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• Originated from the early universe

• Form part of the galactic dark matter halo

• Expected to interact very weakly with ordinary 
matter and radiation

• Predicted as abundant, long life, low energy within 
spread for orders of magnitude (meV-eV)

• Could be detected in Haloscope resonant cavities 
by converting axions into photons under a strong 
magnetic field

Dark Matter Axions hypothesis
Axion-photon coupling
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Axion haloscopes in MW

Dark Matter Axion Detection

B

We want cavities of high Q at high magnetic fields B:  Q Rs

High Temperature Superconductors (HTS) can be ideal materials
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Superconductors

MW

Vortices under Microwave radiation

𝑅𝐵𝐶𝑆 ≅ Deduced from BCS formalism
𝑅𝑟𝑒𝑠 ≅ Contribution from impurities and defects
𝑹𝒗𝒎 ≅ Losses induced by vortices 

S𝐮𝐫𝐟𝐚𝐜𝐞
𝐑𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞

𝑅𝑠 𝐻𝑀𝑊, 𝐵, 𝑇 = 𝑅𝐵𝐶𝑆 𝐻𝑀𝑊, 0, 𝑇 + 𝑅𝑟𝑒𝑠 𝐻𝑟𝑓, 0,0 + 𝑹𝒗𝒎(𝑯𝑴𝑾, 𝑩, 𝑻)

𝝂𝑴𝑾 < 𝝂𝒅𝒆𝒑𝒊𝒏𝒊𝒏𝒈 APC modulate dissipation

Metallic conductor
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Superconducting operational limits: HTS

c

YBCO
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BZO

BZOBZO

BZO

BZO
(epitaxial)

BZO
BZO

Oxide, brittle, anisotropic

Oriented growth is mandatory

HTS REBCO

Nanocomposites:

Very efficient APC

T. Puig et al, Nat Rev Phys (2024)

HTS

LTS

Superconducting 
CuO2 planes

, RE

S. Kang, Science 311 (2006)

L. Soler, T. Puig et al, Nat Comm (2020)
A. Llordes, T. Puig et al, Nat Mat (2012)
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HTS Coated Conductors
Tc ≈ 92 K , Hc2 (4.2K) > 100 T,  Hirr (4.2K) > 60 T

Ic(20T,4.2K)= 1000-1600 A/cm-w

in km length

 I(B)  Rs(B) at MW

20 years of R&D

HEP: HTS Magnets > 20 T (4.2 K- 20 K)
FCC-hh, muon collider, test magnets …

Feather M2 HTS dipole accelerator magnet

L. Rossi et al, Instruments (2021)

HEP: HTS coatings for  Q cavities
Beam screen FCC-hh, RADES, linear collider,
muon collider, …

J. Golm et al, IEEE TAS 
(2022)

RADES cavity

Substrate

Buffers

The evolution to the present wires and tapes

Bi2212
Powder-In-Tube wire

Bi2223 Powder-In-Tube tape

Y123 Coated Conductor

Darwin’s finches
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HTS Coated Conductors response to MW: Surface resistance

7
𝝂𝒅𝒆𝒑𝒊𝒏𝒊𝒏𝒈 𝟒. 𝟐 − 𝟕𝟕 𝑲  𝟐𝟎 − 𝟒𝟎 𝐆𝐇𝐳

• 8 GHz dielectric resonator

• Operating in the 𝐓𝐄𝟎𝟏𝟏 mode 

MW Range 1-10 GHz very much unexplored
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T. Puig et al, Supercond. Sci. Tech. (2019), A. Romanov, et al. Scientific Reports (2020)
A. Abada et al, Europ. Phys. J.- Special topics 228 (2019)

HTS is a very good replacement of Cu in MW cavities
( Rs  Q)

x 8

w/ APC

w/o APC8 GHz
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FCC-study
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Technology developements

8

Under synchrotron radiation

Under B for 16  T system

Under B for both 9 T and 16  T system

Frequency (GHz)

Parallel plate resonators Dielectric resonators

Multimode cavity (6.5, 8, 10 GHz)

16 T system with 50 mm useful bore 
adapted to MW measurements
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HTS coating of the beam screen of FCC-hh study

