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• South Korea, coming out of the war in the fifties, was a destroyed country
• Economically & technologically, it is now a modern/advanced country, member of G20 (2010)
• Q: Can S. Korea replicate the economic/technological miracle in the basic sciences as well?
• A: It will, IBS-CAPP demonstrated that it is possible.

1



Institute for Basic Science, 2011: 
Major Investment in Basic Sciences

• Economy is based on technology, exports
• They figured they need to invest in long term-basic science.
• Established the Institute for Basic Science, modeled after the Max Planck 

Institutes

• “Foreigners are welcome, opening up the society/economy, Institutes…”
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KAIST in Daejeon

• Korea Advanced Institute of Science and Technology, >10,000 students
• “Foreigners are welcome…”
• All courses are taught in English

• KAIST’s 2015 target: 10% foreign faculty, 10% women faculty, 10% foreign 
students



Republic of Korea

Peninsula by day



An “island” by night
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Daejeon



Republic of Korea right after the war



Republic of Korea



Republic of Korea

Miracle of the Han River!

By Poiuyt7115 - Own work, CC BY-SA 4.0, 
https://commons.wikimedia.org/w/index.php?curid=75102577



What made modern Korea possible?

• Hard work, highest levels of competency, integrity

• Dedication, perseverance

• Mission

• Critical: The industry underwent a “Phase-transition” that changed 
everything! It worked.



Steve Jobs and apple



Professor Jihn E. Kim 
Father of the Invisible axions

He worked hard to establish 
IBS-CAPP to make axions 
Visible



What made CAPP’s position possible?

• Hard work, highest levels of competency, integrity

• Dedication, perseverance

• Mission

• Critical: We had to change everything! It worked.
• The question is whether it will last…



CAPP-Physics: strong CP-problem and axion dark matter
• Dark Matter and CP-violation are both on the top ten most 

important Particle Physics questions

• The axion coupling is feeble, it requires the effective application 
of latest state of the art technology and lots of ingenuity (high-
risk, high-physics-potential)

• CAPP (est. October 16, 2013) has acquired the equipment and 
has developed the technology, know-how, and infra-structure to 
effectively probe the 1-8 GHz in the next five years at DFSZ 
sensitivity. CAPP is on the top of its field today.

• Projection: All the interesting axion frequencies will be probed 
globally in the next 10-20 years



Dark Matter and  Isaac Newton (1642-1726)
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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.
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1846, Adams and Le Verrier suggested the existence 
of Neptune: First discovery of “Dark Matter”

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!



Characteristics of Matter

� Gravitational lensing: The light path bends to the presence of ordinary and dark 
matter forming multiple images of the same subject, called Einstein’s rings

� Clumps together: Coalesces to large structures

� In addition, ordinary matter interacts (friction)
22



Matter’s characteristic

Is that it clumps together
shown here from the
Cosmic
Microwave
Background measurements

Ordinary matter doesn’t have enough density to create the observed large-
scale structure.  Not enough time…, requiring Dark Matter! 
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• Two cluster galaxies colliding 
• The regular matter (red) interacts, i.e., collides (friction) with each other
• The dark matter (blue) moves unaffected…

Dark Matter’s smoking gun
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Dark matter: the Bullet Cluster

q Comments by J.O. Bennett (U. of Colorado, Boulder), M.O. Donahue (Michigan State U.), N. Schneider (U. of
Colorado, Boulder), and M. Voit (Space Telescope Science Institute)
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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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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
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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



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
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Woohyun Chung’s slide



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



IBS-CAPP looked at all possible parameters

1. B-field, maximum value of magnetic field (8T, 9T, 12T, 18T, and 
perhaps up to 25T)

2. Cavity volume, V, especially for high-frequencies (37l,12T)
3. Cavity quality factor, Q0 (4.5×106)
4. System noise temperature, T (~150 mK, 1.1 GHz)
5. Geometrical factor, C (keep it high >0.6 with special techniques)

𝑑𝑓
𝑑𝑡 =

𝑓
𝑄
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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. 



First haloscope 
limits: 
Rochester, 
Brookhaven, 
Fermilab.

Then
University of
Florida
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Where to look? ADMX established in 1990.

• Below 1 GHz there is a “sweet” spot chosen by 
ADMX:

• Large volume, with large B2V including a low-
cost low temperature superconducting (LTS) 
magnet.

