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CAPP and axion searches
• CAPP: Center for Axion and Precision Physics Research

• CAPP has developed the expertise and the systems 
needed to search for axions in the 1-10GHz frequency 
range with high sensitivity

• High-field/high-volume magnets are essential in this 
regard. Our LTS-12T/320mm, based on Nb3Sn cable 
(inner coil) and NbTi (outer coil) has a large B2V and it is 
going to be our flagship experiment

• It will be delivered within 2019 or early next year.



IBS/CAPP-Physics
(Established October 2013)

Strong CP problem (Symmetry crisis in strong 
forces: hadronic EDM exp. Limits too small!)
• Cosmic Frontier (Dark Matter axions): Improve in all possible fronts: 

B-field, Volume, Resonator Quality factor, Physical and Electronic 
noise. 

• Storage ring proton EDM (most sensitive hadronic EDM experiment). 
Improve theta_QCD sensitivity by three to four orders of magnitude!

• Together with long-range monopole-dipole (axion mediated) forces 
probe axion Physics! 



Quantum-noise limited RF-amplifiers

• Frequency of interest: 1-10 GHz first phase; 10-20 
GHz second phase

• Immediate need: 1.5-2 GHz, 2-3 GHz, 3-7 GHz

• Longer term: 0.7-1.5 GHz, 7-10 GHz, and finally up 
to 20 GHz



Importance of QNL RF-amplifiers:

• With them, we can reach theoretically interesting 
sensitivities. 



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

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

• Axions: pseudoscalars,
light cousins of neutral pions

€ 

ma ≈ 6 ×10−6  eV 1012  GeV
fa



Named by Frank Wilczek (Nobel Prize) as 
axions “cleaned up”

Original name by S. Weinberg: 
Higgslet



Strong CP-problem: level of pool table to 
<1 nrad!

• Pool table is too carefully aligned!

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



Peccei-Quinn solution of Strong CP-
problem

• Dynamic alignment mechanism!



Peccei-Quinn solution of Strong CP-problem

• Axions: oscillation of the system.  Frequency of oscillation = 
axion mass.



Axion coupling to ordinary matter

• Couple to hadrons (hadronic 
axions)

• Electrons (leptonic)

€ 
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Axions decay to two 
photons with very long 
lifetime.  In a strong 
Electric or Magnetic 
field they can convert 
to one photon.  
Two photons can also 
produce AXIONS, 
which can escape the 
sun easier than 
photons.



The sun shines!  Photons take:

Sun à earth (150 million km): 8 minutes

Sun’s center à sun’s surface (0.7 million km):
10 million years! Radiation pressure…

Hence: the photons keep the sun alive!! 
Otherwise it would crash on its own weight fast

Dynamic equilibrium, lasts ~10 billion years, 
unless too many axions are produced and stream 
out…



Energy loss from stars

AXIONS?



Axion parameters range

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



Axion coupling vs. axion mass
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Axions in yellow band solve 
the Strong CP-problem

ALPs:
Axion
Like
Particles



Dark Matter
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Dark Matter

• Gravitational law applied to the planets:







Dark Matter smoking gun
• Two cluster galaxies colliding 
• The regular matter (red) interacts, i.e., collides (friction) with 

each other
• The dark matter (blue) moves unaffected…



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)



Dark matter halo



Eric Charles, Fermi-LAT collaboration



Cosmological inventory



We Have Discovered Dark Matter

…but what is it?



Dark matter 
candidates





Dark Matter Candidates

Science, Vol 342, 1 Nov. 2013



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

• Kinetic energy ~10-6ma, very narrow line in spectrum.



Axion (Higgslet) dark matter: Imprint on the 
vacuum since soon after the Big-Bang!

Animation by Kristian Themann
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Animation by Kristian Themann
J. Hong, J.E. Kim, S. Nam, YkS
hep-ph: 1403.1576
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Axion dark matter is partially converted to a very weak flickering 
Electric (E) field in the presence of a strong magnetic field (B).

DC magnetic field: 
Mixing electric field with axion field



P. Sikivie’s method: Axions convert into 
microwave photons in the presence of a 
DC magnetic field (Primakov effect)
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Need to tune the cavity over a vast 
frequency range
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The conversion power on resonance
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How CAPP is making a difference
• Establish a facility to be able to run several axion dark matter 

experiments in parallel 
• 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) delivery in 

2020?
• LTS (Nb3Sn), 12T, 320mm diam. From Oxford Instr. to be 

delivered in late 2019 or early 2020



CAPP’s plan

• Low temperature, high quality resonators (near or SC?)

• Quantum-noise limited RF-detectors (SQUIDs, JPAs)

• Single photon RF-detectors (>10GHz).  (First appl. of qubits?)



IBS/CAPP at Munji Campus, KAIST, January 2017.



