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Axions

● Light pseudoscalar particles 
● Peccei-Quinn (QCD) Axion to solve the strong CP Problem
● Dark matter candidate
● Current experiments depend on cosmological assumptions
● Mediate spin-dependent forces between matter objects at 

short range
● Can be sourced locally

R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977)



QCD Axion 
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ARIADNE
Adapted from http://pdg.lbl.gov/2015/reviews/rpp2015-rev-axions.pdf
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Experimental Bounds

Current Experiments
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Dark Matter (post-inflation PQ phase transition)



Photons Nucleons Electrons
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ARIADNE

CouplingSource

Axion and ALP Searches
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Spin-Dependent Forces

mf σ
r

A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113, 161801 (2014)

● Different from an ordinary 
magnetic field

● Does not couple to angular 
momentum

● Does not obey Maxwell’s 
Equations

● Unaffected by magnetic 
shielding

Fictitious magnetic field

Monopole-Dipole Axion Exchange



NMR for detection

σr
mf

Beff

Spin ½ 3He 
Nucleus Bext

● Time varying B
eff

 drives spin precession

● This produces a transverse magnetization

● Magnetization can be detected using a SQUID 

A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113, 161801 (2014)



Experimental Setup
Laser Polarized 3He gas

SQUID pickup loop

Bext

Superconducting 
Shielding

Unpolarized tungsten
source mass 

Limit: Transverse spin projection noise

A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113, 161801 (2014)
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Constraints and Sensitivity
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Experimental 
Setup

● 11 segments
● 100 Hz nuclear spin 

precession frequency
● 2 x 1021 / cc 3He 

density
● 10 mm x 3 mm x 150 

µm volume
● Separation 200 µm
● Tungsten source 

mass (high nucleon 
density)



Hyperpolarized 3He
• Ordinary magnetic fields cannot be used to reach near unity polarization

• Metastability exchange optical pumping

Optical pumping techniques

M Batz,  P-J Nacher and G Tastevin, Journal of Physics: Conference Series 294 (2011) 012002
Rev. Sci. Instrum. 76, 053503 (2005)

Indiana U. MEOP apparatus
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Experimental Challenges

A. Geraci et al., arXiv.1710.05413. Submitted to Proceedings of the 2nd Axion Cavity and Detector Workshop (2017).
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Superconducting Magnetic Shielding

Meissner Effect

• No magnetic flux across 

superconducting 

boundary

Method of Images

• Make “image currents” 

mirrored across the 

superconducting boundary

Dipole with imageT > T
c

T < T
c

→ Essential to avoid Johnson noise
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The Problem of Unwanted Images

• ARIADNE uses magnetized 

spheroid

– Constant interior field

But want to drive entire sample on resonance

• Magnetic shielding 
introduces “image spheroid”

        Interior field varies

→ variations in nuclear            
Larmor frequency
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Flattening Solution

Sp
h

er
o

id

Symmetry1 coil
(circular)

• 1 coil – simple 
configuration

• Expected field from 
spheroid ~1 μT

• I on the 0.1 – 1 A 
range
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No cancellation

Gradient 

cancellation

Sample area

98 times flatter
I = 1.6 A

s
Frac

 = 0.17%

Gradient Cancellation

enabling T
2
 of ~100 s

Sample area
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Tuning Solution – “D” Coils

• Tune field with Helmholtz coils
• Helmholtz field only flat near the 

center
• Geometry restrictions prevent the 

spheroid from being centered in 
traditional Helmholtz coils

• Inner straight-line 
currents cancel

• Outer currents do not

One “D” coil and image (bird’s eye view)

• “D” coils look like 
Helmholtz coils when 
their images are included
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Sample Block Assembly
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Sample Field Uniformity and Shape Manufacturing
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● Need uniform field to 
drive on resonance

● Machining perfect 
ellipsoid is non-trivial

● Performing Tests and 
simulations of “elliptical” 
and “spherical” 
cross-sections



He-3 Delivery
System
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Helium-3 Transport

● Transverse magnetic gradients can couple to momentum eigenstates in 
diffusing 3He -> depolarization

● Gradient induced relaxation is the leading contributor to T1 less than 20 min. 

● T1 relaxation time on the order of 30 minutes gives a maximum allowable 
gradient of 3.6*10^-7 cm^-2
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Magnetometry on Motor
Fluxgate magnetometer
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Magnetometry 
on Motor



Rotational Stability System
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Speed Stability -Direct Drive Stage

Rotation speed control
8.3 Hz ~ 1 part in 10000

RMS ~ 1 part in 3000

● Optical encoder

● Current feedback control

Stage speed stability error – unloaded, in air

Allows utilization 
of T

2
 > 100s
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https://drive.google.com/open?id=1LOfbRm3rPVZGZ5z9wT0zPr3ymc26-t5G


Rotational Stability Characterization
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Fibers

● Fiber Optic Interferometers



Summary

● ARIADNE: Fifth-force axion search using NMR method 
○ Gap in experimental QCD axion searches 

■ 1 ueV < m
a
 < 10 meV

● Experiment requires highly polarized helium-3 spins as the 
sensor

● Experiment requires a superconducting shielding and a stable 
rotational system
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