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Devices: From Technology to First Data
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NIOBE	

Phys. Rev. Lett 74, 1908 (1995)

Resonant Bar Gravitational Wave detector
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Bulk	Acous/c	Wave	Devices

* Frequency range: 1-1000 MHz
* Tree mode family types: 2 transverse and 1 longitudinal 
* Piezoelectric Coupling
* Established technology (>70 years for time keeping applications)
* Record high Quality factors ~ 1010

Scientific Reports  Vol. 3, 2132 (2013)



Bulk	Acous/c	Wave	Devices



Types	of	Losses

Scientific Reports  Vol. 3, 2132 (2013)



Observa/on	of	Phonon	Loss	Regimes

Scientific Reports  Vol. 3, 2132 (2013)Q = 8x109

Phys. Rev. Lett. 111, 085502 (2013)



Comparing	to	Other	Technologies

New results

Old results
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NJP  Vol. 16, 083007 (2014)
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Further	Direc/ons	of	Research
Coupling to light & mw

teflon gasketquartz

magnetic loop probe

⇠

microwave resonance ~B field

microwave resonance ~E field

RF source

cavity post

10 mm

Mechanical 
Resonator

Optical 
Interface

P. Kharel, arXiv:1809.04020

W. Renninger, Nature 14, 2018

Qmech = 105

⌦m = 13 GHz

Qmech = 107

⌦m > 12 GHz

J. Bon, J. App. Phys. 124, 2018

arXiv:1907.10753 Y. Chu, Science 356, 6360, 2017



Further	Direc/ons	of	Research
Further understanding of loss 

mechanisms (<1K)
Nonlinearities  

Magnetic field sensitivity
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Pros	and	Cons	of	BAWs

High Precision (insensitive to external influences)

Poor accuracy

Highest Q (High Sensitivity)
Internal (Peizoelectric) coupling to SQUIDs

Allows parametric detection methods
Large number of sensitive modes (>100)

Modes scattered over wide frequency range (1-700MHz)
Well established technology (mass production)

Relatively inexpensive
Small scale (~ 1 inch size)

Relatively large effective mass (~1g) 
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BAW	Cavity	as	a	GW	Antenna



BAW	Cavity	as	a	GW	Antenna
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Phys.Rev.D 90, 102005 (2014)
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EOM for a Bar Detector
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Detec/on	Limit	in	Acous/c	Antenna

Phys.Rev.D 90, 102005 
(2014)

Nyquist Spectral Density of Force FluctuationsRev.Sci.Inst. 66, 2751 (1995)
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Detec/on	Limit	in	Acous/c	Antenna

Phys.Rev.D 90, 102005 
(2014)

Nyquist Spectral Density of Force FluctuationsRev.Sci.Inst. 66, 2751 (1995)

Resonant bar antenna 
would be infinitely broadband if it is limited 

only by resonance own 
(narrowband) noise 



BAW	Cavity	as	a	GW	Antenna

Phys.Rev.D 90, 
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SQUID additive noise

SQUID BA noise

could be neglected

sets the minimal detectable signal from BAW



BAW	Cavity	as	a	GW	Antenna

Phys.Rev.D 90, 
102005 (2014)

SQUID additive noise

SQUID BA noise

could be neglected

sets the minimal detectable signal from BAW

Resonant bar sensitive frequency range
is NOT the resonance bandwidth 



BAW	Cavity	as	a	GW	Antenna

Appl.Phys.Lett 105, 153505
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Current	Status
Control and Signal Processing Cryogenic Part

Two standalone lockin amplifiers
Two Signal generators
Locked to an H-maser
Temperature controller

SQUID control
Python data logging

3.4K cryocooler
SQUID electronics

BAW and SQUID sit in a bulk Nb shield
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First	Data
Data taking started: 15 Nov 2018

One cryocooler (3.4K), One crystal, 
2 modes, 4 channels

1 week: 2 cryocoolers (3.4K + 20mK), 
2 crystals, 4 modes, 8 channels

2 weeks: 2 cryocoolers (3.4K + 4K) , 
2 crystals, 4 modes, 8 channels

A few short and long (~1week) gaps
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Data taking started: 15 Nov 2018

1 week: 2 cryocoolers (3.4K + 20mK), 
2 crystals, 4 modes, 8 channels

A few short and long (~1week) gaps

First	20mK	Data



Data	Analysis

 

Ik Siong Heng 
(University of Glasgo)

https://www.gla.ac.uk/schools/physics/staff/iksiongheng/
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Further	Improvements

 Increase number of modes/channels/crystals

Multisite Detection

Design of Dedicated BAW cavities

Shifting to 20 mK (dilution fridge)

Improvements in signal processing

mK higher frequency SQUIDs

Easy

Hard



Signal	Processing
digital downconversion

2 channels, up to 200MHz



Signal	Processing
FPGA-based downconversion

designed by Paul Altin (ANU)

16 channels, up to 150MHz
no additional components
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ORGAN:	Axion	Haloscope	Above	15GHz

Physics of the Dark Universe, Vol.18, 67-72 (2017)

<latexit sha1_base64="te0LMxK8xyIavB3GIDSEG7CpmcA="></latexit> Inverse Primakoff effect
- - Requires tuning
- - Lowest possible temperatures
- (~20mK - dill fridge)
- - Huge magnetic fields
- - Low loss cavities
- - Quantum limited amplification
- - Huge mode volumes
- - Mode design



