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AAbout 96% of the Universe is filled with non-baryonic
components; dark energy and dark matter

ADark matter I1s not associated with Standard Model = New
theory

ATheorieS beyond Standard Model predict weakly-coupled
scalar, pseuo-scalar bosons as dark matter candidate

ASome light mass bosons may be an answer for dark matter
and other fundamental physics guestions: ex) axions

ACouId It be associated with another, as of yet, unobserved
Interactions?

Dark Matter and New Interactions

74% Dark Energy

4% Atoms

https://physics.aps.org/articles/v11/48




New spin-dependent interactions?

AWeakIy-coupIed, long-range interactions are a generic conseguence of spontaneously
broken continuous symmetries (Goldstone theorem)

ASuch boson with small enough mass have macroscopic Compton wavelength —
possible to mediate new interactions in longer range.

ASpecific theories (axions, extra dimensions) Imply new interactions at sub-mm scales

A Dark energy density of~ (1meV)* order >~ 100um scale

AExperimental tests for new spin-dependent interactions

ALaboratory constraints I n Amesoscopico r a



An example of non-standard spin-dependent
Interaction with spin 0 boson exchange

Monopole-dipole interaction mediated by axions

Ly = (gs + i¥sgp)h¢
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A originated from Ly = ¥(gs + ivsgp)P¢

AAxion mediated interaction between polarized and unpolarized objects
AVioIates both P and T symmetry
Alnvestigated by searching for frequency shifts correlated with position of unpolarized mass

ANot very wel | constrailned umv~emmpfpmesoscopi coOo rang
5 J. E. Moody and F. Wilczek, Phys. Rev. D 30, 130, 1984



Axion Resonant InterAction DetectioN Experiment
S ARIADNE)

arch for QCD axion from monopole-dipole interactioh between Tungsten mass“and polarized 3He
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ADetect NMR signal with SQUID Cold DM
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ASourcetheaxionfieIdfromIocal mass: no dark matter axion required
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A Potential to probe broad axion mass range: Tpl A 6 @ p T é& 6 J. Jaeckel and A. Ringward, Ann. Rev. Nucl. Part. Sci. 60, 405, 2010

A. Arvanitaki and A. A. Geracl, Phys. Rev. Lett. 113, 161801, 2014



ARIADNE Physics Reach

o The limit of g.g,, with the given experimental condition from
B
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ADetector part

A Polarized 3He gas (Indiana): ~ 2 X 1041 /cc density

AQuartz block (Northwestern/Stanford) with 3He chamber ofD p Tt |
ol l puom" |

ASuperconducting magnetic shield (CAPP/Northwestern/Stanford): D
P T8

AsQUID (CAPP): ~ 4fT /vVHz
ASource Mass part

ARotating Stage (Northwestern): 11 segments, 10Hz, | P T

ARotationaI Source Mass (UIUC): Tungsten (high nuclear density)

Experimental Design of ARIADNE

Vd

Source Mass

Nb/Gold coated
Quartz block

SQUID

/

sample pickup coil
champe

Cu foil
diation shie

Rotation index



Center for
Axion and Precision
Physics Research

ANon'-mag neti c LHe D‘Ae war manetl Shreldingpn G1 O an
A Assembled at Northwestern University: Now In vacuum and cooling test

A Will be moved to Indianan University for installation of main components inside
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Quartz block for 3He/SQUID

D-shape coill

1 k — F\?ed back
- —  V+
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[ Heater

Quartz SQUID

—Nb Layer

3He chamber

AAssemny of multiple quartz blocks: maintained at ~4.2K

AA spheroidal chamber for 3He sample with 10mm X 3mm X 150um
AWaII thickness on a side to the source mass ~ 75um

AA sets of D coll for generating magnetic holding fields

ANb layer with shielding factor of~ 108 T —
10 H FosbindetElkinset al2022Quantum Sci. Technal 014002




SQUID Development at CAPP/IBS

AThe SQUID needs to be placed in the 30mG of holding field
AAmbient noise E Magnetometer vs Gradiometer

