
Progress on the  ARIADNE axion 
experiment 

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

Mark Cunningham (UNR) 
Harry Fosbinder-Elkins (UNR) 
Jordan Dargert (UNR) 
Chloe Lohmeyer (UNR) 
Asimina Arvanitaki (Perimeter) 
Aharon Kapitulnik (Stanford) 
Eli Levenson-Falk (Stanford) 
Sam Mumford (Stanford) 
Josh Long (IU) 
Chen-Yu Liu (IU) 
Mike Snow (IU) 
Erick Smith (IU) 
Justin Shortino (IU) 
Mofan Zhang (IU) 
Andrew Rusch (IU) 
Yannis Semertzidis (CAPP) 
Yun Shin (CAPP) 
Yong-Ho Lee (KRISS) 

Axion Cavity and Detector Workshop, LLNL Jan 12, 2017 
A. Geraci, University of Nevada Reno 

http://www.ibs.re.kr/eng.do


Axions 
• Light pseudoscalar particles in many theories 

Beyond Standard model 
• Peccei-Quinn Axion (QCD) solves strong CP 

problem 
• Dark matter candidate 

 

• R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977);  
• S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);  
• F. Wilczek, Phys. Rev. Lett. 40, 279 (1978). 
• J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984). 

Experiments: e.g. ADMX, CAST, LC circuit, Casper 



Axions 
• Light pseudoscalar particles in many theories 

Beyond Standard model 
• Peccei-Quinn Axion (QCD) solves strong CP 

problem 
• Dark matter candidate 

 
• Also mediates spin-dependent forces between 

matter objects at short range (down to 30 µm)  

• R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977);  
• S. Weinberg, Phys. Rev. Lett. 40, 223 (1978);  
• F. Wilczek, Phys. Rev. Lett. 40, 279 (1978). 
• J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130 (1984). 

 Can be sourced locally 

Experiments: e.g. ADMX, CAST, LC circuit, Casper 



QCD Axion parameter space 

Lab and Astrophysical  
bounds 

Few existing experiments 
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Axion mass 
ma < 0.006 eV 

32 µm < λa 
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Spin-dependent forces 

Monopole-Dipole axion exchange 
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effB⋅≡ µ

• Different than ordinary B field 
• Does not couple to angular momentum 
• Unaffected by magnetic shielding 

Fictitious magnetic field 



Using NMR for detection 
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=

µω

extBU ⋅= µ

Spin ½ 3He Nucleus 

Bloch Equations 

BM
dt
Md 


×= γ

Spin precesses at nuclear spin Larmor frequency  Bγω =
Axion Beff modifies measured Larmor frequency 



Constraints on spin dependent forces 

Magnetometry experiments 
• G. Vasilakis, et. al, Phys. Rev. Lett. 103, 261801 (2009). 
• K. Tullney,et. al. Phys. Rev. Lett. 111, 100801 (2013) 
• P.-H. Chu,et. al., Phys. Rev. D 87, 011105(R) (2013). 
• M. Bulatowicz,et. al., Phys. Rev. Lett. 111, 102001 (2013). 

G. Raffelt, Phys. Rev. D  
86, 015001 (2012). 

nEDM bound 

Standard Model lower bound 1610−>QCDθ

1010−<QCDθ



ARIADNE: uses resonant enhancement 
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ext2 BN ⋅
=

µω

extBU ⋅= µ

Spin ½ 3He Nucleus 

Bloch Equations 

BM
dt
Md 


×= γ

Time varying Axion Beff drives spin precession 
 produces transverse magnetization 

Oscillate the mass at  
Larmor frequency 

Amplitude is resonantly enhanced  
by Q factor ~ ωT2. 

extB

Can be detected with a SQUID 

Beff 



Concept for ARIADNE 
Unpolarized (tungsten) segmented cylinder sources Beff 

Laser Polarized 3He gas senses Beff (Indiana U) 

squid pickup  
loop 

Superconducting shielding (Stanford) 

Applied Bias field Bext 
ext2 BN ⋅

=
µω

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

Limit: Transverse spin projection noise 

Y.-H. Lee (KRISS) 



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

]/exp[ TkB BNµ−

• 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 



Experimental parameters 
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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) 

Rotational stage 

source mass 

3 sample chambers 



Sensitivity 

1010−<QCDθ
1610−>QCDθ

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



Experimental challenges 

• Magnetic gradients 
• Nonlinearities 
• Barnett Effect 
• Trapped magnetic flux 
• Vibration isolation 
• Magnetic noise from thermal currents 



Superconducting Magnetic Shielding 

Meissner Effect 
• No magnetic flux 

across 
superconducting 
boundary 

Method of Images 
• Make “image currents” 

mirrored across the 
superconducting 
boundary 

Dipole with image T > Tc T < Tc 
14 

 Essential to avoid Johnson noise 



The Problem of Unwanted Images 

• ARIADNE uses 
magnetized spheroid 
– Constant interior 

field 
 

• Magnetic shielding 
introduces “image 
spheroid” 
– Interior field varies 

 
 variations in nuclear            
 Larmor frequency! 

