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Quantum sensors operated in ultralow temperatures reglme 100 uK
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Quantum sensors operated in ultralow temperatures regime, 100 puK
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DMC What mass range are we trying to find?

Mass, in electron volts (eV)
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Everything else,
including all stars,
planets,and us

Mass range of the
order GeV
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Optimising Search

Lower cross-sections:
Excluded o * More exposure,
maximise interaction
rate
Lower backgrounds

' Exposure

Lower the mass range
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Superfluid 3He is most complex system for which

we already have the “Theory of Everything"

The Universe in a
Helium Droplet

EXOTIC PROPERTIES
OF SUPERFLUID ‘He

GRIGORY E. VOLOVIK

G. E. Volovik

World Scientific 480 UM ORARITT WY OXFORD SCIENCE PUBLICATIONS
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Superfluid Helium, 3He
Collision WIMP - 3He atom (mass 3 versus argon - 39.948, xenon -131.293)
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ULTIMA: D.I. Bradley, et al., Nucl. Instrum. Methods A 370, 141 (1996); C.B. Winkelmann, et al., Nucl. Instrum.
Methods A 559, 384 (2006); C.B. Winkelmann, et al., Nucl. Instrum. Methods A 574, 264 (2007).

“He target HeRald: S. A. Hertel, A. Biekert, J. Lin, V. Velan, and D. N. McKinsey Phys. Rev. D 100, 092007 (2019)
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Superfluid Helium, 3He
Collision WIMP - 3He atom (mass 3 versus argon - 39.948, xenon -131.293)
— Heat as quasiparticle excitations
— Light from de-excitation, threshold for ionization is ~ 20 eV

=2
DM particle e

> Quasiparticles (heat)

j Singlet
UV photons
Iomzatlon Excitation

Scintillation

& @ ™

~100% recombination —> IR photons

ULTIMA: D.I. Bradley, et al., Nucl. Instrum. Methods A 370, 141 (1996); C.B. Winkelmann, et al., Nucl. Instrum.
Methods A 559, 384 (2006); C.B. Winkelmann, et al., Nucl. Instrum. Methods A 574, 264 (2007).

“He target HeRald: S. A. Hertel, A. Biekert, J. Lin, V. Velan, and D. N. McKinsey Phys. Rev. D 100, 092007 (2019)
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Superfluid Helium, 3He
Collision WIMP - 3He atom (mass 3 versus argon - 39.948, xenon -131.293)
— Heat as quasiparticle excitations
— Light from de-excitation, threshold for ionization is ~ 20 eV
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Superfluid Helium, 3He

" Cooper pairswithL=S=1

" 18-component order parameter
=102 ; -
_ _1’ O, 1 - | Fermi quuid_
= Multiple superfluid phases
" A-phase: Anderson-Brinkman-Morel
" B-phase: Balian-Werthamer

0.5 1.0 1.5 2.0 2.5 3.0
Temperature [mK]

" Broken Cooper pairs = thermal excitations with
energy A ~ 107 eV

5 10 15 20 25 30 35
Pressure [bar]
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Vibrating sensors as quasiparticle detectors  [RinttsvsiistAtiatuie

sensing of produced
quasiparticles, no Kapitza
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J Low Temp Phys 175, 725-738 (2014) %

e ULANC demonstrated bolometer performance using £
vibrating objects. | S

* Hole in the box determines time constant . o %
- : . Sy ARCMP (2017) | £
 Optimise wire size and readout to lower energy 5
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Optimising beam/wire geometry for and both He and SQUID response
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Optimising beam/wire geometry for and both He and SQUID response

Dmitry Zmeev
2. Expose filaments 3. Pluck filaments
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SQUID readout of nanowire
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Optimising beam/wire geometry for and both He and SQUID response
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Simulation model of full system:
* Quasiparticle (QP) production fluctuations
* Readout noise — conventional vs
—fluctuations on incident QPs
Resulting energy thresholds:
* (Conventional readout: 39 eV
:0.71eV

[£00nm diameter wire at 0.12 T/Tc]
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Material

Simulation of decays, radiopurity screening (Boulby, database)
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lonisation energy channel

Test of SiPMs at 4K

 Superconducting devices:
* TES, Nanowires, mKIDs

 SiPMs (developed for Darkside) | &
normally operated at LN2 consists |1
of matrix of single photon

avalanche diodes. High gain and
single photo-electron resolution.
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* In the first instance use as Veto
rather than measure energy N A
partition fraction. 0.000 Iggi)szeAmool?‘gude ({;)06 0.008 0.010
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Simulation of decays, radiopurity screening (Boulby, database)
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Cosmic ray detector around the
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101 100
Energy [keV]

DMC Quantum Enhanced Superfluid Technologies for Dark Matter and Cosmology



Optimising beam/wire geometry for and both He and SQUID response
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Future Prospects: ULT Underground
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Future Prospects: ULT Underground

* Cryogen-free microkelvin platforms, rapid access to ULT

' 4 N / B High performance cryogen-free microkelvin platform
Ny : {"-'- "Ny e 1 Nal 7. J. Nyéki, M. Lucas, P. Knappova, L\V. Levitin, A. Casey,
( : v X =~ .40 - J. Saunders, H. van der Vliet, and A.J. Matthews,

Phys. Rev. Applied 18, L041002 (2022)
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Summary

QUEST-DMC designed, and are constructing an
experiment for the direct detection of sub-GeV
dark matter with a quantum-amplified superfluid
3He calorimeter

New mass regime, sensitivity to spin-dependent
interactions, predict 10 eV threshold.

15t Experimental measurement run due to start
end of 2023

Future plans, to exploit more sensitive quantum
sensors (for both QP and lonisation channels),
low radiogenic background cryostats,
underground lab?
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Andreev Scattering

P wave superfluid, Retroreflection, reverses
velocity but not momentum (Fermi Momentum)
When the superfluid is in motion (around beam),
canting of the dispersion curve results in a strong
damping term.

Bulk 3He 3He near wire 3He near wire
Wire veloaty

QJ%A% =
p?E
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Hybrid Quantum Interference Device (HyQUID) Graphene-based tunable

V T Petrashov, et al. Phys Rev Lett 74, 5268 (1995) SQUIDs
« HyQUID sensor based on Andreev interferometer M. D. Thompson, et al. Appl. Phys.
with two SN contacts Lett. 110, 162602 (2017)

e Current biased, dV/dl output is periodic with flux @

AR ¢ 1 —cos ¢

hBN

hBN

Encapsulated graphene (in /)
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Using Quantum Computing architecture to address multiple bolometers.
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The superfluid 3He calorimeter at ULT

* The existing LANC ND to cool five 1 cm3
cells, each 0.1 gm of 3He, to 80 pK,
instrumented with nanowires.

 Held in a box made of ultra-low
radioactivity materials.

 The bath will be shielded inside a copper
cryostat, cooled by a “He-filled reservoir.

 (Quasiparticles generated by a scattering
event propagate ballistically until they are

demagnetisation

detected by a nanowire. stage at <100pK -
e Photon detection for veto '
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Energy deposition as variation of the resonance width

Width variation vs Deposited energy (0.0 bar - 150.0 nm)

= |n Phase
Out of Phase

< Af

response

%

A(AS;) [HZ)

frequency

AQ = a(Tp, P)A(AF)

* After characterisation, drive on | > P - v e —
resonance, measure amplitude AQ [eV]
change
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