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• CAPP is ready to take data with DFSZ sensitivity level in the 1-8 GHz frequency range
• This and other frequencies are also targeted for high sensitivity searches by CAPP, ADMX, 

HAYSTAC, MADMAX, IAXO, ARIADNE, Hadronic EDMs, DM-RADIO, CASPEr, etc.
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Strong CP-problem and neutron EDM
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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?
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Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10
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Strong CP-problem

• Peccei-Quinn: θQCD is a dynamical variable 
(1977), a(x)/fa.  It goes to zero naturally
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The Pool-Table Analogy with Axion 
Physics, Pierre Sikivie
Physics Today 49(12), 22 (1996);
http://dx.doi.org/10.1063/1.881573



Axion Couplings

• Gauge fields: 
• Electromagnetic fields
•
• Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)
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Axion parameters range

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



Axion coupling vs. axion mass
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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
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,

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
=
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kBTsys

r
�t

�⌫
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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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Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles



Dark Matter
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Professor Vera Rubin passed away 25th of December 2016
at 88.  A true Pioneer!



Cosmological inventory



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.



Axion mass target and technique
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Microwave cavities

Open 
resonators

Monopole-Dipole 
Interactions, and 
MADMAX



ADMX, longest in the game



The full ADMX receiver



Center for Axion and Precision Physics Research goals: 
Most advance at 1-8 and applicable up to 25 GHz

• Frequency: 1-8 GHz, CAPP will probe axions with DFSZ sensitivity within next 
five years. ADMX and HAYSTAC are also launching sensitive searches in this 
range.

• Frequency: 1-25 GHz, CAPP will probe axions with DFSZ sensitivity within next 
ten years, even if axions are only 10% of the local dark matter density

Yannis K. Semertzidis, IBS-CAPP and KAIST 14



Axion searches outside 1-25 GHz
• Above 25 GHz: 

• ARIADNE and hadronic EDM experiments can either detect it or exclude it. 
• MADMAX, using dielectric surfaces to probe high-frequency
• IAXO, next generation axion helioscope

• At 0.1-1 GHz:
• ADMX

• Very light axions (<0.1 GHz):
• ABRACADABRA, DM-RADIO (LCR-circuits)
• CASPEr, based on spin resonance (NMR)

Yannis K. Semertzidis, IBS-CAPP and KAIST 15



How CAPP is making a difference

• Establish a facility to take immediate advantage of currently available technology
• HTS and 
• LTS (NbTi, and Nb3Sn) magnets

• NI-HTS, 18T, 70mm diam. Delivered Summer 2017 
• NI-HTS, 25T, 100mm diam. (funding limited)
• LTS (Nb3Sn), 12T, 320mm diam. Delivered and commissioned in 2020
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NbTi: “Conventional SC”, <10T

High Tc tape, >>10T
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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 independent, 

competent and confident scientists. 

§ 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.



Where to look?

• 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
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David Tanner, UF
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CAPP: where to look?
• Create (a brighter) lamp-post:

• New technology LTS, and HTS high-field 
magnets

• Best, quantum-noise-limited RF-amplifiers

• Monopole-dipole interactions (ARIADNE)
• 25 GHz - 2,500 GHz  with International 

Collaboration
• Together with the storage ring proton EDM 

it can detect or exclude axions in the 
25 GHz to 2,500 GHz.
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Key to Dark Matter
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CAPP is creating an experimental lamp-post above 1GHz:
1. LTS, Nb3Sn magnet: 1-8 GHz 
2. HTS, ReBCO magnet: for 8-25 GHz

3. Quantum-noise-limited RF-amplifiers (JPA)
4. Super-conducting cavities in strong B-fields
5. “Pizza-cavities” and meta-materials, novel techniques for 

efficient volume utilization at high-frequencies
6. Phase-match several axion dark matter experiments

7. Novel ways of frequency tuning
8. Efficient and low dark count single photon detector

22Yannis K. Semertzidis, IBS-CAPP and KAIST
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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
• Persistent mode switch
• Delivered and commissioned in 2020
• The dilution fridge, >1mW at 120mK

has been delivered and commissioned
• Low temp dil. fridge base 5.5mK
• Cavity: 30 liter cavity, <30mK



LTS-12T/320mm from Oxfrod Instruments

• Commissioned in 2020 delivering 12T max field (5.6MJ)



