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2 QUEST-DMC collaboration: S. Autti et al.: QUEST-DMC superfluid 3He detector for sub-GeV dark matter

The QUEST-DMC detector concept is as follows. In
a dark matter-3He scattering event, energy transferred to
the struck 3He atom will be deposited in the detector vol-
ume as heat and ionization energy loss, leading to the
formation of thermal excitations (broken Cooper pairs,
called quasiparticles) and excimers respectively. The su-
perfluid 3He target is enclosed in a ≥1 cm3 bolometer box,
instrumented with a nanomechanical resonator (NEMS)
sensitive to thermal quasiparticle production in the 3He
(see [8] for the details of the manufacturing process). The
NEMS records the temperature in the box as a function
of time [5, 9, 10]. A sketch of a sample container suitable
for such purposes is shown in Figure 1. To achieve the de-
sired performance, the bolometer is operated at the low-
est achievable temperatures, around 100 µK; the NEMS is
constructed from nanowires with diameters reaching well
below the 1 µm scale previously achieved; and, we imple-

Fig. 1. Schematic illustration of the QUEST-DMC experi-
ment: The mixing chamber of a 3He-4He dilution refrigerator
provides a stable temperature of 2 mK. This is used to pre-
cool a single-shot magnetic cooldown stage made from copper,
reaching sub-100 µK temperatures. The superfluid 3He dark
matter target is contained in a transparent bolometer volume
(above the red demagnetisation stage), surrounded by a sec-
ondary superfluid volume that is cooled down by the copper
coolant. The bolometer is connected to the rest of the super-
fluid container via an orifice of ≥ 1 mm2 surface area. Scintil-
lation in the bolometer can be monitored by a photon detector
(purple shell), but that possibility is not included in the sensi-
tivity analysis presented in this Article. The front half of the
whole cylindrical apparatus shown here is cut out and the size
of the bolometer is exaggerated for illustrational purposes. The
bolometer is instrumented with two resonator wires (not shown
here). The magnetic field is vertical.

ment SQUID readout of NEMS at these temperatures for
the first time.

In this paper we study the sensitivity of QUEST-DMC
using a complete simulation model of the detector and
its surroundings. Combining a simple model of the su-
perfluid physics, measured NEMS characteristics, radio-
assay data of the materials involved, and a comprehen-
sive description of the collision physics using the particle
physics simulation library GEANT4 [11, 12, 13], we show
that the QUEST-DMC detector will provide recoil energy
sensitivity down to the eV scale. Provided realistic cos-
mic ray background rejection, this energy sensitivity en-
ables the exploration of the sub-GeV/c2 dark matter mass
range with a significant projected improvement in sensitiv-
ity to the spin-dependent elastic scattering cross section.
For example at a dark matter mass of 1 GeV/c2, the lead-
ing constraint on the spin-dependent dark matter-neutron
cross section stands at ≥ 10≠34 cm2 from CRESST III
(LiAlO2) [14]; the projected sensitivity of a 6-month run
of QUEST-DMC with a 4.9 g day exposure in a facility lo-
cated at the planet’s surface reaches down to ≥ 10≠36 cm2.
The details of the profile likelihood ratio sensitivity anal-
ysis and background model are described in Sections 3
and 4.

2 Detection Principle

Dark matter can interact with the 3He target material via
scattering. This may be with the target nucleus, transfer-
ring a small fraction of the dark matter kinetic energy,
or with the electron cloud, in which case the recoil en-
ergy can be as large as the dark matter particle mass.
In this paper we focus on nuclear scattering, considering
both spin-dependent and spin-independent dark matter
interactions. Backgrounds for these dark matter signals
include cosmic rays and cosmogenics, radiogenic sources
and solar neutrinos. Figure 2 summarises the expected
background spectra along with the di�erential signal event
rate for spin-dependent dark matter nuclear scattering of
a 1 GeV/c2 mass dark matter particle. Details on signal
generation and background models can be found in Sec-
tions 2.1 and 3. For illustration, the maximum recoil en-
ergy resulting from interaction of a 1 GeV/c2 mass dark
matter particle is at the scale of 1 keV. This drives the de-
tector design of QUEST-DMC to reach the energy thresh-
old of 10 eV and below.

2.1 Distribution of collision energy

The energy deposited by a collision is divided between two
observable channels, scintillation photons and heat. Heat
is ultimately released and detected as superfluid quasipar-
ticles. We calculate the division of energy by first splitting
the initial collision energy into elastic scattering, ioniza-
tion and excitation. Then each of these is divided into the
observable channels and the contributions are summed.

