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• Axions are very likeable 

• Very polpular

• (Presently out of stock)

[https://www.particlezoo.net/collections/all]
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• Clean up the strong CP problem


• Axion (-like particles) appear in many BSM theories! 

• String theories, GUT, SUSY


• Axions can be dark matter
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Axions as Dark Matter

3

• Axions follow Bose-Einstein statistics 
• Ensemble of light axions:  

 macroscopic, wave-like behaviour 
• Acts as cold dark matter 

• ma > 10-22 eV  
 otherwise no structure formation possible 

• ma < 2·10-2 eV from neutrino flux of SN1987A
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• Assuming all of DM is QCD Axions: Predict it’s mass 
• Depends on production mechanism 
• Generation in strings and domain walls  

• Computationally difficult:  
• no ab initio calculation possible  

➡ model dependent results
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• Assuming all of DM is QCD Axions: Predict it’s mass 
• Depends on production mechanism 
• Generation in strings and domain walls  

• Computationally difficult:  
• no ab initio calculation possible  

➡ model dependent results
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Physics results from the CAST-RADES run published

 J. High Energ. Phys. 2021, 75 (2021) 

https://github.com/cajohare/AxionLimits
https://arxiv.org/abs/2104.13798
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Axion detection in RF cavities

4

• Axion conversion to photons in B-field 
• Using RF resonators to enhance the signal 
• Sensitivity: ~µeV - meV

• Several magnitudes in frequency 
• Various designs of resonators & DAQ 
• Many experiments!

Need to tune the cavity over a vast 
frequency range

22

• Typ signal power: 10-24W
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Axion detection in RF cavities

5

• Up to 14T magnets in use 
• Up to 20T envisioned 

• Larger fields - smaller volume

• Volume limited by  
• Magnet aperture 
• Resonance frequency  
• Tuning elements

• Depends on cavity material:  
• High purity copper: ~5ᐧ104 

• Superconducting:  difficult in high magnetic field! 
• Target:    106  
• Demonstrated:  3ᐧ105 (CAPP, non tunable) 

• Materials under study: Nb3Sn, HTS materials (YBCO)
<latexit sha1_base64="i+gu401l5F38jkEWWejX8OPvQrY=">AAACCnicdVDLSsNAFJ3UV62vqks3o0VwVZIo2u5K3bhswT6gScNkOk2HziRhZiKU0LUbf8WNC0Xc+gXu/BunaQsqemDgcM693DnHjxmVyjQ/jdzK6tr6Rn6zsLW9s7tX3D9oyygRmLRwxCLR9ZEkjIakpahipBsLgrjPSMcfX8/8zh0RkkbhrZrExOUoCOmQYqS05BWPG14qaTCFTiyiWEWw3rebntkO+rbnBIhz5BVLZrlatc4tG2bErixJtQqtspmhBBZoeMUPZxDhhJNQYYak7FlmrNwUCUUxI9OCk0gSIzxGAelpGiJOpJtmUabwVCsDOIyEfqGCmfp9I0Vcygn39SRHaiR/ezPxL6+XqGHFTWkYJ4qEeH5omDCoI896gQMqCFZsognCguq/QjxCAmGl2yvoEpZJ4f+kbZety7LVvCjV6os68uAInIAzYIErUAM3oAFaAIN78AiewYvxYDwZr8bbfDRnLHYOwQ8Y71+jmJpB</latexit>
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from TTI [7].
In order to be able to measure the quality factor in this
configuration a switch was necessary to bypass the low noise
amplifier. The signal from the critical coupled port goes from
the switch to one port of a vector network analyser while the
weakly coupled port goes directly to the device.
The magnet bore was filled with liquid helium which has a
dielectric constant of 1.049343 at 4.2K [8]. The insertion into
a dielectric de-tunes our cavity and results in a resonance
frequency of about 8.8GHz during data-taking. Fig. 5 shows
the experimental set-up. Two cavities were installed at the
same time in the magnet bore of 54mm diameter. The bottom
cavity was the Nb3Sn coated cavity and the top one the HTS-
tape cavity. A Hall sensor was attached onto the bottom cavity
in order to align the cavity with the magnetic field.

Fig. 5: Schematics of the experimental set-up for the quality
factor measurements and axion data taking in a 11T magnetic
field at CERN.