Surface to coat

Surface to coat

The evolution to the present wires and tapes

Bi2212
Powder-In-Tube wire

Bi2223 Powder-In-Tube tape

Y123 Coated Conductor

Darwin’s finches

HTS bottom
surface

HTS top surface

Metallic
substrate

Scalable HTS coating technique based on 
CC soldering and substrate delamination

Incorported in FCC-hh Conceptual Design Report

Full study on:
Field quality
Beam impedance
Synchrotron radiation effects
Photodesorption
SEY
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Machinery for reproducible coatings

Pre-tinning

Soldering

Substrate 
extraction

Adapting to curved surfaces high MW power (1.6 kW) 
11.5 GHz

x 100  improvement
compared to Cu at 4.2 K
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HTS coating of RADES cavity for Dark Matter Axions search

J. Golm et al, IEEE TAS 32 (2022)

TE111

2nd REBCO cavity

Cu cavity

1st REBCO cavity

Nb3Sn LTS cavity

4.2 K

x 2

x 6

Continue adaptation to curved surfaces

Critical bending radius for CC

Choice of  CC w/ APC

Design of a cavity for HTS coating

9 GHz - ma  36 eV

V=0.03 L 

Q0 ~ 3.3x105 @ 8T, 4.2 K (6.9 GHz) -8 x Qcu

Q0 ~ 1.3x107 @ 8 T, 150 mK (5.4 GHz) -200 x Qcu

D. Ahn et al, Phys Rev Appl 17 (2022)

Q0 ~ 8x104

Q0 ~ 2.4x105
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Measurements at SM18 at CERN

RADES results on Axion search with HTS coating in 
a 11 T magnet

S. Ahyoune et al, submitted to JHEP

Essential aspects:
Quality factor
Coupling
Amplification
Temperature stability
Analysis procedure

• Axion-photon coupling outperforms CAST limit x 100 and previous RADES results x 3
• An Axion-photon coupling strength limit, ga  1.27 x10-13 GeV-1 is set
• No excess in the signal hinting to an Axion-like particle was found at

36.5824 eV < ma < 36.5848 eV
• Next experiments schedule for Sept. 24 with new HTS cavities

11.7 T dipole magnet
1.9 K
8.84 GHz  573 kHz
27h



T. Puig –AstroHEP-2024           / 1413

Quatum limit of LA

Shot noise

Single-photon detector (SPD)

vs Linear Amplifier (LA)

DQ 
LF

DQ 
HF

DarkQuantum

• Single-photon detectors
• Ultra-cryogenics
• HTS coating
• Magnonics for tuning
• Machine learning for quantum sensing

Synergy Grant, Starting Sept. 24
Coord. I.G. Irastorza (CAPA)

8-18 GHz200-500 MHz

BabyIAXO
(250 – 450 MHz/ 1 – 2 µeV )

(9 GHz / 36 µeV )

RADES

(8-9 GHz )

https://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiSydm4_MHbAhXCvhQKHVQpA0sQjRx6BAgBEAU&url=https://erc.europa.eu/managing-your-project/communicating-your-research&psig=AOvVaw3FKYgDkr27kq0I37R0hfHn&ust=1528475324887615
https://www.google.es/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwiSydm4_MHbAhXCvhQKHVQpA0sQjRx6BAgBEAU&url=https://erc.europa.eu/managing-your-project/communicating-your-research&psig=AOvVaw3FKYgDkr27kq0I37R0hfHn&ust=1528475324887615
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CONCLUSIONS

14

• The search for Dark Matter Axions is a challenging study but
halloscope cavities operating at high magnetic fields can help

• HTS enhances the sensitivity (Q factor) of resonant cavities at
high magnetic fields

• A robust coating technology adapted to complex surface is being
developed

• Cooperation between HEP and HTS may lead to new leaps in
technology

MPP-Garching, GE,  May 2024
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Vortex mixed state

FL
I

vortices
𝑭𝑳 = 𝑱 × 𝑩𝑭𝑳 = 𝑱 𝒄 × 𝑩 = 𝑭𝑷

condensate

quasiparticle

Type II

Irreversibility
Line

Jc0 Jc=0

0

Nanoengineering
Artificial Pinning Centres 
(APC)