• Low noise Microstrip SQUID Amplifier (MSA)

• Dilution refrigerators became readily 
available (reducing labor cost)
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Key to Dark Matter

Yannis K. Semertzidis, IBS-CAPP and KAIST



Axion Dark Matter eXperiment

• Cryogenics (0.1K)
• Superconducting magnet 

(>7.5 T)
• Large volume cavity (140l)
• Low noise amplifiers

• From 12K to 1K
• Currently SQUID and JPA 

(<1K)



ADMX reached KSVZ sensitivity in 2010; DFSZ in 2018.
Patience paid off
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Figure 3: Up-to-date experimental exclusion limits on the axion-photon coupling as a function of
axion mass. The projected sensitivities are represented by dashed lines. Two theoretical scenarios
are represented by the diagonal dashed lines with the uncertainty band in yellow. Major features of
the individual experiments are described in the text.

axion-photon conversion is given, using typical parameters, by
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where C� is the model-dependent coupling coe�cient with a value of �1.92 and 0.75 in the KSVZ
and DFSZ model, ⇢a is the mass density of dark matter axions as discussed in the theory review, ⌫a
is the axion Compton frequency which is tuned typically using conducting or dielectric rods, B0 is
the externally applied magnetic field, and Qc is the cavity quality factor. The geometrical factor G
is defined as

G =

��R
V Ec ·B0d3x

��2
R
V ✏(x)|Ec|2d3x

R
V |B0|2d3x

,

where Ec is the electric field of the cavity resonant mode under consideration, and ✏(x) is the dielectric
constant inside the cavity volume.

Experimental sensitivity is determined by the signal-to-noise ratio (SNR), defined as

SNR ⌘ Pa��

�Psys
=

Pa��

kBTsys

r
�t

�⌫
, (2)

where �Psys is described by the Dicke radiometer equation [40] as fluctuations in system noise power
within an integration time �t over a frequency bandwidth �⌫. The system noise power Psys is
dictated by the Johnson-Nyquist formula, Psys = kBTsys�⌫ using the Boltzmann constant kB and
the equivalent noise temperature Tsys. The system noise temperature Tsys is a linear sum of the
physical temperature of the cavity and the equivalent temperature of the noise added by the receiver
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David Tanner, Univ. of Florida
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IBS-CAPP recruitment time, making clear: Axion 
research is like a Marathon, not a short-term effort

IBS President Oh, Se Jeong at my recruitment 

time (I was the first foreign-born IBS-Director): 
“Just show promise…” when I stated 10-years as 

too short for axion dark matter research to leave 

my Senior-Scientist-Tenured position at BNL for 
it. He gave me a very supportive contract to 

enable the effective operation of the Center. CAPP 
was established October 16, 2013. 

Yannis K. Semertzidis, IBS-CAPP and KAIST 46



The process
• Spring 2012, I submitted a proposal to IBS to study the Strong-CP 

problem, axion dark matter and proton EDM

• The Selection and Evaluation Committee with Prof. Dr. Peter Fulde
(Chairman of SEC, Max Planck Inst.) invited me to compete
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IBS/CAPP five-year review, Yannis K. Semertzidis, IBS & 
KAIST 48

The proposal to IBS



IBS/CAPP five-year review, Yannis K. Semertzidis, IBS & 
KAIST 49

From my presentation: HTS magnet



Weighing the vacuum using
• Highest field magnets 

– LTS: NbTi 8 and 9T and Nb3Sn 12T/320mm
– HTS: 18T/70mm; 25T/100mm

• Lowest temp possible (<50mK)

• Quantum-noise limited amplifiers SQUIDs and JPAs for <10GHz; 
Single photon detector for >10GHz

• High-quality factor microwave-resonators (>106)

• Particle physics approach of massive parallel R&D  50
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NbTi: “Conventional SC”, <10T

High Tc tape, >>10T
Current density threshold for 
viable magnet
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Working with Ramesh Gupta of the BNL Magnet Division
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Part of review presentations, Ramesh Gupta
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Punishing tests
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Axion dark matter HTS magnet specs

• No Insulation quenches the magnet fast!

