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Top: limits from cajohare.github.io/AxionLimits/docs/ap.html
Bottom: Theory plot adapted from Javier Redondo’s talk at TAUP 2021, reproduced with permission

https://cajohare.github.io/AxionLimits/docs/ap.html
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Top: limits from cajohare.github.io/AxionLimits/docs/ap.html
Bottom: Theory plot adapted from Javier Redondo’s talk at TAUP 2021, reproduced with permission

Goal: Search 𝑚𝑚𝑎𝑎 =  124 − 248 𝜇𝜇𝜇𝜇𝜇𝜇  @ DFSZ sensitivity

https://cajohare.github.io/AxionLimits/docs/ap.html
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Decreasing volume
A cavity haloscope converts 𝑚𝑚𝑎𝑎 → 𝜈𝜈𝑎𝑎 = 𝑚𝑚𝑎𝑎𝑐𝑐2/ℎ

C. Boutan, et al., Phys. Rev. Lett. 121 (2018)
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Dielectric Fabry-Perot Cavity
𝑑𝑑~𝑚𝑚λ/2 

𝑑𝑑 

PTFE/
Sapphire 
stack

𝑛𝑛1𝑑𝑑1~𝑛𝑛2𝑑𝑑2~
λ
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Why a dielectric Fabry-Perot Cavity?

At the optimum design frequency, 𝑉𝑉𝑚𝑚 = 8
𝜋𝜋
𝑐𝑐 𝑤𝑤2

𝜈𝜈𝑎𝑎

1) Favourable 𝑉𝑉𝑚𝑚 scaling with 𝜈𝜈𝑎𝑎

Measurement 
time to scan 
𝑚𝑚𝑎𝑎 → 2𝑚𝑚𝑎𝑎

Cylindrical cavity
FP ∅ 50 mm
FP ∅ 150 mm
FP ∅ 300 mm

B=10T, Q=106
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2) High Q possible in this open
geometry

3) High B-field compatible
Dielectric Bragg mirrors
• All dielectric design – ultralow loss even in high B

field
• Large sapphire wafers available: 10-12 inch
• Less likely to crack under differential expansion

Other considerations: Frequency adjustment easy, relatively compact, broad tuning range, 
easy to model, simulate and measure electric fields.  
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2 inch prototype
8

Initial testing at 
room temperature 
and 4K.
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Measuring Quality factor at 4K
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A.Gregory, 10.47120/npl.MAT58 

Rate 𝑠𝑠−1 ≈ 5 × 10−4𝐶𝐶𝑎𝑎𝛾𝛾𝛾𝛾2 𝑄𝑄 𝑉𝑉𝑚𝑚𝐵𝐵2

Number of PTFE-Sapphire pairs = 10
𝑄𝑄000 = 1,213,000 ± 8000

𝑄𝑄000 = 1,253,000

∆𝑓𝑓
3dB level 𝑺𝑺𝟐𝟐𝟐𝟐 = 𝜞𝜞𝒔𝒔 + 𝒅𝒅

𝒆𝒆−𝟐𝟐𝟐𝟐𝜹𝜹

𝟏𝟏 + 𝒋𝒋𝑸𝑸𝒄𝒄𝟐𝟐
𝝎𝝎 − 𝝎𝝎𝟎𝟎
𝝎𝝎𝟎𝟎
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Increasing noise
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Increasing noise

S. K. Lamoreaux, et al., Phys. Rev. D 88, 035020 (2013)

Classical readout: linearly amplify signal and use a signal analyzer

Noise Power = ℎ𝜈𝜈𝑎𝑎(�𝑛𝑛 +
1
2 +

1
2)

𝜈𝜈𝑎𝑎
𝑡𝑡 𝑄𝑄𝑎𝑎

Noise from finite 
temperature

Zero-point noise from 
using a normal, 

Gaussian state of the 
cavity

Fundamental quantum  
amplification noise, 
related to zero-point 

noise of amplifier mode 

Standard Quantum Limit (SQL)

12
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Time to scan for 95% confidence limit 
𝑚𝑚𝑎𝑎 = 124 μeV → 2𝑚𝑚𝑎𝑎 = 248 μeV
(30 → 60 GHz) 
with 𝑄𝑄 = 106:

Implications for axion detection

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 8,600 years ×
1 𝑠𝑠−1

𝑅𝑅𝑎𝑎

2 1 
Efficiency

2

𝐵𝐵𝑒𝑒



Photon counting to beat SQL
𝑃𝑃Linear Amp. = ℎ𝜈𝜈𝑎𝑎(�𝑛𝑛 + 1)

𝜈𝜈𝑎𝑎
𝑡𝑡 𝑄𝑄𝑎𝑎

𝑃𝑃photon counting = ℎ𝜈𝜈𝑎𝑎
2𝜋𝜋𝜈𝜈𝑎𝑎𝜂𝜂 �𝑛𝑛
𝑡𝑡 𝑄𝑄𝑐𝑐

vs.

