applications
such as particle accelerators [1, 2], material characteriza-
tion [3, 4], and quantum devices [5, 6]. However, the
presence of an external magnetic field will destroy the
superconducting state above the critical field, which lim-
its scientific productivity in many areas such as high en-
ergy particle accelerators [7, 8], and axion dark matter
research [9–12]. In particular, the axion dark matter de-
tection scheme utilizes a resonant cavity immersed in a
strong magnetic field, by which the axions are converted
into microwave photons [13, 14]. Maintaining a supercon-
ducting cavity in a strong magnetic field will profoundly
impact the way axion dark matter experiments are per-
formed. It will substantially increase the searching speed
for axions [15] with an expected quality factor of about
106 [16] and will permit the study of detailed axion sig-
nal structures in the frequency domain. Furthermore,
achieving a quality factor of more than 106 can open a
new window for ultra-narrow axion research [17].

The natural choice of material for fabricating the su-
perconducting cavity under a high magnetic field is the
high temperature superconductor (HTS) YBa2Cu3O7�x

(YBCO) whose surface resistance is lower than copper in
any direction of the applied magnetic field. The upper

critical field is very high (> 100 T) and the vortex depin-
ning frequency is more than 10 GHz [18–20]. However,
fabricating a 3-D resonant cavity structure with YBCO
poses large technical challenges because of YBCO’s bi-
axial texture. Previous studies show that the surface
resistance is strongly dependent on the alignment angle
between the directions of the YBCO crystal’s grain [21]
and the applied magnetic field [19]. Moreover, directly
forming a grain-aligned YBCO film on the deeply con-
caved inner surface of the cavities is prohibitively di�-
cult because of the limitation in making the well textured
bu↵er layers and substrate [22–25].

A possible solution to this problem is to implement
a three-dimensional (3-D) surface with two dimensional
(2-D) planar objects. We took advantage of high-grade,
commercially available YBCO tapes by AMSC, whose
fabrication process, structure, and properties are well-
known [26, 27]. We chose to use pure YBCO over
other rare-earth barium copper oxide (ReBCO) materi-
als which have a high concentration of gadolinium atoms.
The RF surface resistance of those ReBCO materials (⇠
1m⌦) [4] could be higher than that of YBCO (⇠ 0.1
m⌦) at zero field [20] because gadolinium is paramag-
netic, introducing an additional energy loss mechanism
due to rotating spins. The substrate and bu↵er layers
of the tape were designed to act as template layers to
provide the biaxial texture for the YBCO film. The film
architecture of the tape consists of several parts. On the
biaxially textured 9 percent nickel-tungsten (Ni-9W) al-
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A high Q-factor microwave resonator in a high magnetic field could be of great use in a wide range
of applications, from accelerator design to axion dark matter research. The natural choice of material
for the superconducting cavity to be placed in a high field is a high temperature superconductor
(HTS) with high critical field (>100 T) and high depinning frequency (>10 GHz). The deposition,
however, of a high-quality, grain-aligned HTS film on a three-dimensional surface is technically
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YBa2Cu3O7�x (YBCO) tapes covering the entire inner wall. We then measured the Q-factor at 4
K at 6.93 GHz as a function of an external DC magnetic field. We demonstrated that the maximum
Q-factor of the superconducting YBCO cavity was about 6 times higher than that of a copper
cavity and showed no significant degradation up to 8 T. This is the first indication of the possible
applications of HTS technology to the research areas requiring low loss in a strong magnetic field
at high radio frequencies.
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obtain an extremely high quality (Q) factor, SRF reso-
nant cavities can be used in a broad scope of applications
such as particle accelerators [1, 2], material characteriza-
tion [3, 4], and quantum devices [5, 6]. However, the
presence of an external magnetic field will destroy the
superconducting state above the critical field, which lim-
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tection scheme utilizes a resonant cavity immersed in a
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formed. It will substantially increase the searching speed
for axions [15] with an expected quality factor of about
106 [16] and will permit the study of detailed axion sig-
nal structures in the frequency domain. Furthermore,
achieving a quality factor of more than 106 can open a
new window for ultra-narrow axion research [17].
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perconducting cavity under a high magnetic field is the
high temperature superconductor (HTS) YBa2Cu3O7�x

(YBCO) whose surface resistance is lower than copper in
any direction of the applied magnetic field. The upper
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ning frequency is more than 10 GHz [18–20]. However,
fabricating a 3-D resonant cavity structure with YBCO
poses large technical challenges because of YBCO’s bi-
axial texture. Previous studies show that the surface
resistance is strongly dependent on the alignment angle
between the directions of the YBCO crystal’s grain [21]
and the applied magnetic field [19]. Moreover, directly
forming a grain-aligned YBCO film on the deeply con-
caved inner surface of the cavities is prohibitively di�-
cult because of the limitation in making the well textured
bu↵er layers and substrate [22–25].