Vortices under Microwave radiation

Vortices are pinned
in defects

𝑅𝐵𝐶𝑆 ≅ Deduced from BCS formalism
𝑅𝑟𝑒𝑠 ≅ Contribution from impurities and defects
𝑹𝒗𝒎 ≅ Losses induced by vortices 

S𝐮𝐫𝐟𝐚𝐜𝐞
𝐑𝐞𝐬𝐢𝐬𝐭𝐚𝐧𝐜𝐞

𝑅𝑠 𝐻𝑀𝑊, 𝐵, 𝑇 = 𝑅𝐵𝐶𝑆 𝐻𝑀𝑊, 0, 𝑇 + 𝑅𝑟𝑒𝑠 𝐻𝑟𝑓, 0,0 + 𝑹𝒗𝒎(𝑯𝑴𝑾, 𝑩, 𝑻)

𝝂𝑴𝑾 > 𝝂𝒅𝒆𝒑𝒊𝒏𝒊𝒏𝒈 APC cannot mitigate dissipation

𝝂𝑴𝑾 < 𝝂𝒅𝒆𝒑𝒊𝒏𝒊𝒏𝒈 APC modulate dissipation

MW
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S. Kang, Science 311 (2006)

J. McManus-Driscoll, Nat. Mat. 3, 439(2004)

Y. Yamada, APL 87(2005)

APC in HTS CC: Thick epitaxial Nanocomposites
Self-assembled nanorods induced by the strain 

Selvamanickam et al., IEEE TAS 21 (2011)<

c

YBCO
[010]

Epitaxial YBCO films even up to 3-4 m thick

Majkic, G. et al. SUST 33 (2020)

0 30 60 90 120 150 180 210 240
2

3

4

5

6

7

8

9

10

@ 77 K, 1 T

 

 

J c (
1 

T,
77

 K
) 

[k
A

/m
m

2 ]

Angle between field and c-axis [°]

 standard REBCO

 REBCO + BZO nanocolumns

c-YBCO

BZO

BZOBZO
(epitaxial)

BZO

(random)

(random)

BZO
(epitaxial)

BZO
BZO

T. Puig et al, Nat Rev Phys (2024)
L. Soler, T. Puig et al, Nat Comm (2020)
A. Llordes, T. Puig et al, Nat Mat (2012)
J. Gutierrez,T. Puig et al, Nat Mat (2007)
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T. Puig et al, Nature Reviews Physics (2024)

• Oxide material, brittle
• Critical doping levels
• Heavily anisotropic 

(c/ab 102-104)
• Single crystal type growth
• 20 years R&D

REBa2Cu3O7-x RE (Y, Rare Earth)

Superconducting 
CuO2 planes

HTS

LTS

Tc ≈ 92 K , Hc2 (4.2K) > 100 T,  Hirr (4.2K) > 60 T

Ic(0T,77K)= 350-750 A/cm-w,  Ic(20T,4.2K)= 1000-1600 A/cm-w 

The evolution to the present wires and tapes

Bi2212
Powder-In-Tube wire

Bi2223 Powder-In-Tube tape

Y123 Coated Conductor

Darwin’s finches

Cu ~ 20 m
Ag ~ 2 m

REBCO HTS ~ 1 – 3 m

Buffers ~ 0.2 – 1 m

Metallic Substrate 30 – 100 m

Coated Conductors (in km length)

Superconducting materials operational limits

Irreversibility
Lines
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Scalable HTS coating technique based on 
CC soldering and substrate delamination

Surface to coat

Surface to coat

G. Telles et al, Supercond. Sci. Technol 36 (2023)
N. Lamas, et al. (to be submitted)

Properties retained

The evolution to the present wires and tapes

Bi2212
Powder-In-Tube wire

Bi2223 Powder-In-Tube tape

Y123 Coated Conductor

Darwin’s finches

HTS bottom
surface

HTS top surface

Metallic substrate

T = 50 K, 𝝂 = 𝟖 GHz, H  coated surface

FCC Cu

CC 2

CC 4

CC 5

w/ APC

w/o APC