Dil. Refr. installed
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The experimental hall is getting very busy

Several high power dilution refrigerators have been 
procured, installed and are running at mK temps.



Woohyun Chung’s slide



CAPP experimental hall, top view



Woohyun Chung’s slide



CAPP’s base plan
• Delivery of 12T/32cm magnet in 2020 and 25T/10cm 
(funding limited).

• In the meantime, we are getting ready for it:
• Quantum noise limited SQUID-amplifiers
• Superconducting cavity in large B-fields
• Cryo-expertise, reach lowest physical temperature 
(down to <50mK)

• Demonstrate efficient high-frequency, high-volume 
resonators

• Efficient DAQ
• Prepare systems for large magnets



Superconducting cavity in large B-field!



Superconducting cavity in large B-field!
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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 stripes (tape) placed on cavity slices!
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FIG. 3: The RF measurement result of the polygon cavities
with YBCO (black) and copper (red) inner surface. (A) The
Q factor measurement data from 4.2 K to 100 K. The inset
plot is the frequency shift data (�f = f(T) - f(300 K) from
80 K to 100 K. The normal-superconductor phase transition
starts at 90 K, at which temperature an anomalous frequency
shift occurs. The grey dashed lines show the temperatures
85 K and 95 K. (B) The Q factor measurement data from 0
T to 8 T. The dashed line shows the magnetic field 0.23 T
at which the abrupt Q factor enhancement starts. The inset
plot is the magnified plot from 0 T to 1 T.

in the near future in techniques of exposing bare YBCO
surface from a tape and eventually reducing the area
where the surface loss occurs inside the cavity. Our
design of the vertically split, polygon-shaped cavity
for implementing well-textured YBCO to the inner
surface allows us to test the possibility of constructing
superconducting resonant cavities which could be used
in a strong magnetic field. We demonstrate that it is
possible to fabricate a cavity with YBCO inner surface
to maintain a high Q-factor even up to 8 T. This result
could enable to remove a significant limitation of SRF
with a magnetic field in many areas.
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Abstract—We report results of our development of two types 

of microwave amplifiers based on Superconducting quantum 

interference devices (SQUIDs) for CAPP (Center for Axion and 

Precision Physics Research) axion search experiments. The first 

amplifier, Microstrip SQUID Amplifier (MSA) has a wide 

bandwidth. Power dissipation in resistive shunts results in a 

device overheating and limits the MSA performances. A thermal 

models of shunt cooling processes is developed and 

recommendations for a future design is provided. The second 

amplifier, Josephson Parametric Amplifier (JPA), at limited 

bandwidth showed a low noise near the standard quantum limit 

(SQL) of 196 mK. Implementation of a JPA in CULTASK 

(CAPP’s Ultra-Low Temperature Axion Search in Korea) 

experiment is planned in the end of 2019.  

Keywords—axion; SQUID; MSA; RF amplifier; JPA 

I.  INTRODUCTION  
Superconducting quantum interference devices (SQUIDs) 

can work as microwave amplifiers with noise temperatures 
close to the standard quantum limit (SQL), TSQL = hf/kB ≈ 48 
mK per 1 GHz. This is why microwave superconducting 
amplifiers (MSA and JPA) have been chosen for axion search 
experiments, for instance, in the axion dark matter experiments 
or ADMX [1]. 

II. WIDEBAND MSA 
Usual MSAs have a narrow bandwidth due to a microstrip 

resonant input coil [2]. In a collaboration with KRISS, 
Daejeon, Korea, a number of MSAs were developed and 
showed good performance [3].  Usage of narrowband 
amplifiers requires a consecutive replacement of the SQUIDs 
in order to scan a wider frequency range. This procedure 
demands a lot of time and effort because a large mass of 
hardware has to be thermally cycled from well below 1 K to 
room temperature and back. Wideband MSAs overcome this 

issue. Thus, we designed such amplifiers using Josephson 
junctions with very low capacitance such as the cross-type sub-
micron size Josephson junctions, which were used recently for 
the fabrication of new families of SQUID current sensors with 
very high flux to voltage transfer functions [4]. Earlier, a 
SQUID current sensor with 30 pH SQUID loop inductance and 
12-turn input coil was tested as a microwave SQUID amplifier 
in a 0.5–5 GHz frequency range [5]. It has asymmetric voltage 
vs. flux curves with different steepness. When the working 
point is positioned on the steeper side of the voltage-flux curve 
the gain exceeds 15 dB in 0.7–1.4 GHz range and 20 dB in 
narrow microstrip resonance at about 4.8 GHz. The other less 
steep side of the voltage-flux curve shows only wideband 
amplification with gain up to 25 dB at 1.4 and 2.1 GHz 
exceeding 15 dB in 1.1–2.4 GHz range. Three types of MSA 
with different numbers of turns of the input coil have been 
successfully tested. 