Ferromagne/c	Haloscope

Physics of the Dark Universe,  Vol. 25, 100306 (2019)

Axion Induced Signal

2mm diameter YIG sphere

Electron-Axion Coupling

Axion Wind

System Hamiltonian



Ferromagne/c	Haloscope

Physics of the Dark Universe,  Vol. 25, 100306 (2019)

Dual Post Re-Entrant Cavity



Ferromagne/c	Haloscope

Physics of the Dark Universe,  Vol. 25, 100306 (2019)

8 hours integration time (sensitive period)

2 hours integration time (insensitive period)



Ferromagne/c	Haloscope

Physics of the Dark Universe,  Vol. 25, 100306 (2019)

8 hours integration time (sensitive period)

2 hours integration time (insensitive period)

arxiv:1903.04843



Axion	Detec/on	with	Frequency	Metrology

Physics of the Dark Universe,  Vol. 23, 100244 (2019)
Physics of the Dark Universe,  Vol. 26, 100345 (2019)

<latexit sha1_base64="te0LMxK8xyIavB3GIDSEG7CpmcA="></latexit>

Axion	UpConversion	
<latexit sha1_base64="lsPFkjbCnPQorEv6YdR1fEH6eOM=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiuLHMFEE3QtGNywr2Au0wZNJMG5rLkGSEMnTnxldx40IRt76CO9/GtB1BW38IfPznHE7OHyWMauN5X05haXllda24XtrY3NrecXf3mlqmCpMGlkyqdoQ0YVSQhqGGkXaiCOIRI61oeD2pt+6J0lSKOzNKSMBRX9CYYmSsFbqHXclJH4UIXsIcq/D0B/3QLXsVbyq4CH4OZZCrHrqf3Z7EKSfCYIa07vheYoIMKUMxI+NSN9UkQXiI+qRjUSBOdJBN7xjDY+v0YCyVfcLAqft7IkNc6xGPbCdHZqDnaxPzv1onNfFFkFGRpIYIPFsUpwwaCSehwB5VBBs2soCwovavEA+QQtjY6Eo2BH/+5EVoViu+V/Fvz8q1qzyOIjgAR+AE+OAc1MANqIMGwOABPIEX8Oo8Os/Om/M+ay04+cw++CPn4xuPx5fR</latexit>

<latexit sha1_base64="2gJGTK9c6tidWUuQIhB9TpIEMXc="></latexit>

Axion	DownConversion	
<latexit sha1_base64="gUJINFByBuCTSv1yvMx67iAccL4=">AAACB3icbZDLSgMxFIYz9VbrbdSlIMEiCEKZKYJuhKIblxXsBdphyKSZNjSXIckIZejOja/ixoUibn0Fd76NaTuCtv4Q+PjPOZycP0oY1cbzvpzC0vLK6lpxvbSxubW94+7uNbVMFSYNLJlU7QhpwqggDUMNI+1EEcQjRlrR8HpSb90TpakUd2aUkICjvqAxxchYK3QPu5KTPgoRvIQ5VuHpD/qhW/Yq3lRwEfwcyiBXPXQ/uz2JU06EwQxp3fG9xAQZUoZiRsalbqpJgvAQ9UnHokCc6CCb3jGGx9bpwVgq+4SBU/f3RIa41iMe2U6OzEDP1ybmf7VOauKLIKMiSQ0ReLYoThk0Ek5CgT2qCDZsZAFhRe1fIR4ghbCx0ZVsCP78yYvQrFZ8r+LfnpVrV3kcRXAAjsAJ8ME5qIEbUAcNgMEDeAIv4NV5dJ6dN+d91lpw8pl98EfOxzeMrZfP</latexit>

<latexit sha1_base64="lOyH+w6Q11Sk82i/axTjBtaIdck="></latexit> KSVZ/DSFZ Models

CAST

Cryo ~ 4-7K

Tabletop

<latexit sha1_base64="Lr87iR2vSRdLFxwFx/hI8Azh+s4="></latexit>

Axion induced phase fluctuations:



Axion	Modified	Electrodynamics
Consequences for Low Mass Experiments

arXiv:1803.07755

Physics of the Dark Universe,  Vol. 26, 100339 (2019)



Lorentz	Invariance	Tests

Phys. Rev. X 6, 011018  (2016)

Data
Acquisition

Rotational Encoder

(A)

(C)

(B)

Turntable

Direction of
acoustic wave
propagation

Quasi-transverse 
polarisation

Turntable
plane

IEEE TUFFC, Vol 65, 991-1000 (2018)

Lowest Bound on anisotropy of Neutron Mass



Tests	of	Quantum	Gravity

Phys. Rev. D 100, 066020 (2019)



Highest Qs in business
High Precision 

Insensitive to external influences
Multi-Mode (1-100s MHz)

Piezoelectric Coupling to SQUIDs
Parametric coupling is possible

Reliable (mass production) technology
Small scale (~ 1 inch size)

Relatively inexpensive
Room for improvement!

Advantages of BAW Technologies

Phys.Rev.D 90, 102005 (2014)

Appl.Phys.Lett 105, 153505