• Quenches  safely. (Further tests with 3DP, 7DP, 14DP)

• What’s next? Material strength…
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>50% margins, R&D worked!
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Landscape 

October 16, 2013 CAPP is 
established. No particle 
or nuclear exp. physics 

present at KAIST

2014-2017. Setting up 
infrastructure, purchasing 

expensive equipment. 
Started hiring "high-

energy", dynamic people.

2017-2020. Set R&D 
goals, work in parallel to 
achieve results fast. First 

setup and runs of 
prototype experiments.

2020-present. Combine 
achievements to create 
competitive axion dark 

matter experiments

Some points to consider:
1. No axion dark matter experimental activity in Korea prior to CAPP.

2. The prospects of reaching theoretically interesting sensitivities above 1 GHz 
seemed remote.

3. IBS established in 2011. Not long Basic Science tradition in Korea. Nonetheless, 
it was possible to make it happen since Korea learns fast.



Could CAPP produce a Nobel Prize opportunity for Korea?



IBS/CAPP

• 2014 and 2015 was major recruitment time.

• Traveled to major labs/Universities around the world.

• Absolutely exhausting! 



Learning Korean with in-flight entertainment!



IBS-CAPP period timeline, established Oct. 16, 2013
• 2013-2015, intense recruitment effort, not a single “axion expert” came to 

Korea. We needed to develop all expertise in-house. A time of great growth 
and infra-structure setup.

• 2016-2019, turbulent period for IBS, budget was drastically reduced. All my 
contract provisions were fully ignored by the second IBS administration. 
Building up of CAPP prototype experiments and developing know-how.

• 2020-May 2022, returned to stability with thriving innovation period. 
Breakthrough results from CAPP pouring out. New government change… 
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BNL 25T/10cm, HTS magnet review
• Magnet construction plan with single layer is sound

• Magnet design with No Insulation making it safe from 
quenches and structural integrity

• >50% margins in critical current and stresses

• 16 out of 28 pancakes constructed.

October 22, 2018
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IBS-HQ, improvising mode
• 2016, after the government changed, funding was cut, the strict regulations 

were enforced. IBS-HQ set priorities to protect the “important” centers. 

• IBS-HQ had intervened and dismounted my Korean collaborations with 
KAIST (super-conducting cavities) and KIST (NIST equivalent) on quantum 
noise limited RF-amplifiers

• Set a priority on different type of centers, moving the funding around, changing 
regulations seemingly constantly. End of 2018 the HTS magnet was cancelled 
using non-cosher arguments.
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IBS’s original character did not su
rvive the change of government



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



CAPP started from scratch in 2013.
Lab space at KAIST, 2014

66Yannis K. Semertzidis, IBS-CAPP and KAIST



Another room at KAIST.  
We had to buy even screwdrivers.
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CAPP had to create a miracle

68

Had to change everything:
• Several parallel R&D efforts. High-risk 

projects, high-potential payout.

• Established decision making process

• Seniority based on age was eliminated. 
Young people could be correct.

• High safety standards and transparency in 
transactions were implemented. 
Benefited from BNL experience.

• Developing state of the art infrastracture 
at the same time.



Main CAPP tactics, targeting axions of 1-10 GHz

• Develop infra-structure

• Develop in-house expertise

• Collaborate with the best around the world on amplifiers (long lead-
time) and others as needed

69Yannis K. Semertzidis, IBS-CAPP and KAIST



70
Center for Axion and Precision Physics Research (IBS-CAPP) at KAIST

Operation model: 
§ Reward risk taking with high-physics potential 

R&D efforts
§ Created a can-do environment with competent 

and confident scientists. 
§ Fast pace, the Korean clock running three times 

faster than regular clocks!

§ 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.
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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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• ByeongRok Ko, Team leader of CAPP-12TB including the Nb3Sn, LTS-
12T/320mm magnet.  Here, with his team testing the Leiden system.

LTS-12T/320mm from Oxford Instruments

Saturday, September 21, 2019



• Nb3Sn + NbTi, LTS-12T/320mm from Oxford Instr., delivered 
March 2020, commissioned in August-December 2020.

• This system can reach DFSZ level sensitivity in the 1-8 GHz, with 
present technology. Using SC cavities probe more…

• Wet system, 
Leiden dilution system: 
1.3mW at 120mK, 
achieved 5.6mK.