A possible solution to this problem is to implement
a three-dimensional (3-D) surface with two dimensional
(2-D) planar objects. We took advantage of high-grade,
commercially available YBCO tapes by AMSC, whose
fabrication process, structure, and properties are well-
known [26, 27]. We chose to use pure YBCO over
other rare-earth barium copper oxide (ReBCO) materi-
als which have a high concentration of gadolinium atoms.
The RF surface resistance of those ReBCO materials (⇠
1m⌦) [4] could be higher than that of YBCO (⇠ 0.1
m⌦) at zero field [20] because gadolinium is paramag-
netic, introducing an additional energy loss mechanism
due to rotating spins. The substrate and bu↵er layers
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FIG. 1: Polygon shape cavity design. a, The red arrows are electric field lines of the polygon cavity TM010 mode from the
eigenmode simulation (COMSOL). The yellow arrows are magnetic field lines of the same cavity TM010 mode. The color map
inside of the cavity represents the amplitude of the electric field of the TM010 mode. Bext is the direction of the applied DC
magnetic field in the axion cavity experiment. b, The color map on the surface represents the inner surface current distribution
due to the TM010 mode. The current flows in the direction of the blue arrows. The surface loss is concentrated in the middle
of the cavity. c, Six aluminum cavity pieces to each of which a YBCO tape is attached. d, Twelve pieces (two cylinder halves)
are assembled to make a whole cavity.

FIG. 2: The measurement results of the 12-piece polygon cavities a, The schematic of the experimental setup. The
components inside the blue dashed line are in 4 K which is controlled by a pulse tube. The YBCO cavity is placed inside
the bore of an 8 Tesla superconducting magnet which is represented by two white boxes right next to the cavity. The dark
blue area shows that the cavity is at the magnetic field center. The range of field strength is zero to 8 Tesla. The red circled
”T” represents a temperature sensor installed at the bottom of the cavity. The sensor is connected to the temperature sensor
reader. The two tiny white rectangles with line segments on the top of the cavity are the antennae which are weakly coupled to
the TM010 mode. The Q factor is measured by the vector network analyzer with two coaxial cables which are connected to the
two antennae. b, The Q factor vs. temperature from 4.2 K to 100 K. The black dots are for the YBCO cavity and the red dots
are for the copper cavity with the same polygon geometry. The inset plot is the resonant frequency vs. temperature from 80 K
to 100 K. The phase transition from normal metal to the superconductor starts near 90 K, at which an anomalous frequency
shift occurs. The vertical grey dashed lines show the temperatures 85 K and 95 K. c, The Q factor vs. external magnetic field
from 0 T to 8 T. The vertical dashed line shows the magnetic field 0.23 T at which the abrupt Q factor enhancement starts.
The maximum Q factor is around 330,000.
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HTS superconducting cavity in large B-field!
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A high Q-factor microwave resonator in a high magnetic field could be of great use in a wide range
of applications, from accelerator design to axion dark matter research. The natural choice of material
for the superconducting cavity to be placed in a high field is a high temperature superconductor
(HTS) with high critical field (>100 T) and high depinning frequency (>10 GHz). The deposition,
however, of a high-quality, grain-aligned HTS film on a three-dimensional surface is technically
challenging. As a technical solution, we introduce a polygon-shaped resonant cavity with commercial
YBa2Cu3O7�x (YBCO) tapes covering the entire inner wall. We then measured the Q-factor at 4
K at 6.93 GHz as a function of an external DC magnetic field. We demonstrated that the maximum
Q-factor of the superconducting YBCO cavity was about 6 times higher than that of a copper
cavity and showed no significant degradation up to 8 T. This is the first indication of the possible
applications of HTS technology to the research areas requiring low loss in a strong magnetic field
at high radio frequencies.

PACS numbers:

Superconducting radio-frequency (SRF) science and
technology involves the application of superconducting
properties to radio frequency systems. Due to the ultra-
low electrical resistivity, which allows an RF resonator to
obtain an extremely high quality (Q) factor, SRF reso-
nant cavities can be used in a broad scope of applications
such as particle accelerators [1, 2], material characteriza-
tion [3, 4], and quantum devices [5, 6]. However, the
presence of an external magnetic field will destroy the
superconducting state above the critical field, which lim-
its scientific productivity in many areas such as high en-
ergy particle accelerators [7, 8], and axion dark matter
research [9–12]. In particular, the axion dark matter de-
tection scheme utilizes a resonant cavity immersed in a
strong magnetic field, by which the axions are converted
into microwave photons [13, 14]. Maintaining a supercon-
ducting cavity in a strong magnetic field will profoundly
impact the way axion dark matter experiments are per-
formed. It will substantially increase the searching speed
for axions [15] with an expected quality factor of about
106 [16] and will permit the study of detailed axion sig-
nal structures in the frequency domain. Furthermore,
achieving a quality factor of more than 106 can open a
new window for ultra-narrow axion research [17].

