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BAW Cavities
Photons (Electromagnetic) vs Phonons (Acoustic)

Scientific Reports  Vol. 3, 2132 (2013)



* Frequency range: 1-1000 MHz

* Three mode family types: 2 transverse and 1 longitudinal 

* Piezoelectric Coupling

* Established technology (>70 years for time keeping applications)

* Record high Quality factors ~ 1010

BAW Cavities
Photons (Electromagnetic) vs Phonons (Acoustic)

Scientific Reports  Vol. 3, 2132 (2013)



Current Status: Data taking Finished

-> ~ 2 years of data 

-> Multiple Coefficients, Higher Dimensions



PLL loop filter

Delay line: Δφ ~ 76 deg at 5 MHz

Attenuator

Power combiner

Room Temperature Resonator-Oscillators 
using Quartz BAWs

LNA (1.3 dB NF)

10 dB 
coupler
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booster

amplifier

Q~106

5 MHz Oscilloquartz



Phase Noise Spectrum of 5 MHz Oscilloquartz 
oscillator

Mixer
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Used to test fundamental Physics - LLI, Dark Matter

Can we Improve Using a Cryogenic Oscillator???



Searching for Scalar Dark matter from Oscillating 
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Bulk Acoustic Wave (BAW) Oscillator Fundamental Constant Dependence

Quartz Oscillator Limits the Experiment Stability: 10-13 to 10-16 possible

vis the speed of sound in the material 

L resonator length parameter 

n is a constant. 



Scalar Dark Matter

Fine structure constant

Masses of particles

QCD mass scale



Scalar Dark Matter



Scalar Dark Matter





Next Generation Experiment? Cryogenic BAW (4K) ->Q~1010


4 orders better than room temp
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Frequency Stability Measurements

~

Mixer

Out

In

Sine outFM-port
φ

AM-index control

BVA 5.6K

G ~ 20 dB

-10dB

-10dB -10dB

Lock-in 
amplifier

�

α 22 dB

Frequency
counter

10 MHz
from H-maser

RF oscillator & Frequency Counter:
Power incident on resonator ~ -30 dBm

NB
1. There  is no noticeable frequency drift despite the use of 
room temperature detection system.

2. Frequency stability improves by ~ 10% when LA sensitivity 
increases from 20 to 5 mV

Allan deviation of fractional frequency 
fluctuations averaged over time τ



Cryogenic Quartz Oscillator: Power-to-Frequency Conversion: Duffing Nonlinearity

dfres /dPres ≈ - (3 ... 5)Hz /μW

This is more than 1000 times 
bigger than at 296 K !

Power incident on cryogenic BVA 
resonator (blue) and oscillator 

frequency (red) vs time

Oscillator frequency vs power



Uref
6 dB

~
~ 120 MHz & - 4.5 dBm 
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 - 1 dBm 

Pdet ~  - 13 dBm 

Oscillator Frequency Stability due to Power Fluctuations

σu
ext

Oscillator fractional frequency stability due to power fluctuations Pdet = - 10 dBm
Pres = - 30 dBm
dfres /dPres ≈ - (3 ... 5)Hz /μW
du /dPdet ≈ 1000 mV /mW

σuext ( 1 ... 30 s) ≈ 2× 10-6

Oscillator parameters:

σy (1 ... 30 s) ≈ 5 ... 7× 10-13

σy =
1
fres

dfres
dPres

η
σu

ext

�SAD
in-loop�2 + �SADext�2

η = Pres / Pdet ≪ 1

Allan deviation of fractional 
voltage fluctuations at the 
output of out-of-loop detector  

Power-to-Voltage conversions of amplitude detectors (see next slides)







Passive Bulk Acoustic Wave Resonators at Low Temperatures

* Avoid the non-linear regime

* Measuring Thermal Noise; Continuous; ~ 1 year

* Search: GWs; Scalar Dark Matter; Test Quantum Gravity

20 mK



High Frequency Gravitational Waves

Appl. Phys. Lett. 105, 153505 (2014)

•Neutron star mergers

•Light primordial black hole mergers

•Exotic compact objects

•Black hole superradiance 

•Inflation

•Preheating

•Phase transitions

•Topological defects

•Evaporating primordial black holes




Scalar Dark Matter

Problem, Quartz Q larger than Viralized Dark matter


Search For Cold Flows?



Scalar Dark Matter

(dDM)min
≈

c2

8πGρDM
ωnhmin



First Detection

153 days of observation



First Detection

Excluded sources:

LIGO/VIRGO event catalogue, weather perturbations, earthquakes, 
meteor events / cosmic showers, FRBs

 secτ = 1.4

Possible sources:

Internal solid state processes, internal radioactive events, cosmic ray 
events, HFGW sources, domain walls, WIMPs, dark matter



Quantum Gravity



First Proposed in 2018 
arXiv:1806.07141 [physics.ins-det]: 
Proposal Published in 2019

QD

https://arxiv.org/abs/1806.07141
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First Proposed in 2018 
arXiv:1806.07141 [physics.ins-det]: 
Proposal Published in 2019

QD Heterodyne Detection of Axion Dark Matter in an RF Cavity


Sebastian Ellis

https://arxiv.org/abs/1806.07141


gaγγ


DC B-field

The AC Axion Haloscope Technique

ωa = ωc

agaγγ


ω1

ω2

ωa = ω1 ± ω2

The Axion Haloscope Technique

Lagrangian gives effective strength

Axion-Photon Coupling to Search for Axion

Microwave Cavity

a



Construct Dual-Mode Loop Oscillator with Phase Noise Measurement 
System: What is the Signal to Noise Ratio?



Two mode axion electrodynamics: Interaction Hamiltonian



First Realisation: Cylindrical Microwave Cavity
• Tuneable cavity height (lid attached to micrometer)
• TM020 mode frequency fixed by cavity radius
• TE011 mode frequency tuned by cavity height

Down Conversion: fa ≈ f2 + f1 ≈ 18 GHz
Up Conversion: fa ≈ |f2 − f1| → Low Mass

TE011 Bz

TM020 Ez TM020 Bφ

TE011 Eφ

Probe Entry

Micrometer

Tunable Lid

7.5 cm

5.86cm

1

-1

TM Probe

TE Probe



Schematic of  the Experimental Setup

Pump 
Oscillator

Read out 
Oscillator



Axion Search

via Dual-
Mode


Schematic of  the Experimental Setup

Pump 
Oscillator

Read out 
Oscillator



Measure Frequency Noise

Axion Search

via Dual-
Mode


Schematic of  the Experimental Setup

Pump 
Oscillator

Read out 
Oscillator



Oscillator Fractional Frequency Noise
fa = f2 + f1 ± f or fa = |f2 − f1| ± f .

Search Fourier Frequency of read out oscillator for axions, 

relation becomes



Oscillator Fractional Frequency Noise

Searching at , Fourier frequencies at the same time 

Next: What is the Signal that the Axion will imprint on the Phase Noise?

±f

fa = f2 + f1 ± f or fa = |f2 − f1| ± f .
Search Fourier Frequency of read out oscillator for axions, 

relation becomes
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Sensitivity Limits

•Puts limits 7.44-19.38 neV with 
only 5 positions of cavity tuning 

•New Room Temperature Version 
Under Construction

•Cryogenic Version under Design

•Looking at a few different schemes, injection locking etc. and power measurement schemes

Heterodyne Detection of Axion Dark Matter in an RF Cavity


Sebastian Ellis



Centre Vision

Precision and quantum metrology makes small scale experiments well 
suitable for searches of new physics
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