AThe SQUID needs to be sensitive enough to detect dipole field

AI\/Iagnetic noise level of SQUID:~ 41T /VHz,

AThe SQUID needs to be fully thermalized at 4.2K

AThermalization/operation of SQUID without direct contact with LHe
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1000
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SQUID under the Magnetic Field

Displacement power spectral density on a LVP

AI\/Ieasured Displacement power spectral
density with accelerometer on a low

vibrational pad (LVP) at CAPP

AThere exists a vibration with a level of D
: 2nm /v Hz at 100Hz

Awith asizeof Q o & éin SQUID
pickup coll under the 30mG of holding
field

AMagnetic noise level:0B =~ 2pT/vVHz

ASecond order planer coaxial planner
gradiometer
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Pick up loop
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Superconducting Magnetic Shielding .i', a
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Image magnetization

AI\/Iagnetic flux passing through the
pickup loop : P,

AThe compensation coll for
gradiometer : Teom = ﬁrpickup

Magnetometer Gradiometer
Zo(mm) r e (zZWhb) I e (zZWhb)
0.5

1.0

1.5
2.0

Transduced Magnetic Flux

Magnetic Flux in SQUID Gradiometer
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A Intrinsic noise] %o P %o AV( U

AVibrational noise’ %o ol I7W/( U
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A Quantum noise Spg = y\/ He
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AReIative SNR to SNR(z0O=2mm, r=2.17mm)

Gradiometer
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Optimization of SQUID Gradiometer
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Magnetic Field Noise

Magnetic Noise Field of SQUID
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Thin-film SQUID Gradiometer

A Prototype for test purpose

AFabricated by Star Cryo. LLC based on CAPP design
values

Alnner coll 1: d=3.45mm, t=0.05mm

Alnner coll 2 : d=3.57mm, t=0.05mm

AOuter coll : d=5mm, t=0.1mm

AEstimated SQUID intrinsic noise: ~ 41T /v Hz

ASpin induced noise:~ 10fT /v Hz ARIADNE

IBS-CAPP
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16



SQUID Noise spectrum

 PCSQUID
Magnetic Shielding Room ' CONTROLLER SPECTURM ANALYSER
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A Measured magnetic field noise
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SQUID In the Quartz Container

3He chamber SQUID SQUID with Holder

ANeed to cool down SQUID

through contact with
Quartz block

ANeed to Install SQUID In a
very specific position

ANeed to be able to swap
SQUID

)
@

\/

A SoUID holder with a

material of good thermal \

conductivity (also non-
magnetic)
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Center for
Axion and Precision
Physics Research

Thermal properties of materials

T (K) Copper Aluminum  Stainless Niobium
steel 304
Young’s 300 128 70.0 194 102 38 2.9 62.6 0.38 -
modulus 80 140 76.8 208 — 41 7.6 — 5.4 —
(GPa) 4 143 79.1 204 -~ -~ -~ -~ -~ -~
Stress at 300 350 110 1.1x10° - 1.2x10° 59 - 7.5 -
0.2% strain 80 420 150 1.5x10° - 1.7x10° 21 - 83 -
(MPa) 4 -~ -~ -~ -~ -~ -~ -~ -~ -~

Thermal 397 236

conductivity 571 415
Wm‘lK‘l 11370E 1576

AQuartz (single crystal) : ~ ZOOW/mK or higher
A G10 and Pyrex : ~ 0.1W/mK

APoncrystaIIme Ceramlc (I\/IACOR) ~ 1W/mK at 4K

Slngle crystal polycrystallme 801( 120 Wm K‘

D:
E: High-purity copper (better than 99.9 %), lower purlty value down to 300 Wm™ K~
F: Warp direction (normal direction: 0.66 % @ 80K; 0.72% @ 4 K)

G: Value at 100 K

19 [1] J. Clarke and I. A. Braginski. The SQUID Handbook, Wiley VCH, 2004.



Ceramic SQUID Holaer

Expected thermal conductivity: ~1W/m/K at 4K

T sensor
High

T sensor Low

4K Stage

Ceramic Holder Ceramic Holder with SQUID
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