V. RESULTS

The quality factor for each cavity was calculated from the S-
parameter measurements with a vector network analyser using
the 3dB method to determine Ql:

Ql =
f0

�f3dB
, (2)

where f0 is the frequency of the maximum amplitude and
�f3dB the bandwidth at - 3 dB. The coupling of the strongly
coupled port was determined using the reflection parameters.
During the measurement in liquid helium we observed a fast

frequency drift which interfered with the Q measurement and
suspect pressure fluctuations to be responsible for this shift.
For each measurement we recorded a frequency range of
2MHz measuring 10 001 points in this range. The frequency
sweep took about 6 seconds and the drift in the frequency
within this time is reflected by the error bars of the Q values
in Fig. 6. The magnetic field was ramped up in 1T steps with
a speed of 10A/s(about 1000 Ampere per Tesla). Afterwards
the field was kept constant for 10 minutes and the quality
factor of both cavities was measured. The results for the
Q0 of both cavities are shown in Fig. 6. The quality factor
of the HTS tape cavity remained almost constant between
60 000 and 80 000 up to 11.6T, while Nb3Sn decreased
considerably and performed worse than our copper reference
cavity above 3T.Investigations about this behaviour are
ongoing. The HTS cavity outperformed the copper cavity by
50% in quality factor and increased the sensitivity of our
axion data-taking. These physics results will be the object of
a separate publication.

Fig. 6: Results of quality factor measurements with the cavity
immersed in liquid helium.
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The Mainz Setup

6

14T solenoid 
magnet 

(existing)

8.4 GHz cavity 

Cryo LNA (36dB)

Cavity supportlHe Cryostat

→ to vacuum He return ←

lHe feed →
← lN2 feed

Cryo circulator

LNA (25dB)

← signal injection
→ to spectrum analyser

Cryo Attenuators

Cryo switch

Sample tube

• Magnet: 
• Thanks to D. Budker’s group at HIM 
• Bore: 89mm 
• Inner cryostat diameter: 50 mm

• Cryo Preamp @ 4K, 10GHz:  
• Gain:  36 dB 
• Noise:   3.6K (0.05dB)

• Isolator (Circulator) before Preamp 
• Reduction of residual RF reflection 

• DAQ system complete 

• Cryostat delayed
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Cavity Design
• Custom tailored cavity to fit into the cryostat

• Manufactured from high purity copper

7
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Cavity - Comparison to Measurement
• Cavity characterised at room temperature: 

• Good agreement with simulation 

8

• Δf (meas - sim) = 5.4 MHz


• Q0 (meas / exp) = 16300 / 18000

• Expecting factor 4 improvement at 4K: 

• Q0,4K = 65k
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Real Time Data Acquisition

9

4K

Room temp

PCTektronix RSA518

•  RSA: 

•40 MHz realtime bandwidth 

• (10 MHz used)


• IQ data streamed to PC

•Continuous readout

Real Time 
Spectrum Analyser

25 dB pre-amp

integrated in RSA

36 dB cryo pre-amp

cryo isolator

Cavity

•  Software (C++): 

•Realtime conversion to frequency domain

•1 kHz readout bandwidth


•Stacking of 2 second blocks 

•Storage of spectra in root format

•  Analysis: 

•Python based

•Alignment & integration of spectra

•Gain curve elimination 

•Cavity resonance curve:  fit and subtraction 

•Analysis of residual 
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Status of the DAQ commissioning
• Noise structure of RSA and cryo pre-amp:

• Measured with input terminated with 50Ω


• Yields gain curve of DAQ chain

10

• 10 MHz readout window around 8.47 GHz

• Measurement at room temperature

• 1h integration time


• Noise structure stable over ~days

• Cryo-PreAmp does not add additional fine 

structure


• Variations in noise / gain:

• Small scale: ~ 0.2 % 

• Full range min-max: < 0.8% 

A RADES 
experimentWork of Tim Schneemann
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Status of the DAQ commissioning

11

• Noise evolution over time

• Integration of noise signal 

• Expect 1/√t reduction of RMS of 

spectrum with integration time


• Manufacturer software: 

• Discontinuous shape


• Custom readout software: OK
Automatic changes of settings
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Status of the DAQ commissioning
• Cavity noise signal (room temperature) 

• 1.44 times larger than pedestal

12

• Frequency drifts 

• Up to 175 kHz in 1h, < 0.1 kHz in 2s 

• Attributed to temperature drifts


• Mitigation:

• During integration: shift frequency axis of 

every 2 sec block to keep cavity peak 
position const. 

