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How time flies..

• Started working with Pierre Sikivie as a UF grad student in summer of 2002.
• Pierre proposed a “short” project analysing High Resolution data for ADMX..
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ADMX High Resolution Search, 2004 version
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The short project ends..

 .. In 2006.
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Caustic Ring Model

Later:

But this is Axions 2024!
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Axion-Electromagnetic Interaction

• Axion-EM interaction:

• 𝑔!"" is weak and model dependent.  QCD axion models:
o KSVZ: hadronic axion couplings
o DFSZ: grand unification, weaker couplings than KSVZ

• Weak couplings also make an excellent dark matter candidate!

𝛾

𝛾
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Axions as Dark Matter

• Signal expectation: 
ℏ𝜔 = 𝑚!𝑐" +

#
"
 𝑚!𝑣"

Mass unknown
↓

Tune!

• We don’t know the mass - need the ability to tune the frequency
• The signal is small – need to amplify
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Target Signal

Axion dark matter is “wave-like”: an oscillating field that permeates
all of space and interacts with the electromagnetic field

In the laboratory
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Frequency Range for Cavities

• Power:
𝑃! ∝ 𝜌!𝐵"𝑉𝑚!

• Frequency (~TM010 cylindrical cavity):

𝑓$#$ =
2.405
2𝜋 𝜇𝜖

1
𝑟

• Roughly r ~ 1 m gives a minimum f ~ 300 MHz

d

r
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LC Circuit Proposal

DM Radio
ABRACADABRA
ADMX SLIC
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Target Signal

Axion dark matter is “wave-like”: an oscillating field that permeates
all of space and interacts with the electromagnetic field

Weak axion interaction 
with EM fields modifies 
Maxwell’s equations, and 
results in an axion-
induced magnetic field:

∇×𝐵!=−𝑔𝐵$
%!
%&

 
with frequency ℎ𝜈 ≅ 𝑚!𝑐" 
.
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Target Signal

Axion dark matter is “wave-like”: an oscillating field that permeates
all of space and interacts with the electromagnetic field
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Resonant search for axion dark matter

Axion dark matter detection with an LC 
circuit and an OPM.  The axion-induced 
magnetic field, Ba, is perpendicular to 
the applied magnetic field, B0, and is 
amplified by the LC circuit.  The OPM 
sensitively detects the field from the 
output coil.
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o Based on lasers (pumping and probing) and 
alkali-metal (Cs, Rb, K) vapor cells 

o Manipulate electron spins for magnetic sensing 

 

Optical Quantum Sensor

𝜃

Manipulate one 
valence electron

Typical implementation of OQS:
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Optical Quantum Sensor

Pumping:

Polarize atomic spins
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Optical Quantum Sensor

Spin tilt:

Spin tilt proportional to field strength 
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Optical Quantum Sensor

Probing:

Detect magnetic field with probe beam

1 pT

1 fT

𝜃

𝜃

𝜽= light polarization 
rotation

𝜃

Linearly polarized 
Probe beam
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Prototype Development

Pickup in MRI magnet bore

Pickup coil Commercial OQS

Output coil

• Operates at room temperature
• Tunable



214//26/24 214/5/21

Prototype Development

• COVID-19, national LHe supply crisis..
• Prototype used commercial OQS system
• Sensitivity was determined by the OQS noise, which led to..

• Magnetometer development with aT/Hz1/2 sensitivity was successfully funded 
(20210254ER, “Most Sensitive Optical Quantum Sensor”, PI: Young Jin Kim, 
with Igor Savukov).  This magnetometer has broad applications, but was 
motivated to design the most sensitive LC axion search.

What sensitivity could we achieve with a quantum limited 
sensor?
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Novel approaches to reach the quantum noise limit (10 aT/Hz1/2 ): 

The Most Sensitive Optical Quantum Sensor

Longer probe beam path length 
à lower noise (higher sensitivity)

Highly uniform pumping 
à lower noise (higher sensitivity)
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Beyond the quantum limit: spin sqeezing could further reduce the noise
   (DOE HEP Seedling funding FY 23-25)
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LC Circuit with Quantum Limited OQS
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Final thoughts

• The axion interaction with electromagnetism, and unknown mass, leads to the 
use of tunable EM resonators for search and detection.
− Above ~300 MHz: RF cavity/haloscope receiver
− Below ~100 MHz: LC circuit receiver

• Searches below 100 MHz are being developed.  If successfully developed, a 
quantum limited OQS could provide a sensitive magnetometer, that is both 
tunable and operates at room temperature.

• The LC circuit idea has driven OQS development at LANL.  While motivated by 
axion searches, this technology has broader impact for wide applications in 
sensitive magnetic field detection.

 Acknowledgements:  Thanks to Young Jin Kim of MPA-Q at LANL for borrowed slides!