LTS-12T/320mm magnet (12TB experiment)
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Figure 6.  Recent picture of the LTS-12T/320mm magnet in its final form at the Oxford Instruments 

laboratory. Its total energy content is 5.652 MJ, a powerful magnet that requires respect and caution 

when energized.  The system is to undergo its final tests before its scheduled shipment to IBS-CAPP 

by March 2020. 

LTS-12T/320mm from 
Oxfrod Instruments

• Based on Nb3Sn and NbTi, new challenging 
technology, 12T. Persistent mode switch

• The dilution fridge, 1mW at 120mK
was delivered and commissioned in 2019

• Lowest temp dil. fridge base 5.5mK
• Cavity: ~37 liter, ultra-light cavity, <30mK



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-12TB, 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)



The Josephson parametric amplifiers (JPA) from Tokyo/RIKEN are 
quantum-noise limited. Best integrated system in the world.

• Collaboration with 
University of Tokyo/RIKEN, 
providing us with the chips, 
while we provide feedback 
for noise improvement.

• Currently we have the lowest 
noise temperature JPAs in the 
world at:
1GHz, 2 GHz, and 6 GHz.
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CAPP delegation visiting 
Prof. Nakamura’s Lab in Tokyo. Jan. 8, 2019 



JPA Principle
(Caglar Kutlu’s slide) 

(no resistors)



Cryogenics, RF-chain & JPAs 
• Caglar Kutlu, JinMyeong Kim, Saebyeok Ahn, Andrew 

Yi, … KAIST graduate students under the leadership of 
Sergey Uchaikin on JPAs created the best performing 
quantum-noise-limited amplifiers. Chips/expertise 
from RIKEN/Univ. of Tokyo, Prof. Y. Nakamura, Arjan 
F van Loo.

• Ultra-light-cavity (37 liter) and cryogenics, OhJoon
Kwon, Woohyun Chang, Heesu Byun, Sergey 
Uchaikin, Boris Ivanov achieved 25mK cavity physical 
temperature. The best in the world.

• Total system noise <200mK, measured with Noise 
Source at 1 GHz. Best in the world. 



• We have two small systems taking data at KSVZ sensitivity:
• BF6: Around 5.8 GHz, ~1 MHz/day, scanned: ~100 MHz, “Pizza” cavity, first and still best 

in the world
• BF5: Around 2.3 GHz, ~1 MHz/day, first goal: 25 MHz, superconducting cavity, first and 

still best in the world

• LTS-12T/320mm, after the heroic job by so many.
• Taking axion dark matter data at DFSZ sensitivity 

at 1.1 GHz with ~1.4 MHz/day

• In preparation:
• HTS-18T/70mm, with SC cavity, 6 GHz
• BF3, at 7 GHz
• JANIS high Freq. at ~10 GHz

CAPP status in spring 2022
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CAPP-12TB RUN4, engineering run, spring 2022

CAPP in the DFSZ club. Axion search around 4.55 μeV (1.09 – 1.11 GHz) with 
DFSZ sensitivity, scanning at 1.4MHz/day

20 MHz
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CAPP-12TB RUN4, engineering run, spring 2022

Andrew. Y. et al, Submitted to PRL



New data: CAPP-12TB RUN5C, since September 2022

84

Achieved already sensitivity (preliminary), scanning at 4MHz/day

From 22 candidate groups,
• 22 groups rejected
• 0 group under further checking

60 MHz

Expect to reach ~150 MHz at DFSZ sensitivity by end of Jan. 2023



The CAPP-12TB, 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, Q0=2×106

• DFSZ:   2 GHz/year for 20% of dark matter as axions



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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of the TM010 mode. The colored surface shows the magnitude
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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

YBCO tapes on cavity walls
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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
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.

First and best in the world!

Phys. Rev. Applied 17, L061005 – Published 28 June 2022
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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.

First and best in the world!

Phys. Rev. Applied 17, L061005 – Published 28 June 2022



HTS tapes: 
Superconducting 
cavities in large   
B-field for first 
time.

@ CAPP



Superconducting 
cavity with 
Q=13M in large     
B-field!

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



HTS cavities 
speed up 
scanning 
rates



Our place in the world, CAPP in red, now 



Our place in the world, CAPP in red, now 



Near future

94



CAPP’s target for 2023, 1-10 GHz 
CAPP’s scans in solid red
Hashed areas within 2023The axion could show up any day.