13

S. K. Lamoreaux, et al., Phys. Rev. D 88, 035020 (2013)

de tect orDetector

Time to scan for 95% confidence limit 
𝑚𝑚𝑎𝑎 = 124 μeV → 2𝑚𝑚𝑎𝑎 = 248 μeV
(30 → 60 GHz) with 𝑄𝑄 = 106:

𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 24 days ×
1𝑠𝑠−1

𝑅𝑅𝑎𝑎
1

Efficiency

From axion to 
photon converter
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Detecting photons with a single trapped electron
15

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472
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Step 1: Excite the 
axial motion

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472


Microwave photon

Detecting photons with a single trapped electron
15

Step 2: 
Absorption of 
microwave 
photon

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472
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Step 3: Excited 
cyclotron state

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472


Detecting photons with a single trapped electron
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Step 4: De-excite 
cyclotron motion

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472


Detecting photons with a single trapped electron
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Step 5: Detect 
axial motion

Detect axial motion

Details in J. A. Devlin et al., arXiv:2601.05472
See also similar ideas – 
A. Cridland et al., Photonics 3, 59 (2016).
X. Fan et al., Physical Review D 111, 075022 (2025).

https://arxiv.org/abs/2601.05472
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Detection efficiency: 

https://arxiv.org/abs/2601.05472
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Cryo infrastructure

• Dilution fridge installed October 2024
• Base temperature < 50 mK at 2T field
• Vibrations at sample space investigated

and found to be acceptable
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Takeaways
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• Fabry-Perot cavities has 
favourable scaling with 
frequency.

• High quality factor measured.
• Route to high count rates.
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Takeaways
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• Single photon counting
dramatically speed up 
high mass axion 
searches.

• Electrons in a Penning
trap can be used as single
photon counters.

• Able to load and control
small clouds of electrons.
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Cavity Modes
∆𝑓𝑓 𝑥𝑥 ∝ 𝐸𝐸𝑥𝑥(𝑥𝑥) 2

𝑥𝑥

𝑓𝑓~43 GHz

𝑓𝑓~44 GHz

𝑓𝑓~45 GHz



---

•-



Other detection options >30 GHz
Results

Projections

ORGAN

ALPHA

QDM lab (Univ. Western Australia)
Lead by Dr. Michael Tobar

MADMAX Big effort at DESY, lower ma 
initially

Frank Wilczek et al.

BRASS University of Hamburg
BREAD Cambridge/Fermilab, higher ma

“Magnetized mirrors”…

Plasma haloscope 

.. with dielectric boost

TEM00q Fabry-Perot
ORPHEUS Rybka et al. 

Dielectric cavities

https://cajohare.github.io/AxionLimits/docs/ap.html Many, more new ideas between 5-30 GHz



Single photon counters
Solid-state devices

A. Ghirri et al., Sensors 20(14), 4010 (2020)

M. Tada et al., Nuclear Physics B (Proc. Suppl.) 72 164 (1999)
M. Tada et al., Physics Letters A 349 6 488 (2006)

A. V. Dixit, et al., Phys. Rev. Lett. 126 141302 (2021)

Alternative AMO devices
CARRACK I & II Rydberg atoms

Good performance, ultimately effort was not sustained. 
Now Rydberg Axions at Yale (RAY) D. Speller, & S. Ghosh



Detection and exclusion efficiency
Detection efficiency

3.8%

Exclusion efficiency

30 %



Projected scan time

Photon counting 
efficiency

Time to scan 
𝑚𝑚𝑎𝑎 → 2𝑚𝑚𝑎𝑎

Photon emission 
rate

𝑡𝑡𝑠𝑠 =
3 log(2)

𝑅𝑅𝑎𝑎η𝑡𝑡 log 1
𝑄𝑄𝑎𝑎

+ 1



≈

Fabry-Perot Cavity

𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑅𝑅𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝑇𝑇𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 = 1 0
−2/𝑓𝑓 1 ≈ 𝑅𝑅𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 1 0

−2/𝑅𝑅 1
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