III. MSA SHUNTS OVERHEATING 
An MSA, as a regular SQUID, has resistive shuts RSH 

connected in parallel with each Josephson junctions to avoid 
hysteresis. During operation dc bias current flows through the 
shunts resulting in Johnson heating. To provide a high 
amplification, wideband MSA should operate at a relatively 
high bias current of 30-100 μA and dissipation can 
significantly limit other MSA performances. The dissipation 
PSH can be estimated as PSH=(1/2)I2RSH and for different 
MSAs lays in a range of 0.1-50 nW.  

The Johnson heating of the shunts can significantly heat 
their electron temperature because thermalization at sub-Kelvin 
temperature is complicated. Thermal isolation appears because 
of weak electron-phonon interaction in the normal metal shunts 
and Kapitza thermal resistance between shunts and the MSA 
silicon substrate thermally being connected to the mixing 
chamber of the dilution refrigerator. To understand the thermal 



Microstrip SQUID Amplifiers

Principe of operation: (a) schematics, (b) dV/dФ transfer coefficient
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MSAs from Yong-Ho Lee, KRISS: 
World’s first at 2.2-2.5GHz, 2016 

Andrei Matlashov
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RF-amplifiers and CAPP

• KRISS delivered first functional MSA at >1GHz, 2016

• Private companies sprung up producing MSAs, JPAs

• Quantum computing is fueling the development. Single photon 
detection is possible on the bench!

• “She/he who controls this technology rules!”



Broadband MSAs: 
CAPP collaboration with IPHT, Germany 
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Josephson Parametric Amplifier at 2.3 GHz
JPA were provided by RIKEN/Univ. of Tokyo

• Reasonable gain and tunability to about 50 MHz

Axion Dark Matter

behavior of the MSA, we have created thermal models of shunt 
cooling processes.  The most significant impact to the thermal 
resistance of the shunt cooling pass is made by electron-
phonon decoupling in shunts. Our MSA shunts have a size of 
10×12×0.07 µm3. To increase heat exchange, the volume of the 
shunt should be increased. Results of our modeling is shown on 
the Fig.1 for two different substrate temperatures. Shunt 
temperate for actual shunt size is shown with red lines. Blue 
and green lines represent shunt temperature in the case ×10 and 
×100 times shunt volume increase. The operating current of our 
MSA lies in the range of 70-80 μA, which corresponds to a 
shunt temperature of about 1.1-1.15 K. 

 

Fig. 1. Dependence of shunt temperature on MSA current for 3 different 
shunt volumes at temperatures 0.1 K. 

IV. MSA LOW FREQUENCY CHARACTERISATION 
Noise temperature measurement is the final characterization 

of the MSA noise properties at GHz frequency. In the case of 
amplifier development doing this measurement can be difficult 
because non-optimal MSA parameters lead to self-heating and 
drifting of the operation frequency. To simplify tests we used 
an indirect method: MSA noise characterization at low 
frequency. 

In the experiment we measure the dependence of low 
frequency noise of the MSA vs position on the operating point 
on flux-to-voltage characteristics at different dc bias currents. 
Fig.2 shows the dependence of low frequency (about 3 kHz) 
white noise on temperature at four different SQUID bias 
currents. As one can expect, the noise is going down with 
cooling until a certain temperature, about 1.1-1.2 K. It reflects 
that the self-heating of the shunts prevents further cooling. The 
experimental saturation temperature is close to the theoretical 
prediction from section III, which confirms our shunt 
overheating model is adequate. 

 

Fig. 2. Dependecies of MSA low frequency noise on substrate temperature 
for 4 different SQUID currents. 

V. JPA 
The JPA we are developing has a narrow bandwidth but 

because of its low noise can provide significant acceleration of 
the axion frequency scan experiment.   Design of the JPA and 
test setup resembles [6]. The JPA we tested has a central 
resonance frequency around 2.3 GHz (Fig. 5). The JPA pump 
frequency is twice of the resonance frequency. The relation 
√G·BW=const, where G and BW are the power gain and 
bandwidth, allows us to choose an optimal relation between 
those parameters by choosing the pump power of the amplifier 
(Fig.3). 

 

Fig. 3. Lorentzian gain band with a resonance frequency of about 2.3 GHz. 
The bandwidth is about 205 kHz. 

 

 

Fig. 4. Dependence of the JPA resonance frequency on dc flux bias. Red 
lines show that the operating frequency range is about 30 MHz. 

To operate a narrow bandwidth JPA in a wider frequency 
range, we adjust its resonant frequency using dc magnetic field 
of a special coil [6]. Based on the requirements of low noise 
and sufficient amplification, the bandwidth of our amplifier can 
be adjusted in a range of 30 MHz (red lines on the Fig.4).  

