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Axions

EDM

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)
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Axion and ALP Searches

Source Coupling
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The energy scales of the Universe

e &= o 1 & \ L /
/\l = m ]h\/ v WAs ~ | ( f f '—.’
( \ g
N
Field-like 1eV Particle-like
=p=
Neutrinos Standard
Hubble YRR : IDairkE‘ner y Model LHCI YRR : Planck
‘IIIII Illilll I.IIIIIII>
10-33 A 1011 1028

~10""eV to 102eV

1022 Possible Dark Matter Mass Range




The energy scales of the Universe
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Spin-Dependent Forces

Fictitious magnetic field

e Different from an ordinary
magnetic field
e Does not couple to angular

Monopole-Dipole Axion Exchange

momentum

e Does not obey Maxwell’s
Equations

e Unaffected by magnetic
shielding

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



NMR for detection

A

> Spin % %He
Nucleus

ext

B

eff

e Time varying B . drives spin precession

Bers = B, cos(wt) e This produces a transverse magnetization

e Magnetization can be detected using a SQUID

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



Experimental Setup

Unpolarized tungsten

SOITEE RS SQUID pickup loop

Superconducting
Shielding

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



Experimental Setup

Unpolarized tungsten

source mass SQUID

pickup loop

Limit: Transverse spin projection noise
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A. Arvanitaki and A. Geraci, Phys. Rev. Lett. 113, 161801 (2014)



Constraints and Sensitivity

QCDAxionm, in eV
107

Experimental Bounds
[41,[51.[61.[7]

Astrophysical and Experimental Bounds

Setup 1n this talk
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[3] G. Raffelt, Phys. Rev. D 86, 015001 (2012)] [4] G. Vasilakis, et. al, Phys. Rev. Lett. 103, 261801 (2009).
[5] K. Tullney,et. al. Phys. Rev. Lett. 111, 100801 (2013) [6] P.-H. Chu,et. al., Phys. Rev. D 87, 011105(R) (2013).
[7] M. Bulatowicz, et. al., Phys. Rev. Lett. 111, 102001 (2013).
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Experimental
Setup

11 segments

° 100 Hz nuclear spin
precession frequency

e 2x10%/cc3He
density

| e 10mmx3mmx150

cu foil pum volume

LS ¢ Separation 200 pm

° Tungsten source

: I mass (high nucleon

onindex, & S density)




Hyperpolarized *He

Ordinary magnetic fields cannot be used to reach near unity polarization

exp[—pyB/k,T]

Optical pumping techniques

Metastability exchange optical pumping
2°P

1083 nm
OP transition

Indiana U. MEOP apparatus

Metastability Il
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/
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Rev. Sci. Instrum. 76, 053503 (2005)

M Batz, P-] Nacher and G Tastevin, Journal of Physics: Conference Series 294 (2011) 012002



Systematic Effect /Noise source Background Level
Magnetic gradients 3x107°T/m Limits 75 to ~ 100 s
Possible to improve w/shield geometry
< Vibration of masD 1§ it For 10 um mass wobble at w,
External vibrations B 10_7“ T/vHz For 1 pm sample vibration (100 Hz)
Patch Effect 10_{”( u\ 2 T Can reduce with V' applied to Cu foil
Flux noise in squid loop 2 x 1020 T/+v/Hz Assuming 1u®,/vVHz
Trapped flux noise in shield 7x 10~20_1 Assuming 10 cm~? flux density
Johnson noise > 10“7”( 10° )T /v Hz f is SC shield factor (100 Hz)

Barnett Effect 10_32( 132 ) T Can be used for calibration above 10 K

Magnetic Impurities in Mass  1072° — 10_1"(1—7L n is impurity fraction (see text)
ppm .

Mass Magnetic Susceptibility 1072 “f’ § I Assuming background field is 10~ T
Background field can be larger if f > 10°

Table 1: Table of estimated systematic error and IlOIbG sources, as discussed in the text. The
projected sensitivity of the device is 3 x 10~ 19( 1000“ T/\/

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




Superconducting Magnetic Shielding

Meissner Effect Method of Images

* No magnetic flux across * Make “image currents”
superconducting mirrored across the
boundary superconducting boundary
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The Problem of Unwanted Images

e ARIADNE uses magnetized
spheroid

— Constant interior field

e Magnetic shielding
introduces “image spheroid”
Interior field varies

— variations in nuclear
Larmor frequency

But want to drive entire sample on resonance

* Bj, = const.
* Bin I W1

* B;, # const.

—_

* Bip & m{




Flattening Solution

e 1 coil - simple
configuration
e Expected field from
spheroid ~1 uT
elonthe0.1-1A
range
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Gradient Cancellation

Magnetic Field with Gradient Cancellation
B (T) Gradient Cancellation

b

4.x1078

-= NO cancellation

oot 98 times flatter
cancellation I: 1.6 A

Serne = 0.17%
racC

enabling T, of ~100 s




Tuning Solution - “D” Coils

Tune field with Helmholtz coils
e Helmholtz field only flat near the
center
e Geometry restrictions prevent the
spheroid from being centered in
traditional Helmholtz coils

“D” coils look like
Helmholtz coils when
their images are included
Inner straight-line
currents cancel

Outer currents do not

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




Sample Block Assembly

Current

@ “D” coils

Symmetry

(circular)

Block Assembly
Key:

A — Upper
Helmholtz Coil

B — Spheroid
C-SQuUID

D — Primary
Correction Coil

E — Secondary

Correction Coil i} i

F — Lower

Helmholtz Coil F




Sample Field Uniformity and Shape Manufacturing

Block Assembly
Current Key:
“D” coils A-Upper
Helmholtz Coil
B — Spheroid
Symmetry ¢_squip

D — Primary

(circular) Correction Coil

E —Secondary

Correction Coil A , Rem—— - g } ‘

F — Lower

Helmholtz Coil

e Need uniform field to
drive on resonance

e Machining perfect
ellipsoid is non-trivial

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

22
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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.

1 6700 ,|VBy|? N |VB,|?

) h™

T p(Bg Bj

T1 relaxation time on the order of 30 minutes gives a maximum allowable
gradient of 3.6*10”-7 cmA”-2
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Magnetometry on Motor

Fluxgate magnetometer
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Rotational Stability System

Nb/Gold coated
Quartz block

sample pickup coil
| champer— e
hh\\ ——_ed =

e

source mass ' Cu foil

L T

A / ‘-:"'

' Spin speed-pattern ———

Rotation index



Speed Stability -Direct Drive Stage

Stage speed stability error — unloaded, in air

—— VelCmd (THETA) (deg/msec)| !
—— VelFbk (THETA) (deg/msec)
—— VelErr (THETA) (deg/msec)

e Optical encoder

e Current feedback control

Rotation speed control
8.3 Hz ~ 1 partin 10000
RMS ~ 1 partin 3000

VelCmd (THETA) (deg/msec)
VelErr (THETA) (deg/msec)

40 o Frequency

Time (sec) 9

s

40

Allows utilization
of T2 > 100s

Amplitude

20
Frequency



https://drive.google.com/open?id=1LOfbRm3rPVZGZ5z9wT0zPr3ymc26-t5G

Rotational Stability Characterization

e Fiber Optic Interferometers

29



Summary

e ARIADNE: Fifth-force axion search using NMR method
o Gap in experimental QCD axion searches
m lueV<m <10 meV

e Experiment requires highly polarized helium-3 spins as the

sensor
e Experiment requires a superconducting shielding and a stable

rotational system
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