The initial deposited energy, E, is split between
electronic stopping, ÷, and nuclear stopping, ‹, with
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3.3. QUEST’s design

reached 2.88⇥ 10�8mbar while 2.73⇥ 10�8mbar and 1.82⇥ 10�8mbar was reached

for x- and y-end chambers, respectively.

Figure 3.6: The (unfinished) vacuum chambers connected by the vacuum pipe. The red dotted
ellipses are the seal valves which enable chamber specific vacuum control.

3.3.7 The lasers

The beam profile of the lasers used at QUEST were characterised using a Thorlabs

beam profiler [132] — see Appendix A.1 for a full description of beam profile char-

acterisation. The data are in Table 3.1. Values for Laser 1’s waist position aren’t of

the same precision as the others because the measurement was made at a di↵erent

time. Initial measurements showed too poor a roundness and so it was sent back;

these values are for the lasers currently in the lab.

During each characterisation, the lasers were outputting approximately 0.5W since

that is the optimum operating power.

Laser 0 is our ‘spare’, used for auxiliary work. Lasers 1 and 2 are the injection lasers

for BOB and AMY, respectively.

Waist size [mm] Beam roundness Waist position [mm]

Data sheet [95] 0.16 < 1.1 -105

Laser 0
x 0.193± 0.002

1.119± 0.024
�167.212± 10.663

y 0.216± 0.004 �178.345± 23.042

Laser 1
x 0.133± 0.009

1.150± 0.090
�138.6± 72.7

y 0.153± 0.006 �170.6± 40.7

Laser 2
x 0.145± 0.013

1.076± 0.115
�227.078± 118.584

y 0.156± 0.009 �203.571± 74.502

Table 3.1: Laser beam profiles.

During operation they are always set to output 0.5W and left for a few minutes to
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Quantum Instrumentation

Boon Kok-Tan’s group has produced a packaged TWPA with substantial
gain in 5-7GHz band. Testing on Sheffield test stand this summer.                  Leek group packaging qubit arrays in waveguides. 

WP6- 
Qubits
Leek, Piscatelli

Aim to operate 
qubit array in a 
coupled cavity 
scheme, where 
magnetic field 
threads one  
cavity, qubit 
readout is in a 
second one.

• Withington group, developing 
microwave homodyne 
receiver.

• Lancaster group developing 
TWPAs, testing 
superconducting resonators
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What Quantum Sensors?
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Detector

Detector Control & Stabilisation

• Squeezing for GW 
detector readout

• QI group experiments
• ALPS2 @ DESY
• AION optical 

drive/probe for ion 
beams.

• QTNM – 18GHz 
microwave amplifier 
development.

• QSHS – 3 to 20GHz 
microwave sensor 
development.
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Signal
Frequency

• QUEST-DMC 
superconducting 
nanowire readout

• AION signal detection 
band

• Ground-based GW 
signal band

• Lumped-element 
wave-like dark 
matter searches 
like DMRadio

VTT (Finland)



• QTNM aims to probe the neutrino mass in a tritium end 
point experiment with ultra-low-noise readout of GHz 
microwave radiation from magnetically trapped tritium.

• O(10 GHz) microwave amplifiers operating at (or below) 
quantum noise level

• Robust and repeatable fabrication, quantum-noise limited 
performance for multi-channel readout

• Quantum amplifier systems TRL 3-6 and above

• NbN, Nb, Al, Ti paramps fabricated
and tested at 18 GHz for QTNM 

• Operation at ~100mK and 4K possible 
for two-stage readout 

• Precision position sensitive magnetometry and 
electrometry with Rydberg atoms as quantum 
sensors  

QTNM: 1𝜇T with 0.9mm 
spatial resolution 

demonstrated 

QTNM goals connected to DRD5

Achievements

Atomic hydrogen source.
Penning electron source





5
0
0 
n
m

Quantum Electronics for QSHS
Travelling Wave Parametric Amplifiers, Boon Kok Tan group, Oxford

SLUG microwave SQUID amplifiers, Ling Hao, Ed Romans groups, NPL/UCL



Homodyne Detection Schemes, Parametric Amplifier Design, Withington Group, Oxford

More Quantum Electronics for QSHS

Waveguide Input 
Port

Coaxial 
Control 
PortsDevice

Transmon Qubit arrays, Leek group, Oxford



Optical Precision Measurements
• In HEP, energy scale of 1TeV probes a distance scale of about 1 attometer.
• This is about the same as the detected displacement of the LIGO mirrors from a 

binary inspiral event.
• This is possible because mirrors are heavy and macroscopic, hence their 

surfaces have an average position that is well defined on the attometer scale.
• The AVERAGE position of the surface can be measured without single particle 

TeV-scale collisions that tend to produce new particles, rather than permitting 
precision measurements of position.