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



The CAPP-12TB, our flagship experiment

• Axion to photon conversion power at 1 GHz
• KSVZ: 4.3×10-22 W or ~650 photons/s generated
• DFSZ: 5.9×10-23 W or ~90photons/s generated

• With total system noise of 0.1K, Q=105

• KSVZ: 100GHz/year
• DFSZ: 2GHz/year

• With total system noise of 0.4K, Q=105

• KSVZ: 7GHz/year
• DFSZ: 0.15GHz/year

• With total system noise of 1.2K, Q=105

• KSVZ: 0.7GHz/year
• DFSZ: 0.015GHz/year



The Josephson parametric amplifiers (JPA) from Tokyo/RIKEN are 
near-quantum-noise limited. They are the best 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 at 
1GHz, 2 GHz, and 6 GHz.
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CAPP delegation visiting 
Prof. Nakamura’s Lab in Tokyo. Jan. 8, 2019 



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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YBCO tapes placed on cavity slices!

TM010 mode
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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.



• B-field at center: 12T at 4.2K
• Bore diameter: 320mm
• Max stored energy: 5.65MJ

State of the art LTS magnet based on Nb3Sn; CAPP-12TB, the flagship 
experiment of IBS-CAPP.   Combined with CAPP’s breakthrough 
achievements will place us to the top of our field internationally.

CAPP-12TB, 1-8 GHz axion-frequency projected 
sensitivity based on our achievements: 
a) High-efficiency, high-frequency  “Pizza-

cavity”;  
b) Quantum-noise limited amplifiers;
c) Super-conducting cavities in strong 

magnetic fields! 

LTS-12T/320mm magnet

a) 

b) 

3

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.

dilution refrigerator BF-LD400 [51], equipped with an
8 T cryogen-free NbTi superconductor solenoid [52],
and brought to a low temperature of around 4 K. The
Q-factor and resonant frequency were measured using a
network analyzer through a transmission signal between
a pair of RF antennae, which are weakly coupled to the
cavity. The coupling strengths of the antennae were
monitored throughout the experiment and accounted
for in obtaining the unloaded quality factor (Fig. 2).
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 at around 90 K which is in agreement with the
critical temperature (Tc) of YBCO (Fig. 3). The global
increase of the resonant frequency was due to thermal
shrinkage of the aluminum cavity, but an anomalous
frequency shift was also observed near the critical tem-
perature. The decrease of the frequency shift at Tc can
be attributed to the divergence of the penetration depth
of YBCO surface [40]. The maximum Q factor at 4.2 K
was about 220,000. The Q-factor for the polygon cavity
made of pure (oxygen-free high thermal conductivity,
OFHC) copper with the same geometry was measured
to be 55,500. Varying the applied DC magnetic field
from 0 T to 8 T, at the initial ramping up of the magnet,
the Q-factor of the cavity dropped rapidly to 180,000
until the magnetic field reached 0.23 T and then rose
up to the maximum value of 335,000, which is about
6 times higher than that of a copper cavity, at around
1.5 T for the TM010 mode. From the measurement,
we observed that the Q-factor of the resonant cavity’s
TM010 mode did not decrease significantly (changing
only a few percent) up to 8 T (Fig. 4).

Investigating the abrupt behavior of the measured
Q-factor near 0.23 T, the same Q-factor measurement
was repeated using a 12-piece Cu cavity with Ni-9W tape
attached only on one piece. The comparison between
Fig. 4 and Fig. 5 clearly shows that the unexpected
change in Q-factor near 0.23 T is caused by the Ni-9W
layer behind the YBCO layer. Furthermore, we also
measured the magnetization of a small Ni-9W piece
(4 mm x 4 mm) in a magnetic property measurement
system Quantum Design MPMS3-Evercool [53] with
in-plane and out-plane alignments (parallel and perpen-
dicular to the applied magnetic field, respectively) to
investigate where the saturation occurs. We used nitric
acid to etch the YBCO film on the 4 mm x 4 mm tape.
The sample was installed in the equipment with the
straw in which the rectangular sample can be aligned
in any direction by hand. The measurements show
that the magnetic saturation of in-plane (out-of-plane)
Ni-9W ends near 0.23 (1.0) T (Fig. 6). The magnetic
saturation lowers the surface resistance, because the
atomic spins become more rigid due to the reduction of
the magnetic domain walls. In other words, the Q factor
is suddenly increased at 0.23 T because the main surface
loss is originated from the side wall which is aligned
in the in-plane direction with the external field. After
that, other surfaces are saturated until 1.0 T where the
Q factor of the YBCO cavity is maximum.

