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Precision Measurement 
with frequency, time or 
phase. 
 
1) Clocks, Oscillators, 
low noise detection 
 
2) ACES Mission 
 
3) Fundamental Physics 
Tests 
 

ARC Centre of Excellence in 
Engineered Quantum Systems 
 
1)  Spins in solids (dressed 

states of photons and spins) 
 
2)  Opto-Mechanics -> 

Macroscopic Mass at the 
quantum limit 

 
3)  Low noise quantum limited 

readouts 
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Current Projects in Time and Frequency 

!  Key Technology 
•  Yb Lattice Clock (ACES) 
•  Cryogenic Sapphire Oscillator (CSO) -> 10-17 

•  Microwave Interferometry: Low Phase Noise Oscillators 
and Phase Detection 

•  High-Q Cavities -> transducers -> Special designs 
!  Test on Fundamental Physics 

•  Lorentz Invariance (CSO, BAW, short range gravity) 
•  Dark Sector Detection (Axion, Paraphoton) 
•  Variation of Fundamental Constants 
•  ACES Ground Station 
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The Axion Haloscope – Quick Recap & Overview 

ρa – Axion density  
ma – Axion mass 
B0 – Magnetic field strength 
V – Cavity volume 
C – Form factor (E.B overlap) 
Q – Cavity quality factor (or axion Q) 

5 

Cavity enables resonant enhancement of 
converted photon signal. Measure power to 
constrain axion-2photon coupling. 
 
 
 

FF
T

B0

CDM Axion
Field

A1 A2

LO

Advantages: 
 
Excellent sensitivity (real discovery 
potential) 
Can reveal some astrophysics 
Relatively cheap 

Disadvantages: 
 
Not broadband (relatively narrow search 
range) 
Major technological challenges for higher 
masses. 
 

Michael.Tobar@uwa.edu.au / Stephen.Parker@uwa.edu.au 
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ORGAN: The concept  
(Funding Request Australian Research Council, ADMX PIs) 

Act as stepping-stone to see if we can scale up to undertake search over larger 
mass range? 
 
E.G. Can we be generating real “science” data right now by just using an array of 
cavities looking at different frequencies? 
 
Compensate for loss in volume at 
High frequencies by looking at 
Multiple frequencies simultaneously. 
 
1st Step this year 
Check candidate 110 µeV signal 
via different method of detection. 
(Use equipment already in the lab) 
 

Multi-Channel Digitizer 

M
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t 

First Stage Amplifiers 

Microwave 
Signal Source 

6 micrOwave Resonator Group Axion 
coNverter  
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Prospects for CDM-Axion Haloscope 
Searches 

We (UWA) are well 
positioned to search in the  
10 – 40 GHz region 

micrOwave Resonator Group Axion 
coNverter (ORGAN) 
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Equipment – Dilution Fridges – MHz to 100 GHz Expertise 
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Equipment… 

7 T Magnet (10 cm bore) 

Best “off-the-shelf” immediate amplifier solution 
 
Lownoisefactory, noise temp ~10 K @ 26 GHz. 
 
Look at alternatives after first experiment… 
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Axion Detection? 11 
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A 110 µeV (26.6 GHz) Axion Haloscope Search 

Claim that multiple J-J experiments observe 
anomalous Shapiro steps that are consistent 
with being caused by axions with mass  Ma = 
110 +/- 2 µeV. 
 
Should be checked via independent dedicated 
experiment. Relatively narrow mass-range 
means Haloscope could be appropriate 
method. 
 
BUT Need to check for local galactic axion 
density of ρa ~ 0.05 GeV/cm3 

(compared to the usual assumption of ~ 0.45 
GeV/cm3) 
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Need 80 days  -> 1 cavity to cover Ma = 110 +/- 2 µeV (maybe use two?)       
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Cavity design 
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TM0x0 mode family provides best overlap for E.B 
Note that product of form factor * volume is ~constant for TM0x0 modes 

For TM020, a 2cm 
diameter gives 26.6 GHz 
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TM0x0 

At such high frequencies using 
a higher order mode (i.e. 
larger cavity) has practical 
advantages. 
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Cavity Tuning 

Would require 3 – 4% tuning range to “check” the full range of possible masses. 

Want a simple tuning solution that can be implemented on a physically 
small cavity in cryogenic environment. Thankfully small range reduces 
complications related to mode crossings etc. 

One approach is to perturb field slightly via 1-d insertion of 
small post  
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Cavity Tuning 

“Squiggle” motor. Compact, operates cryogenically 

Simple copper test cavity 

Post 

On the bench testing indicates can tune ~50 MHz 
for relative post insertion of 10% of cavity length. 
 
Currently checking via simulations  (field 
deformation etc.) and preparing for a prototype 
cavity to test cryogenically. 
 
Need to arrive at trade-off between complex 
design and just swapping out cavities. 

15 



The University of Western Australia 

Forecast 

 
Beck’s supposed 110 µeV signal doesn’t assume a KSVZ or DFSZ model 
(gγ cancels, fa and ρa remain) 
 
To test for KSVZ axions with local density of 0.05 GeV/cm3 using modest 
assumptions (Q~104, total noise temp~10 K), a single cavity of ~2cm diameter, 10 
cm length would take ~80 days total measurement time to cover the full mass 
range given (110 +/- 2 µeV = 26.6 +/- 0.5 GHz). 
 