CAPP by end of 2024



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

Junu Jeong’s slide



CAPP’s timeline

97

Goal Sensitivity Axion fraction 
of dark matter, 
assumption

Timeline Readiness; systems developed 
or issues under development

Scan 1-2 GHz Better than 1.5 × DFSZ 100% By end of 2023, 
CAPP-MAX

On going; JPAs, cavities

Scan 2-4 GHz Better than 1.5 × DFSZ 100% By end of 2024, 
CAPP-MAX

Preparing; JPAs, cavities

Scan part of 4-8 GHz KSVZ level 100% By end of 2024, 
Smaller systems

Ongoing and Preparing; HTS 
cavities, metamaterials 

Scan part of 8-25 GHz Few × KSVZ 100% By end of 2024, 
Smaller systems

Preparing; Metamaterials, 
single photon detector

Scan 1-8 GHz DFSZ 100% By end of 2027, 
CAPP-MAX

Preparing; Variance method

Scan 8-25 GHz KSVZ 100% By end of 2027, 
Smaller systems

Developing; Single photon det.

Scan 1-25 GHz DFSZ 20% By end of 2032, 
CAPP-MAX

Developing; Variance method, 
HTS cavities, single photon det.



Rybka’s slide from Patras, August 2022 

He welcomed CAPP to the DFSZ club!
ADMX: USA-based



ADMX: Rybka, August 2022 



ADMX: Rybka, August 2022 



ADMX: Rybka, August 2022 
Proposal to DOE



Actively planned axion exps.

102

Irastorza, Redondo 1801.08127v2



>>100 participants, 12th Patras Workshop on AXIONs, WIMPs, and WISPs, Jeju 
Island/Korea, 20-24 June 2016.



>150 participants, 17th Patras Workshop on AXIONs, WIMPs, and WISPs, Mainz, Germany, 8-12 August 2022.



Accelerator based Precision physics research
• Muon g-2, good physics and training ground

• Storage ring electric dipole moment (srEDM) experiment development

Yannis K. Semertzidis, IBS-CAPP and KAIST 105

Selcuk Haciomeroglu, CAPP.
Currently at Istinye
University, Istanbul

On Kim, PhD from 
KAIST, Post doc

Zhanibek Omarov,
PhD from KAIST



Muon g-2 announcement, what does it mean?
• Physics: >8500 participants dialed in on “zoom” and YouTube channel during the 

announcement. It was estimated that the muon g-2 news reached >2.7B people. 

• Blind analysis, meaning the frequency has a constant offset, so you don’t know the 
result when analyzing. The offset was set by Fermilab people outside the 
collaboration.

• The result is right on with the BNL experimental value. 

• The theory on hadronic contribution based on e+e- and lattice are at odds. There’s 
significant work towards the theory value. 

Yannis K. Semertzidis, IBS-CAPP and KAIST 106



107

Experiment and theory 4.2 sigma (theory based on e+e- data)

3.3 s

3.7 s

4.2 s



Is the SM calculation “correct”?

• The  contribution from the strong interaction (Hadronic Vacuum Polarization, HVP) is challenging
• Tension between two different methods: 1) “lattice calculation”; 2) “dispersive approach”
• Ongoing work to clarify the tension

1)

2)

aµHLO

(HVP)

Graziano Venanzoni’s slide, Liverpool, Nov. 2022



On Kim    (bigstaron9@gmail.com) Colloquium in Korea University

Motivation and status of muon 𝑔 − 2 Original research contributions Run-1 unblinding result and prospectsMuon 𝑔 − 2 experiment at Fermilab

2021 Apr. 9th 109 ?

▶ Kick
- Muons are kicked onto the design orbit by the 

fast non-ferric kicker magnet system.

Overview of Muon 𝑔 − 2 Experiment at Fermilab (E989)

𝜇!

Yannis K. Semertzidis, IBS-CAPP and KAIST 109



Coherent betatron oscillations influence the g-2 phase
• CBO frequency 𝑓"#$= 𝑓" 1 − 1 − 𝑛 . Radial oscillations, through aliasing, 

became a problem
• A very high-frequency, cascaded through various effects down to g-2 frequency 

Yannis K. Semertzidis, IBS-CAPP and KAIST 110



On Kim    (bigstaron9@gmail.com) Colloquium in Korea University

Motivation and status of muon 𝑔 − 2 Original research contributions Run-1 unblinding result and prospectsMuon 𝑔 − 2 experiment at Fermilab

2021 Apr. 9th 111 ?

Straw trackers

▶ Straw trackers
- Measures trajectories of the decay positrons and extrapolates to find the muon distribution.