The maximum Q-factor achievable with a YBCO
cavity is currently unknown but the comparison between
the surface resistance of copper at 4 K (5 m⌦ at 5.712
GHz) [39] and YBCO at 4 K (0.2 m⌦ at 5-6 GHz) [40]
suggests that the Q-factor could be 25 times higher
even with a strong magnetic field present. In the

c) 

Yannis K. Semertzidis, IBS-CAPP and KAIST 30



Axion Dark matter, Phase Matching (PM) several 
experiments together to increase sensitivity

• Axions: A Cosmic MASER
• Axion coherence length (De Broglie wavelength):

Axion Dark matter

� Velocity range: <10-3c (bound in galaxies)

� Mass range: >10-22eV (size of galaxies)

� Coherence length (De Broglie wavelength):

lDB ≈1m × 1meV
ma

⎛

⎝⎜
⎞

⎠⎟

“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



IBS/CAPP axion dark matter search timeline

32

Table 1: IBS-CAPP R&D project timeline. The projects already completed or under development
will set the Center to probe 1�8GHz at DFSZ sensitivity within the next five years. An integration
of a HTS magnet, superconducting cavities, and a single photon detector (SPD) will enable the
Center to reach high sensitivity in axion physics in the 1�25GHz range in the years after 2024.

Project
Target

frequency
Sensitivity level / frequency band

2021 2022 2023 2024

CAPP-PACE
(8T/2L)

2.3 & 6GHz KSVZ / 50MHz
KSVZ / 1GHz

(PM)
DFSZ / 0.5GHz
(PM & SCR)

DFSZ / 1GHz
(PM & SCR)

CAPP-8T
(8T/3.1L)

1.6 & 6GHz KSVZ / 200MHz
KSVZ / 1GHz

(PM)
DFSZ / 0.5GHz
(PM & SCR)

DFSZ / 1GHz
(PM & SCR)

CAPP-MC
(12T/1.5L)

6�8GHz KSVZ / 20MHz
KSVZ / 1GHz

(PM)
DFSZ / 0.5GHz
(PM & SCR)

DFSZ / 1GHz
(PM & SCR)

CAPP-12T
(12T/30L)

1�8GHz DFSZ / 100MHz DFSZ / 1�2GHz DFSZ / 2�4GHz DFSZ / 4�8GHz

HTS-25T
magnet

8�25GHz Funding security 24 coils (16 + 8) Additional 24 coils
Magnet complete.

(2025: Test)
Superconducting
resonator (SCR)

1�25GHz Q = 106 Q = 2⇥ 106 Q = 5⇥ 106 Q = 107

JPA (TWJPA)
& SPD

1�10GHz (JPA)
8�25GHz (SPD)

1�3 & 5�6GHz
(JPA)

1�8GHz
(JPA & TWJPA)

1�8GHz
(JPA & TWJPA)

SPD first results

The 9T dipole magnet, which has been used for solar axion search at CERN, the CERN Axion
Solar Telescope (CAST), was recycled for haloscope axion searches taking advantage of a potentially
large volume from the magnet length of about 10m. A joint project, CAST-CAPP, placed a series
of 40cm-long tunable rectangular cavities inside one of the magnet twin bores to exploit the phase-
matching scheme for an initial dark matter axion search above 5GHz [64]. The RADES (Relic Axion
Detector Exploratory Setup) project plans to utilize the same dipole magnet to explore masses
of several tens of µeV with a haloscope design consisting of an array of small microwave cavities
connected by rectangular irises, whose characteristics were recently studied [65].

3.2 Dielectric Haloscopes

Relying on closed resonant structures, microwave cavity haloscopes are sensitive to dark matter axions
with relatively low frequencies of a few GHz, but face di�culties in scaling to higher frequencies for
which the cavity size needs to be smaller. An alternative method for e�cient searches for high-
frequency axions is based on a detector architecture consisting of strategically configured dielectric
materials in an open resonator. In particular, periodic structures of dielectric planes with a high
dielectric constant ✏r are expected to allow for an observable emission of electromagnetic waves
induced by axions with frequencies (masses) between 10 (40) and 100 (400)GHz (µeV).