• Further improvements in accuracy involve using squeezed laser light. Quantum 
effects appear at room temperature in the optical, which is in large part why 
quantum mechanics was first discovered through optical observations (atomic 
spectroscopy, photoelectric effect).

• Einstein telescope, ALPS2, QI experiments, and AION all rely on quantum optics 
in the quest to achieve sensitivity to small signals.

• QI in particular aims to probe hypotheses of quantized space-time (QUEST), 
ultra-light wave like dark matter AND gravitational waves using ‘table-top’ optics.



Quantum-Enhanced Interferometry for New Physics
l Novel searches for dark matter and axion-like particles: LIDA, ALPS II
l Novel searches for signatures of quantum gravity: QUEST, CRYO-BEAT
l Quantum technologies: Squeezed light and TES single photon detection

l UK: Birmingham, Cardiff, Glasgow, Strathclyde, Warwick
l International Partners: Fermilab / U Chicago, NIST, MIT, 

Caltech (US), DESY, PTB, Max Planck (Germany), 
Vienna (Au), U Western Australia (A)

Status:
l Novel axion interferometer method 
l established: 2307.01365; 2309.03394; 2401.11907
l TES detector is under commissioning and ALPS II design: 
l 2009.14294, 2408.13218
l Scalar field dark matter searches: Nature 600, 424 (2021); PRL 128, 

121101 (2022); PRL 133, 101001 (2024)
l QUEST Quantized space-time search: 1 engineering run completed. 

Theory work: 2306.17706
l Schrödinger-Newton Gravity search: cavities beat node achieved

QUEST



Squeezing cavity

AION Labs (UoB, Cam, ICL, Oxf, RAL) participate in the Atom 

Interferometer (AI) WP-1b of DRD5, focus on High-Flux AI, 

Squeezing, and TVLBAI community building process. 

Experimental Progress:    

• Squeezing cavity installed, with 200k finesse

• Blue MOT, red MOT, dipole trap, 689 nm interferometry, and 

intracavity lattice-trapped atoms

• First LMT established 

2D MOT source

AION – atomic beam interferometry

(left) Preliminary Mach-Zender configuration atom interferometry fringes using the 1S0 to 3P1 transition, with an 
applied phase shift 𝝓. (right) Atoms confined in a dipole trap in preparation for squeezing / entanglement. 

Atom interferometry outputs of the strontium apparatus at increasing 
orders of large momentum transfer.



Mechanical Readout of QUEST-DMC using 
Superconducting Nanowires

2 QUEST-DMC collaboration: S. Autti et al.: QUEST-DMC superfluid 3He detector for sub-GeV dark matter

The QUEST-DMC detector concept is as follows. In
a dark matter-3He scattering event, energy transferred to
the struck 3He atom will be deposited in the detector vol-
ume as heat and ionization energy loss, leading to the
formation of thermal excitations (broken Cooper pairs,
called quasiparticles) and excimers respectively. The su-
perfluid 3He target is enclosed in a ≥1 cm3 bolometer box,
instrumented with a nanomechanical resonator (NEMS)
sensitive to thermal quasiparticle production in the 3He
(see [8] for the details of the manufacturing process). The
NEMS records the temperature in the box as a function
of time [5, 9, 10]. A sketch of a sample container suitable
for such purposes is shown in Figure 1. To achieve the de-
sired performance, the bolometer is operated at the low-
est achievable temperatures, around 100 µK; the NEMS is
constructed from nanowires with diameters reaching well
below the 1 µm scale previously achieved; and, we imple-

Fig. 1. Schematic illustration of the QUEST-DMC experi-
ment: The mixing chamber of a 3He-4He dilution refrigerator
provides a stable temperature of 2 mK. This is used to pre-
cool a single-shot magnetic cooldown stage made from copper,
reaching sub-100 µK temperatures. The superfluid 3He dark
matter target is contained in a transparent bolometer volume
(above the red demagnetisation stage), surrounded by a sec-
ondary superfluid volume that is cooled down by the copper
coolant. The bolometer is connected to the rest of the super-
fluid container via an orifice of ≥ 1 mm2 surface area. Scintil-
lation in the bolometer can be monitored by a photon detector
(purple shell), but that possibility is not included in the sensi-
tivity analysis presented in this Article. The front half of the
whole cylindrical apparatus shown here is cut out and the size
of the bolometer is exaggerated for illustrational purposes. The
bolometer is instrumented with two resonator wires (not shown
here). The magnetic field is vertical.

ment SQUID readout of NEMS at these temperatures for
the first time.

In this paper we study the sensitivity of QUEST-DMC
using a complete simulation model of the detector and
its surroundings. Combining a simple model of the su-
perfluid physics, measured NEMS characteristics, radio-
assay data of the materials involved, and a comprehen-
sive description of the collision physics using the particle
physics simulation library GEANT4 [11, 12, 13], we show
that the QUEST-DMC detector will provide recoil energy
sensitivity down to the eV scale. Provided realistic cos-
mic ray background rejection, this energy sensitivity en-
ables the exploration of the sub-GeV/c2 dark matter mass
range with a significant projected improvement in sensitiv-
ity to the spin-dependent elastic scattering cross section.
For example at a dark matter mass of 1 GeV/c2, the lead-
ing constraint on the spin-dependent dark matter-neutron
cross section stands at ≥ 10≠34 cm2 from CRESST III
(LiAlO2) [14]; the projected sensitivity of a 6-month run
of QUEST-DMC with a 4.9 g day exposure in a facility lo-
cated at the planet’s surface reaches down to ≥ 10≠36 cm2.
The details of the profile likelihood ratio sensitivity anal-
ysis and background model are described in Sections 3
and 4.

2 Detection Principle

Dark matter can interact with the 3He target material via
scattering. This may be with the target nucleus, transfer-
ring a small fraction of the dark matter kinetic energy,
or with the electron cloud, in which case the recoil en-
ergy can be as large as the dark matter particle mass.
In this paper we focus on nuclear scattering, considering
both spin-dependent and spin-independent dark matter
interactions. Backgrounds for these dark matter signals
include cosmic rays and cosmogenics, radiogenic sources
and solar neutrinos. Figure 2 summarises the expected
background spectra along with the di�erential signal event
rate for spin-dependent dark matter nuclear scattering of
a 1 GeV/c2 mass dark matter particle. Details on signal
generation and background models can be found in Sec-
tions 2.1 and 3. For illustration, the maximum recoil en-
ergy resulting from interaction of a 1 GeV/c2 mass dark
matter particle is at the scale of 1 keV. This drives the de-
tector design of QUEST-DMC to reach the energy thresh-
old of 10 eV and below.

2.1 Distribution of collision energy

The energy deposited by a collision is divided between two
observable channels, scintillation photons and heat. Heat
is ultimately released and detected as superfluid quasipar-
ticles. We calculate the division of energy by first splitting
the initial collision energy into elastic scattering, ioniza-
tion and excitation. Then each of these is divided into the
observable channels and the contributions are summed.

The initial deposited energy, E, is split between
electronic stopping, ÷, and nuclear stopping, ‹, with

Autti, S., Casey, A., Eng, N. et al. QUEST-DMC: Background Modelling and Resulting 
Heat Deposit for a Superfluid Helium-3 Bolometer. J Low Temp Phys (2024).



Summary
1. Though the landscape is complicated, there are many cases of 

measurements at or below the standard quantum limit being critical for 
probing beyond-the-standard-model particle physics.

2. Several technology developments are critical in multiple experiments, notably 
microwave-band cryogenic amplifiers for QTNM/QSHS and squeezed light 
optical readout for QI and gravitational wave experiments.

3. Both electromagnetic and mechanical transducers are critical.
4. Ultra-sensitive detectors are frequently less naturally stable than their less 

sensitive cousins. CONTROL of quantum limited elements often by classical 
feedback circuits is a critical area of research.

5. Control circuitry may also need to be cryogenic in the future.
6. The QTFP programme of is complimentary to efforts to develop the next 

generation of high energy physics experiments.
7. QTFP interfaces with the quantum computing/instrumentation community. The 

quantum technology showcase last week in London had 2000+ attendees!