Coherent Betatron Oscillation

Yannis K. Semertzidis, IBS-CAPP and KAIST 111



CBO in the 2001 Data Set

Residuals from fitting with the 5-parameter function

Yannis K. Semertzidis, IBS-CAPP and KAIST 112



CBO in the Data Set
The effect depends on 
the CBO frequency

Yannis K. Semertzidis, IBS-CAPP and KAIST 113

Frequency pull cancels 
integrating all detectors 
around the ring (assuming 
perfect symmetry) 



Yannis K. Semertzidis, IBS-CAPP and KAIST

Yuri Orlov suggested to fix it by applying RF: same frequency as CBO 
but opposite phase: We applied his method at Fermilab; it worked.

PE plates are 1m long
Apply rf E-field 470KHz

114



RF CBO amplitude reduction (data from muon g-2 experiment)

New J. Phys. 0 (2020) 000000 O Kim et al

Figure 25. The tests with the dipole RF fields showed a factor of 15 reduction in 13.9 µs, shown with the green dashed line.
Then, the CBO amplitude increased with the opposite phase as the RF was not stopped. This feature was exploited for scraping
the beam. Finally, at t = 21.9 µs, the phase was flipped by 180◦ and then turned off at t = 26 µs. The sinusoidal fits at each epoch
are shown in red.

reduced back to 1 mm after scraping. The whole CBO reduction and the scraping process took around
22 µs.

The tests reveal that RF scraping produces results comparable to those of conventional scraping.
Measurement of the betatron frequencies shows that the RF scraping and the CBO reduction do not affect
the beam dynamics after the RF time is over.

6. Conclusions

This work represents the first successful development of the hardware necessary to apply RF cooling to a
tertiary particle beam. Unlike primary beams in storage rings, where RF manipulation can occur over
millisecond time scales, the muon time dilated lifetime of γτµ = 64.4 µs severely limits the time available
for beam manipulation, if there is to be a significant measurement time following the beam cooling period.

The RF reduction method described here has been shown to significantly reduce the CBO while
achieving loss of muons comparable to that which occurs during conventional scraping. This improvement
is essential to determine the muon spin rotation frequency, and thereby the muon magnetic anomaly aµ

with an unprecedented sensitivity.
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RF-CBO reduction and RF-scraping
>5mm gap from aperture! Great promise for significantly 
less muon losses

76

Yannis K. Semertzidis, IBS-CAPP and KAIST

Reduced CBO by an order of magnitude
and muon losses by a factor of five
Applied in Run 5 and 6 (current)
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Storage ring Electric Dipole Moments

Frozen spin method: 

• Spin aligned with the momentum vector

• Radial E-field precesses EDM/spin vertically

• Monitoring the spin using a polarimeter
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On Kim (bigstaron9@gmail.com) Snowmass Rare Processes and Precision Frontier 2022 July 22nd 117

Physics motivation
• Big question: Is there BSM CPV?

• Storage ring pEDM experiment
o First “direct” measurement/constraint of 𝑑! with improvement by 10" from the best current 𝑑# limit.
o Complementary to atomic & molecular EDM experiments.
o Dedicated ALP/vector dark matter or dark energy search.

𝑑# 𝑒 ⋅ cm

10$%&

10$'&

10$"%

“Natural” order from Strong CPV 𝜃̅ ≈ 𝒪 1

Experimental upper limit ⇒ Strong 𝐶𝑃 problem: 𝜃̅ ≲ 10$%(
≈

Upper bound from the SM expectation (Weak CPV: CKM & PMNS)

Physics reach of 𝑑! ≈ 𝒪 10$') 𝑒 ⋅ cm:
1. Three orders of magnitude improvement in 𝜃̅.
2. Sensitive to 𝑀*+ ≈ 𝒪 10%$" TeV.
3. Baryogenesis (≈ 10$', 𝑒 ⋅ cm expected in MSSM).
4. Two-loop Higgs coupling: tan𝜙*+ ≈ 𝒪 10$- .