3.2.1 Open resonator

The first version of an open resonant system introduced a series of current-carrying wire planes in an
RF Fabry-Perot resonator which provides an alternating magnetic field with the same polarity as the
axion-induced electric field to maximize the geometry factor. The Orpheus experiment demonstrated
this technique using copper wire planes for a search for dark matter ALPs with masses around
70µeV [66]. A new design was proposed by replacing the wire planes with high-✏r dielectric planes
to modify the axion-induced electric field instead of modulating the magnetic field. These two
approaches are conceptually similar to each other, but the latter is beneficial in acquiring higher
quality factors under a strong magnetic field.

3.2.2 MADMAX

The MADMAX Collaboration proposed a new strategy to search for dark matter axions which can
explore a similar mass range 40 � 400µeV [22, 67]. The scheme is characterized by the so-called
“booster” which is composed of a periodic structure of high-✏r dielectric disks with a RF mirror on
one side, all of which are placed in an external magnetic field parallel to the surfaces. The changing
dielectric media induce discontinuity in the axion-induced electric field in the interface, resulting
in generation of electromagnetic waves propagating perpendicular to the dielectric surface in both

9

• Support for operations and the current R&D items is critical to keep the momentum
• We need support to finish the 25 T, HTS magnet ($1M to finish it)



IBS/CAPP axion dark matter search

Beyond 2021

9T SC 
magnet

1 K pot

He-3 pot

Pizza 
cavity

CAPP-PACE CAPP-9T MCCAPP-8TB CAPP-12TB

Cavity exps. and Single photon detector future limits are based on the CAPP-12TB system. 
With SC cavities we’ll reach DFSZ sensitivity even for 10% of axions as dark matter. 

Major results: Phys. Rev. Lett. 124, 101802 (2020),
Phys. Rev. Lett. 125, 221302 (2020),
Phys. Rev. Lett. 126, 191802 (2021) 33



Other Haloscopes, Helioscopes, ALPs
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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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B. MajorovitsMADMAX



Axion dark matter: MADMAX
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1801.08127v2
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CAST and planned axion Helioscopes



ALPS (Axion Like Particles)
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• Light shining through 
the wall

1801.08127v2



Actively planned axion exps.
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Irastorza, Redondo 1801.08127v2



Summary
• Within the next five years we will probe 1-8 GHz with DFSZ sensitivity assuming 

axions as 100% of the local dark matter density.

• Within the next ten years we will probe 1-25 GHz with DFSZ sensitivity even if 
axions are only 10% of the local density.

• ARIADNE and storage ring proton EDM will probe axions in the >25GHz range

• CASPEr, DM-RADIO, ABRACADABRA, etc., will probe the low frequency 
range, below 0.1 GHz with high sensitivity.

• The next ten years are very exciting! 40



Extra slides

Yannis K. Semertzidis, IBS-CAPP and KAIST 41



Haloscopes using spins!
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• Spin generates a magnetic dipole moment
• If it also generates an electric dipole moment: it violates 

both P&T, through CPT cons.àCP violation

43

Axion and EDM: Proton and Deuteron

( ) ( ) 163.6 10  e cmn pd dq q q-» - » ´ ×

M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.

€ 

Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10

8
s

CPL GGaq
p
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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

45

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



• Storage ring p,d EDMs @ <10-29e-cm level, ~103TeV physics 
reach.  

• Probing DC (permanent) EDM

• For axion dark matter, we need to detect an oscillating EDM!

46

Axion and EDM: Proton and Deuteron



A Galaxy without Dark Matter,

effectively confirming 

Dark Matter!
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Resonance:

Nuclear Magnetic Resonance (NMR)
Dima Budker, CASPEr



- Low vibration pad installation

Yannis K. Semertzidis, IBS-CAPP and KAIST 49



Eric Charles, Fermi-LAT collaboration



Axion Dark matter

• Velocity range: <10-3c (bound in galaxies)
• Mass range: >10-22eV (size of galaxies)
• Coherence length (De Broglie wavelength):

lDB ≈1m × 1meV
ma

⎛

⎝⎜
⎞
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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



Axion coupling vs. axion mass
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Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles


