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• Extensive experience with cryogenic systems 

• 3, 7 and 12 T superconducting magnets 

• Large collection of microwave (and a some 
optical) diagnostic equipment and hardware 

• Expertise with precision frequency metrology



QDM Lab Precision Metrology: See www.qdmlab.com

Metrological Systems:

Photonic

• WGM Resonators 
• Specially Designed 

Microwave Cavities

Acoustic

• Superfluid 
• BAW Resonator

Science of precise 
measurement

Physics at low 
energies

Atomic/Spins
• H - Maser 
• Atomic Clocks 
• Spin Waves 
• Spin Ensembles in Solids



Motivation: Fundamental Physics

High frequency gravitational waves

Quantum gravity Dark Matter

The standard model

General Relativity

Lorentz invariance violations Minimum length



Scalar Field Dark Matter

RECENT PUBLICATIONS

DETECTOR COMPARISON: Defining Instrument 
Sensitivity independent of signal (Spectral)

Axion ED Poynting 
Theorem:  

Standardised way of 
Calculating Sensitivity

Axions and Magnetic Charge

UPLOAD 
Low-mass 

Axions

ANYON 
AXION 
Helicity 

ORGAN: Axion Dark Matter



RECENT PUBLICATIONSLow Noise Oscillators Axions: ADMX

Detecting UHF GWs? MAGE

Detect Gravitons?
Tests of Quantum Mechanics / Gravity



Searching for Axion Dark Matter

WLDM: Wave Like Dark Matter

The Axion Particle Should Exist!
1) Solves Strong CP Problem 
2) Predicted to form in Early Universe 
3) Is Dark Matter the Axion?

Frank Wilczek Measure

gaγγ

a
One Axion

γ1
Two Photons

γ0

axion-photon coupling  -> chiral anomalygaγγ

1 0 θa = gaγγa









Quartz Bulk Acoustic Wave Resonators
• Acoustic analogue to a Optical Fabry-Perot cavity.

*RESEARCH WITH ACOUSTIC RESONATORS @ UWA 
*Search for High frequency GWs  
*Detection of a Graviton  
*Search for Scalar DM:  
*Search for Lorentz invariance violations 
* Improved constraints on minimum length models or Generalized 

Uncertainty Principle (GUP) 
*Gravitational Aharonov-Bohm Effect



Quartz Bulk Acoustic Wave Resonators
• Acoustic analogue to a Optical Fabry-Perot cavity. 

• Already a well established technology 

• Gram scale mode mass, macroscopic resonator 

• Extraordinarily high quality factors at cryogenic 
temperatures (~1010)

Scientific Reports Vol. 3, 2132 
(2013)
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Quartz Bulk Acoustic Wave Resonators
• Acoustic analogue to a Optical Fabry-Perot cavity. 

• Already a well established technology 

• Gram scale mode mass, macroscopic resonator 

• Extraordinarily high quality factors at cryogenic temperatures 
(~1010) 

• Impressive short - mid term frequency stability 

• Piezoelectric coupling provides excitation & readout 

• High density of modes from 1-1000 MHz





BAW 

Gravitation Wave Instrument Sensitivity



 identifying θa ∼ h

ADMX and ORGAN (purple) with current tuning locus (blue);  
0.6-1.2 GHz for ADMX and 15.2 to 16.2 GHz for ORGAN 

θa = gaγγa ∼ hg

SNR =
1

2π ∫
∞

−∞

Θa( jω)2

SθN
(ω)

dω = 4∫
∞

0

Θa( f )2

S+
θN

( f )
df



MAGE – Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier	 Highly sensitive resonant mass antenna

Primary target:

High frequency gravitational waves 
(MHz)
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MAGE – Searching for new physics

Quartz BAW coupled to a DC SQUID amplifier Highly sensitive resonant mass antenna



MAGE – Searching for new physics

Data Analysis:

First Observational Period	 GEN 1 & GEN 2, 153 days of data, two modes



MAGE – Searching for new physics

Multimode Acoustic Gravitational Wave ExperimentWhat’s next ?

Exclude potential sources of events:

• 2 x Quartz BAW crystals 

• 2 x DC SQUID amplifiers 

• FPGA DAQ 

• Cosmic particle veto (coming soon)



MAGE – Searching for new physics

Calibration of 2nd detector

Limited by SQUID electronics 
𝑓3𝑑𝐵~3 MHz



MAGE – Searching for new physics

Calibration of 2nd detector

𝑓3𝑑𝐵~3 MHz 

Modes up to 20 MHz are still 
observable



MAGE – Searching for new physics

Development of FPGA data acquisition
National Instruments – 5763 Digitizer 

LabVIEW

32 Lock-in amplifiers across two inputs

Continuous data streaming & acquisition

In real time w/strict timing & zero data loss

16 modes in each crystal.  [MHz]

Yet to reach hardware limitation of device

4.993050, 5.080854, 5.088263, 5.505426, 5.576835, 8.392272, 9.151802, 9.409902, 9.452381, 
5.603804, 6.4326464, 8.297581, 8.400189, 9.224931, 9.246863, 9.526448, 15.731899