10$') Projected pEDM sensitivity.

BSM CPV

On Kim’s slide from his Snowmass talk



John Benante, Bill Morse in AGS tunnel, 
plenty of room for the EDM ring.

118



Timeline
• Snowmass/white paper. BNL & srEDM to produce a technically advanced proposal. P5 
• CDR, proposal/TDR, prototype/string-test, ring construction (3-5 years), storage (2-3 

years) to first publication 
• Effort scale similar to muon g-2 experiments. Interesting results within a decade.

119



So, what works?
• IBS-CAPP has achieved greatness in less than 10 years operation. What’s the 

recipe? Combine young people’s innovation with older people’s experience…

• Have a great research subject with high physics potential. Lots of patience. 
• Challenging (important to set a successful path with small steps-celebrate success)
• Adequate funding (challenging R&D fails most of the time…!)
• Provide ownership, favor independence, confidence building measures, while 

protecting them from failures. Establish decision making process, stick with it!
• Checks and balances, without burdening them with reviews, exclude gossip.
• Prepare for reviews with simple/few messages (understand your reviewers’ level, 

a reviewer from an irrelevant field or no experience can do immense damage). 
• Regular communication with the leadership of your institution, work as a team.
• The political parties need to declare cease fire and work together 120



Summary
• IBS-CAPP has achieved all its R&D goals and now could cover

• 1-4 GHz axion freq. in the next 2-years (DFSZ) 
• 4-8 GHz within the next 5-years (DFSZ) 
• 1-25 GHz within the next 10 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.

• Storage ring EDM has excellent prospects, completed a comprehensive systematic 
errors study, Snowmass req. for a strong proposal at BNL, now at P5 121



Extra slides

Yannis K. Semertzidis, IBS-CAPP and KAIST 122



Axion dark matter  results using an LHC dipole magnet at CERN

123



Ring planarity:
The average vertical speed in deflectors 
needs to be zero!

Quads: 0.1T/m, 0.4m

0.1 mm

124



Hybrid, symmetric lattice storage ring. Great for systematic error reduction.

Sensitivity of radially polarized beam (sensitive to V. Dark Matter/Dark Energy,         
P. Graham et al., PRD, 055 010, 2021), most sensitive to vertical velocity problem

Z. Omarov et al.,



Effect as a function of azimuthal harmonic N

126

B-field
E-field



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 4 MHz/day

• Target 1-2 GHz by the end of 2023 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?

JCAP03(2020)066
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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 
Intermediate method before low-noise single photon detection

Junu Jeong’s slide



The low-frequency domain

132



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

1
3
3

Low frequencies (long Compton wavelength)
favor induction coil detection



Dark Matter Radio, 2203.11246



Electric Dipole Moments
They set the current limits on SUSY-like New-Physics   

135



Haloscopes using spins

136
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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

139

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:

𝐵$%& =
4
𝜇'
𝑓()
𝑓%*+

𝑚,𝑐-
𝜎.
𝑔/,.

cos𝜓.

• Optically pumped atomic 
magnetometer detects Bfic

• Direct detection of local dark 
matter with network detector

140



• Now in R&D of sub-components

• First Prototype measurement in 
2022

• Full scale exp. In 2024

• Fictitious magnetic field Bfic:

𝐵$%& =
ℏ𝑔.𝑔1
8𝜋𝛾1𝑀1

𝜎⃗ ⋅ 𝑟̂
2𝜋
𝜆,𝑟

+
1
𝑟- 𝑒2-34/6!𝑟̂

• 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
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Storage ring proton EDM at 10-29 e-cm: Timeline, physics reach
• In progress or still ahead: Snowmass, CDR, proposal/TDR, ring construction, injection, storage. 
• Experience with muon g-2 experiment; possible to have interesting results within the decade.
• Competitive EDM sensitivity: 

• New-Physics reach at 103 TeV.
• Best probe on Higgs CPV, Marciano: proton is better than Hà 𝛾𝛾, and 30x more sensitive than electron with same EDM.
• Three orders of magnitude improvement in 𝜃QCD sensitivity.
• Direct axion dark matter reach (best exp. sensitivity at very low frequencies).