𝑚𝑚 

3He 

3He 

3He 

• 𝐵𝐵𝑖𝑖𝑖𝑖 = const. 
• 𝐵𝐵𝑖𝑖𝑖𝑖  ∥  𝑚𝑚𝑖𝑖 

𝑚𝑚 

3He 

3He 

3He 

𝑚𝑚 

𝐵𝐵 

𝐵𝐵 

• 𝐵𝐵𝑖𝑖𝑖𝑖 ≠ const. 
• 𝐵𝐵𝑖𝑖𝑖𝑖  ∦  𝑚𝑚𝑖𝑖 

15 But want to drive entire sample on resonance 

 



Flattening Solution 
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Symmetry 1 coil 
(circular) 

• 1 coil – simple 
configuration 

• Expected field from 
spheroid ~1 μT 
• I on the 0.1 – 1 A 

range 

16 



No cancellation 

Gradient 

cancellation 

Sample area 

98 times flatter 
I = 1.6 A 

sFrac = 0.17% 

17 

Gradient Cancellation 

enabling T2 of ~100 s 



Tuning Solution – “D” Coils 
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id

 

• 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 

• “D” coils look like 
Helmholtz coils 
when their images 
are included 

I 
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Nb-coated quartz block design 
• Segmented design 
• Nb film coating on exterior 

SQUID on Quartz (Y.H. Lee, KRISS) 



Nb-coated quartz block design 
• Segmented design 
• Nb film coating on exterior 

• Shielding factor required 
for full sensitivity ~108 

• Openings required for 
wires 

• Shielding factor tests 
soon!! 

Sheilding requirements 

SQUID on Quartz (Y.H. Lee, KRISS) 



Spheroidal cavity fabrication 
Spheriodal pocket 



Spheroidal cavity fabrication 
Spheriodal pocket 



Spheroidal cavity fabrication 

• In progress.. 

5 um  
steps  

Finite-element 
simulations in process 

Spheriodal pocket 



Rotary stage vibration and tilt 

● Build an interferometer to measure the 
change in distance (d). 

 
● We can find theta (Ө) from: 

  Ө= cos-1((L-d)/L) 
 
● We can solve for the wobble distance (X) 

by:  
   X= Lsin(Ө) 

Interferometers 



Fiber-coupled laser interferometers 
Laser 

Source Reference 
Photodiode 

Signal 
Photodiode 

90:10 fiber coupler 

   Reflector Fiber Tip 
PZT 

Fringe visibility 
   ~0.13 
Sensitivity 
  ~160 nm/V 
Shot noise limit 
  ~20 pm/Hz1/2 



Motor Characterization 
Fukoku-Shinsei 300 rpm ultrasonic motor 

Passive speed stability 



Motor Characterization 
Fukoku-Shinsei 300 rpm ultrasonic motor 

Passive speed stability 

Servo tests in progress 



 
• ARIADNE  New resonant NMR method  
• Gap in experimental QCD axion searches  
  0.1 meV < ma < 10 meV 
• Complementary to cavity-type (e.g. ADMX) 

experiments 
• No need to scan mass, indep. of local DM density 
• Next tests – shielding, vibration, 3He system 

 

Summary 
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Approaches and Results 
• Field cancellation 

– Cancel field from image spheroid 
– Tunable to arbitrary value 
– Btotal parallel to 𝑚𝑚 

• Gradient cancellation 
– Flatten field by “filling in” central gap 

– Field not tunable (from �⃑�𝑎 + 𝑏𝑏
2

=
𝑎𝑎2 + 𝑏𝑏2 + 2�⃑�𝑎 ∙ 𝑏𝑏 cross-correlation) 

– Btotal antiparallel to 𝑚𝑚  → restricts 
measurement times to T1 

• Both in final design 
 

Perturbed 
spheroid field 

Coil field 

Field Cancellation 

Gradient Cancellation – “Fill in” middle 

30 



1. Field Cancellation 

No cancellation 

Field cancellation 

3 times flatter 
I = 0.0116 A 
sFrac = 2.7% 

Sample area 
31 
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