A RADES 
experiment
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Gain divided data
Raw data

Data Analysis

13

• Basic approach: 


• Integration 


• Division by gain-curve


• Cavity signal well described by Lorentz 
function


• Residual < 10-3 at peak


A RADES 
experiment

a.
u.

 li
ne

ar
 s

ca
le



Kristof Schmieden

Gain divided data
Raw data

Data Analysis

13

• Basic approach: 


• Integration 


• Division by gain-curve


• Cavity signal well described by Lorentz 
function


• Residual < 10-3 at peak


A RADES 
experiment

a.
u.

 li
ne

ar
 s

ca
le

Gain divided data
Lorentzian fit

a.
u.

 li
ne

ar
 s

ca
le



Kristof Schmieden

Gain divided data
Raw data

Data Analysis

13

• Basic approach: 


• Integration 


• Division by gain-curve


• Cavity signal well described by Lorentz 
function


• Residual < 10-3 at peak


A RADES 
experiment

a.
u.

 li
ne

ar
 s

ca
le

Gain divided data
Lorentzian fit

a.
u.

 li
ne

ar
 s

ca
le

a.
u.

 li
ne

ar
 s

ca
le



Kristof Schmieden

Data Analysis - signal injection

14

• Axion signal injected into readout data

• 1% of cavity thermal noise amplitude


• Subtraction of Lorenzian fit from 
corrected spectra

• Removing cavity structure


• Peak finding in residual histogram

A RADES 
experiment
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Expected Sensitivity

15

• First data taking at LHe temperature, non-taxable cavity

A RADES 
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• First data taking at LHe temperature, non-taxable cavity
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Kristof Schmieden

Outlook

• Magnet and Cryostat operational in Q4

• First physics data taking in December

16

• Fast turnaround times: 

• Cavity installation & cool-down: 1/2 day

• Good setup for cavity R&D

• Study superconducting cavities: 

• Within the RADES collaboration 

• Study behaviour of SC cavities in 14T B-Field

• First SRF cavity expected for Q4 measurement

• Tunable cavities

• Design of tunable cavity ongoing

• First physics result at fixed frequency early 
next year

A RADES 
experiment
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RADES Activities

18

• Physics results from the CAST-RADES run published

 J. High Energ. Phys. 2021, 75 (2021) 

• More data collected the CERN’s SM18 magnet 
facility: 

• Data analysis ongoing

• Development of new cavities & readout for 
the BabyIAXO setup

A RADES 
experiment

• https://arxiv.org/abs/2204.11919

• https://arxiv.org/abs/2110.01296

• https://arxiv.org/abs/2111.14510

Figure 8.

Observed (solid black line) and expected (dotted red line) of AUL (in units of normalized

power excess) for 95% CL and the 1, 2 and 3 � bands for the background-only hypothesis.

Figure 9. Axion-photon coupling versus axion mass phase-space. In dark red the CAST-RADES
axion-photon coupling exclusion limit with 95% credibility level presented in this manuscript. The
coupling-mass plane is shown in natural units for consistency with most literature in the field. Other
haloscope results: RBF [46], UF [47], ADMX and ADMX-SideCar [23, 24, 45], CAPP [26, 28],
HAYSTAC [25, 37], QUAX [34, 35] and ORGAN [36] and the CAST solar axion results [30] are
plotted for comparison, see [48] for a full list of references and the raw source for the plot. Inset:
Zoom-in of the parameter range probed in this work (34.6738µeV < ma < 34.6771µeV), where the
green region represent the uncertainty of the measurement.
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https://arxiv.org/abs/2104.13798
https://arxiv.org/abs/2204.11919
https://arxiv.org/abs/2110.01296
https://arxiv.org/abs/2111.14510
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Data Analysis - signal injection

19

• Axion signal injected into readout data

• 1% of cavity noise amplitude

• Alternative approach:

• Two measurements of same length: 

signal (B-field ON), ref (B-field OFF)


• Subtraction of corrected reference from 
corrected signal spectra

• Removing cavity structure


• Peak finding in residual histogram

Fit subtracted

Reference spectrum subtracted

A RADES 
experiment

Subtraction of Lorentzian fit 

Subtraction of reference run
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• Subtraction of corrected reference from 
corrected signal spectra

• Removing cavity structure


• Peak finding in residual histogram

Fit subtracted

Reference spectrum subtracted

A RADES 
experiment

• Comparable results

• Reference spectrum 

subtraction slightly preferable

Subtraction of Lorentzian fit 

Subtraction of reference run