The natural choice of material for fabricating the su-
perconducting cavity under a high magnetic field is the
high temperature superconductor (HTS) YBa2Cu3O7�x

(YBCO) whose surface resistance is lower than copper in
any direction of the applied magnetic field. The upper

critical field is very high (> 100 T) and the vortex depin-
ning frequency is more than 10 GHz [18–20]. However,
fabricating a 3-D resonant cavity structure with YBCO
poses large technical challenges because of YBCO’s bi-
axial texture. Previous studies show that the surface
resistance is strongly dependent on the alignment angle
between the directions of the YBCO crystal’s grain [21]
and the applied magnetic field [19]. Moreover, directly
forming a grain-aligned YBCO film on the deeply con-
caved inner surface of the cavities is prohibitively di�-
cult because of the limitation in making the well textured
bu↵er layers and substrate [22–25].

A possible solution to this problem is to implement
a three-dimensional (3-D) surface with two dimensional
(2-D) planar objects. We took advantage of high-grade,
commercially available YBCO tapes by AMSC, whose
fabrication process, structure, and properties are well-
known [26, 27]. We chose to use pure YBCO over
other rare-earth barium copper oxide (ReBCO) materi-
als which have a high concentration of gadolinium atoms.
The RF surface resistance of those ReBCO materials (⇠
1m⌦) [4] could be higher than that of YBCO (⇠ 0.1
m⌦) at zero field [20] because gadolinium is paramag-
netic, introducing an additional energy loss mechanism
due to rotating spins. The substrate and bu↵er layers
of the tape were designed to act as template layers to
provide the biaxial texture for the YBCO film. The film
architecture of the tape consists of several parts. On the
biaxially textured 9 percent nickel-tungsten (Ni-9W) al-
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FIG. 1: Polygon shape cavity design. a, The red arrows are electric field lines of the polygon cavity TM010 mode from the
eigenmode simulation (COMSOL). The yellow arrows are magnetic field lines of the same cavity TM010 mode. The color map
inside of the cavity represents the amplitude of the electric field of the TM010 mode. Bext is the direction of the applied DC
magnetic field in the axion cavity experiment. b, The color map on the surface represents the inner surface current distribution
due to the TM010 mode. The current flows in the direction of the blue arrows. The surface loss is concentrated in the middle
of the cavity. c, Six aluminum cavity pieces to each of which a YBCO tape is attached. d, Twelve pieces (two cylinder halves)
are assembled to make a whole cavity.

FIG. 2: The measurement results of the 12-piece polygon cavities a, The schematic of the experimental setup. The
components inside the blue dashed line are in 4 K which is controlled by a pulse tube. The YBCO cavity is placed inside
the bore of an 8 Tesla superconducting magnet which is represented by two white boxes right next to the cavity. The dark
blue area shows that the cavity is at the magnetic field center. The range of field strength is zero to 8 Tesla. The red circled
”T” represents a temperature sensor installed at the bottom of the cavity. The sensor is connected to the temperature sensor
reader. The two tiny white rectangles with line segments on the top of the cavity are the antennae which are weakly coupled to
the TM010 mode. The Q factor is measured by the vector network analyzer with two coaxial cables which are connected to the
two antennae. b, The Q factor vs. temperature from 4.2 K to 100 K. The black dots are for the YBCO cavity and the red dots
are for the copper cavity with the same polygon geometry. The inset plot is the resonant frequency vs. temperature from 80 K
to 100 K. The phase transition from normal metal to the superconductor starts near 90 K, at which an anomalous frequency
shift occurs. The vertical grey dashed lines show the temperatures 85 K and 95 K. c, The Q factor vs. external magnetic field
from 0 T to 8 T. The vertical dashed line shows the magnetic field 0.23 T at which the abrupt Q factor enhancement starts.
The maximum Q factor is around 330,000.
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HTS tapes: 
Superconducting 
cavities in large   
B-field for first 
time.
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Superconducting 
cavity with 
Q=13M in large     
B-field!

CAPP plans to make 
a 36-liter HTS cavity
for CAPP-12TB



HTS cavities 
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scanning 
rates



JPA Principle
(Caglar Kutlu’s slide) 

(no resistors)