MAGE – Searching for new physics

Currently have new data! 8 acoustic modes in each crystal 

1 month of data -> August 2023

Optimal FIltering Search for transient events corresponding to quartz decay



Cryogenic Resonant Bar Gravity Wave Detectors  
-> Ultra precise optomechanical position measurement  
-> Low phase noise read-out and pump oscillator

J. Phys. D: App. Phys, 26, 2276-2291, 1993 
J.Phys D: App. Phys, 28, 1729-1736, 1995
Phys. Rev. Lett, 74, 1908, 1995
Rev. of Sci. Instrum., 67(7), 2435-2442, 1996 

My PhD project 1989 ->1993 UWA PhD 
Searching GW Signal Burst at 720 Hz 

CSO

* Photons
* Ponons
* Spins





MAGE – Searching for new physics

Other possibilities for MAGE:

Scalar DM -> Isotropic strain signal

Nontrivial DM 
signal

Can exclude: 
Transient flows 

Daily 
modulation

Ongoing work: 
Resonance 

tuning

Phys. Rev. Lett. 124, 
151301



Does Gravity Modify Quantum Mechanics? 
Is there a Theory of Quantum Gravity?

*Does mass modify the 
position and momentum 
commutator relations? 

*QG theories predict a 
nonlinear correction to the 
canonical commutation 
relation between x, and p. 

  (Minimum Length Theories) 

*Can test with precision 
opto-mechanics?

Quantum Mechanics 
Possible with 

Macroscopic Masses?



Quantum Gravity



Large Acoustic Systems
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Electric and Gravitational Scalar Aharonov-Bohm Effects



V

Electromagnetic Aharonov-Bohm (AB) Effect:  
Geometric or Berry Phase

ϕBAB
=

q
ℏ ∮𝒫

A ⋅ dl

Static AB phase:
Vector Magnetic AB 

Effect

=
q
ℏ ∫S

B ⋅ dS

=
q
ℏ ∫S

∇ × A ⋅ dS

∫S
B ⋅ dS = nΦ0 =

nh
2e

for a superconducting system with 
n Cooper pairs (q=2e)

= 2nΦ0 =
nh
e

normal conductor with free electrons 
(q=e)

ϕBAB
= 2nπ

φE(t) =
e
ℏ ∫ V(t)dt

Time dependent AB phase: Scalar Electric AB effect

E = − ∇V −
∂A
∂t

= 0

Scalar Potential Effect (Electric and Temporal)

Vector Potential Effect 
(Magnetic and Spatial)



Energy-Level Shift of QM System via Electric AB Effect

• Atom valence electrons 
• Ion 
• Quantum Dot 
• Charge/Transmon Qubit

Possible Systems
Effective 

Two Level 
Quantum 
System

E = − ∇V(t) = 0

• We put a quantum system under a time varying, 
spatial uniform potential, . 

• Original proposal had two different static fields.
V(t)

V



Exciting a Resonator with: V(t) ≠ 0, ⃗E ∼ 0

Microwave Cavity Resonator with Extreme Dispersion to Enable a Test of the 
Electric-Scalar Aharonov-Bohm Effect 



Gravitational Scalar Aharonov-Bohm Effects: Matter Interferometer

Atom interferometers measure the difference in phase between atomic 
matter waves along different paths.



iℏ
∂ψ
∂t

= Hψ = (H0 + mΦg(t)) ψH = H0 + mΦg(t)

r0 = (ra + rp)/2 Φg(t) = −
GM
r0

(1 + e cos(Ωt))
A = (ra − rp)/2

Atomic Clock Ensemble in Space 
(ACES) Mission on the ISS 

eISS = 7.34 × 10−4 fISS = 1.85 × 10−4 Hz

r0 = 6.05 × 106 m



α ≡ e ( GM
r0c2 ) ( ωph

Ω )Ψf(r, t) = Ψf(r)
∞

∑
n=−∞

(−1)nJn(α)exp −
i (ΔE0(1 + GM

r0c2 ) − nℏΩ) t

ℏ

Δφg(t) = −
ΔE0GM

ℏr0c2 ∫
t

0
(1 + e cos(Ωt′￼)) dt′￼= α sin(Ωt) .

ψ(t) = ei(− Ei0(t)
ℏ − φi(t)) ci ψi⟩ + e

i(− ΔE0
ℏ t − (φ*g (t) − φg(t)))cf ψf⟩

ψ(t) = (ci ψi⟩ + e−i( ΔE0t
ℏ + Δφg(t))cf ψf⟩)

r0 = (ra + rp)/2 Φg(t) = −
GM
r0

(1 + e cos(Ωt))
A = (ra − rp)/2

Satellites GSAT-0201 and 
GSAT-0202 of the European GNSS 

fG = 0.215 × 10−4 HzeG = 0.162 r0 = 27.98 × 106 m

αG

αISS
∼ 460

*Mass-energy equivalence principle 
*Excited atom gains mass: Rabi Oscillations modulates mass 
*Atomic clock in an eccentric orbit 
*Time-varying gravitational potential 
*Predict constant frequency redshift relative to a ground clock,  
*  Additional, modulation sidebands





Comparison with Experiment

αG = 1698.75

α ≡ e ( GM
r0c2 ) ( ωph

Ω )
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