The noise characteristics of the JPA were tested with a 
resistive noise source on the device input. The dependence of 
the noise PSD (power spectral density) on the temperature of 
the noise source for two different frequencies are shown on the 
Fig. 5. The system noise temperature Tsys for frequencies 
foffset=f-fp/2 equal to -30 and -20 kHz were 218 and 195 mK, 
correspondently. Here fp is the pump frequency. 

 

 

Fig. 5. PSD dependence on the temperature of 50Ω noise source for a 2.3 
GHz JPA. The green line corresponds to the resistance noise PSD 
including quantum fluctuation corrections. 

The dependence of the noise temperature measurement 
results is shown in Fig. 6. The lowest noise temperature for our 
JPA was 196±6 mK. 

 

Fig. 6. Frequency dependence of the system noise temperature for 2.3 GHz 
JPA.  

VI. CONCLUSIONS 
 In the report we presented two superconducting amplifiers 
for CULTASK experiment. The MSA showed a wide 
bandwidth and its noise characteristics can be improved by 
increasing the resistive shunt volume. The JPA showed an 
excellent noise temperature of 196 mK and will be 
implemented in the experiment in the Autumn of 2019. 
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JPA results at 2.3 GHz

• Quantum noise limit (QNL): 50mK for every GHz
• Noise level of this JPA a little over the quantum limit
• Next JPA at 2.3 GHz was measured to be at QNL

Axion Dark Matter
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• Center for Axion and Precision Physics 
Research (CAPP)

• Established in Oct. 2013

• Completion of infrastructure
• 7 low vibration pads for parallel experiments
• Several refrigerators and SC magnets

• Constructing experiments
• Accomplished all technical challenges

• Described in numerous publications in literature
• Three experiments in DAQ mode in 2019

Axion Dark Matter Search at IBS/CAPP

Refrigerator

Manufacturer Model TB [mK]

BlueFors (BF3) LD400 10

BlueFors (BF4) LD400 10

Janis HE-3-SSV 300

BlueFors (BF5) LD400 10

BlueFors (BF6) LD400 10

Oxford Kelvinox* 30

Leiden DRS1000 100

Oxford Instr. Kelvinox 30

Magnet

Manufacturer Bmax [T] Bore [mm]

Cryo Magnetics 9 125

AMI 8 125

AMI 8 165

SuNAM 18 70

Oxford 12 320

BNL Magnet Div. 25 100

Experiment

Name

CAPP-9T MC

CAPP-8T (PACE)

CAPP-8TB

CAPP-18T

CAPP-12TB

CAPP-25T

Operating several experiments targeting 
different axion mass ranges in parallel.

* The Kelvinox refrigerator will be reused for CAPP-25T

IBS/CAPP, 2019



Enhancing the scanning rate

Axion Activities at IBS/CAPP

High field HTS Magnet (B)
Boosting a→γγ conversion rate

Axion-photon conversion
(Sikivie’s method)

Cryogenics (T)
Lowering thermal noise

Microwave resonator (V,C,Q)
High frequency / high Q factor

Quantum noise limited amplifier (T) 
Amplification w/ noise squeezing

(U. of Tokyo & RIKEN)

RF readout chain

!!
df
dt
~B4V 2C2QLTsyst

−2

Functional JPA  w/ in-house expertise 

Pizza cavity 
for high frequency
Phys. Lett. B 777 412 2018

HTS 25T/100mm
w/ BNL 

(funding limited)
IEEE T. Appl. Supercon. 29, 5 (2019) 

LTS 12T/320mm 
(Oxford Instr., 2020)

SC (YBCO) cavity 
under high B field

Arxiv: 1904.05111

JPA from RCAST

JPA gain measurement:
20 dB @ 2.3 GHz

IBS/CAPP, 2019



IBS/CAPP Prospects
• All the ingredients together, we will reach the DFSZ sensitivity even for 

10% axion content in the local dark matter halo.

9T SC 
magnet

1 K pot

He-3 pot

Pizza 
cavity

CAPP-PACE CAPP-9T MCCAPP-8TB CAPP-12TB CAPP-25T

By 2021 2021 and beyond

• Cu cavities are assumed
• W/ SC cavities, down to 10% of axion dark matter content can be probed

IBS/CAPP, 2019



Summary 
• Axions are part of the Strong CP-problem.  They are also 

excellent dark matter candidates.

• IBS/CAPP: multiple exps. in parallel, QNL amplifiers, High-
frequency/High-efficiency resonators, SC cavities

• IBS/CAPP will probe 1-10 GHz within the next five years 
down to DFSZ hadronic axion models. Next 10-20 GHz.

• When all is put together we will probe axions down to 10% 
of local dark matter halo.