142

Storage ring EDM



1
4
3

ARIADNE and nucleon EDMs

• Combine with ARIADNE and 
nucleon EDM provides decisive 
information

• Scenario:

• ARIADNE: Null axion

• pEDM measure: 𝑑" ∼ 10#$%e ⋅ cm

• Exclude QCD axion independent of 
axion DM: 

0.2 meV ≲ 𝑚& ≲ 3meV

Y. K. Semertzidis and S. Youn. , 2104.14831

ARIADNEIntroduction SummaryKey factors Projected sensitivity



Dipole-monopole interactions for the storage ring experiments

144

Axion field acting on muon (g-2) and proton EDM

CW vs. CCW beam storage?



Haloscopes with dielectrics

145



Axion dark matter: open resonators, MADMAX

146

1801.08127v2

Dielectrics for high frequency-short wavelength

Dielectrics to 
suppress negative
E-field

Reverse direction 
of B-field



MADMAX: Physics at the interfaceMADMAX – 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

𝑷
𝑨 𝒎𝒊𝒓𝒓𝒐𝒓

~ 𝟐 % 𝟏𝟎2𝟐𝟕 𝑾
𝒎𝟐

𝑩||
𝟏𝟎 𝑻

𝟐

𝒈𝒂𝜸𝜸𝒎𝒂
𝟐

𝐁
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B. Majorovits



Axion dark matter: MADMAX

149

1801.08127v2



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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David Tanner



CAPP experimental hall, top view
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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



CAPP-HF’s target for 2023 CAPP’s scans in solid red
Hashed areas within 2023



Our place in the world, CAPP in red 



Left: The cryostat, and dilution refrigerator for the LTS-12T/320mm magnet 
based on Nb3Sn from Oxford Instr.  Right: Microwave cavity dimensions in mm.



Liquid helium type superconducting magnet system at CAPP

157IBS/CAPP five-year review, Yannis K. Semertzidis, IBS & KAIST



158

18 T no insulation magnet

1st coil 
for 25 T magnet

1/28

44 double pancake coils

B2V=0.6T2m3

B2V=1.3T2m3

BNL

SuNAM

IBS/CAPP five-year review, Yannis K. Semertzidis, IBS & KAIST



ARIADNE

IBS-CAPP main contributions that improve sensitivity
1. Low noise SQUID based second order coaxial planar gradiometer

2. Superconducting thin film shield
3. Source mass geometry optimization

Projected Sensitivity
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Snowmass paper on pEDM

160



Storage ring proton/deuteron EDM
• Oscillating EDMs, Graham & Rajendran, PRD88, 035023, 2013
• Resonance: axion dark matter and g-2 frequencies (PRD99, 

083002, 2019 and EPJ C80, 107, 2020). First run spring 2019 at 
COSY/Juelich/Germany.
• Storage ring probe of DM and DE (PRD103, 055010, 2021)
• New method with RF-Wien…, On Kim (PRD104, 096006, 

2021), great advantage on systematic errors

161

The RF-Wien filter is NOT 
operating at the g-2 
frequency, avoiding spin 
dynamics systematic error!

It can be fully implemented 
in the present muon g-2 ring 
by injecting polarized 
protons and/or deuterons
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Muon g-2 announcement, theory vs. theory

• Theory :
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Hadronic Corrections: Comparisons
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IBS/CAPP 
Structure 
and Teams



International Science Advisory Committee

üProf. Sergio Bertolucci, Chairman, He served as CERN Research 
Director, Head of INFN, Director of Frascati

üProf. Dima Budker, Berkeley, and Mainz, CASPEr
üProf. Axel Lindner, DESY, ALPS
üProf. Guido Mueller, Univ. of Florida, LIGO & ALPS
üProf. Naohito Saito, Director of J-PARC
üProf. Javier Redondo, Max Planck Munich, MADMAX
üProf. Pierre Sikivie, University of Florida
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From the ISAC report
• CAPP has made tremendous progress and has arrived within 

five years becoming a serious player in a field that was 
dominated by others for more than twenty-five years. The 
projects are well-balanced and wise choices made.

• Our LTS-12T/320mm magnet from Oxford Instruments and 
the HTS-25T/100mm magnet from BNL have the highest 
priority and their delivery should not be delayed at any cost.

• The funding support needs to continue at the promised level, 
while micro-management can severely adversely affect the 
quality of the Center.
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