 
With an array of 6 cavities of similar properties, could test for DFSZ axions with 
local density of 0.45 GeV/cm3 over 83 – 124 µeV (20 – 30 GHz) with a 
measurement time of ~110 days. 
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Noise - Overview 
Cavity thermal noise Amplifier noise + 

+ 

PSD 

Frequency 

17 

= 

= measurement system noise 

Michael.Tobar@uwa.edu.au / Stephen.Parker@uwa.edu.au 

Can we use techniques from precision measurement community to improve experiment? 
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Cross-Correlation 

Compute the cross-spectrum of two signals 
Uncorrelated signals are rejected 
Correlated signals are retained 
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Michael.Tobar@uwa.edu.au / Stephen.Parker@uwa.edu.au 

Implemented in hardware, two channels sampled simultaneously with cross-
spectrum computed “on-the-fly” 
 
Important: No additional measurement time required compared to just 
measuring a single channel. 
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Rejection of uncorrelated noise 

FF
T

Fundamental: Uncorrelated noise rejected from cross-
spectrum at rate 1 / sqrt(2m) 

E.G. Two amplifiers with inputs terminated with 50 ohm 
loads. 

Mean of cross-spectrum of voltage 
fluctuations reduces with sqrt(2m) compared 
to single channel. 
 
Typically factor of 2 lost as correlated signal is 
power-split between two channels. 
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Cross-spectrum retains correlated signals regardless of “size” 

AWG 

FF
T Small amplitude 15 kHz sinewave 

split and recorded on two channels. 
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Cross-spectrum retains correlated signals regardless of “size” 

AWG 

FF
T Single channels in blue 

Cross-spectrum in red 
(moved to overlap mean with single channel) 

For single channels the ratio of 15 
kHz signal to standard deviation (or 
uncertainty) of measurement is < 2. 
 
Same ratio for cross-spectrum is ~9. 
 
 

40 averages, 800 point spectrum 
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Cross-correlation can be applied to Haloscope style experiments to… 
 
•  Reduce noise contributions in hardware instead of during analysis / post-

processing  

•  Power-sum cavities that have relatively large spatial separation – would be 
useful for applying scrutiny to any serious axion candidate signal 

•  Can also be applied to Light Shining through a Wall style experiments 
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Cross-Correlation Measurement Technique 1 

FF
T

A1 A2

LO
Axion
Synth

Performing 2-channel measurements and 
computing the cross spectrum allows us to 
reject uncorrelated sources of noise 
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Axion signal simulated via synthesizer 
 
Contribution of broadband amplifier 
noise to total system noise has been 
reduced by factor ~100. 
 
Effectively eliminated relative to 
remaining thermal cavity noise. 

Michael.Tobar@uwa.edu.au / Stephen.Parker@uwa.edu.au 

Single Channel 

Cross-Spectrum 
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Cross-Correlation Measurement Technique 2 

Reduction of cavity noise and 
amplifier noise contributions 
 
Can be used to “power-sum” 
cavities that are spatially well 
separated. 

Single channel 

Cross spectrum 

Michael.Tobar@uwa.edu.au / Stephen.Parker@uwa.edu.au 
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Types of Cavities: Couple to Spins 125114-4 Le Floch et al. Rev. Sci. Instrum. 84, 125114 (2013)

FIG. 6. Fundamental re-entrant mode (a) frequency and (b) Q-factor as a
function of gap spacing (x), assuming an electric conductivity of 3.3 × 107

S/m for copper. Measurements are plotted as points and are compared with
the simulated finite element results (solid line).

enabled a rotation-free translation of the metal pin as shown in
Figure 7. During translation a tight fit kept reasonable electri-
cal contact of the pin to the cavity. In such a case we were
able to reproduce previous measurements and reduce the gap
size to as low as 3 µm and as high as 1.4 mm (empty cavity
configuration) as shown in Figure 8. The Hϕ field component

FIG. 7. (a) Tunable cavity design with the rotation-free move pin.
(b) Manufacturing of the ensemble mechanism.

was excited by implementing a loop probe. The loop was po-
sitioned to stay in the under-coupled regime (no field distur-
bance from the probe) for measuring the unloaded Q-factor at
each gap size. The 3 µm-gap size limitation comes from the
pin and the top lid not being parallel with the metal surface
due to roughness from lathing and milling.

A comparison between the equivalent LCR, the FEM,
and the measurements has been conducted and is illustrated
in Figure 8. It shows a good agreement between FEM and the
measurements but highlights the limitation and inconsistency
of the LCR model for a gap greater than 20 µm. This could
be explained by the fact that the LCR equivalent circuit does
not take into account the mode change from a re-entrant to a
pure TM mode.

Figure 9 illustrates clearly how the field pattern changes
from a gap size of 1 µm to all the way out. At 100 µm ((D) in
Figure 9) electric field fringing becomes significant and the
magnetic field starts to be drawn away from the post. The
lumped elements circuit model and the rigorous analysis start
to diverge at this point because the capacitance and inductance

TABLE I. Comparison between measured data and (LCR and FEM) simulation results with an electric conduc-
tivity of 3.3 × 107 S/m given with the conducted measurements, Fig. 6(b).

Gapsimulated (µm) f0 (GHz) Q0 10% error fsim (GHz) Qsimulated fLCR (GHz) QLCR

10 6.886 760 6.878 787.3 6.949 802.7
7.311 6.006 570 6.003 725.9 6.049 747.5
5.97 5.476 502 5.486 689.1 5.518 713.3
5.546 5.298 . . . a 5.307 676.2 5.334 701.2
5.445 5.249 . . . a 5.263 672.9 5.289 698.2
5.058 5.11 . . . a 5.09 660.4 5.113 686.2

aModes with very weak signals, so no Q-factors are calculated.

WG Modes 

TE Cylindrical modes 

Reentrant Lattice 
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  arXiv:1408.3228 [physics.ins-det] 

Goryachev and Tobar, 2014, Patent, PNo. AU2014,903,143 

arXiv:1408.2905 [quant-ph] 
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Spins in a 3D 
cavity 

Dark Mode 
Bright Mode 
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Magnons 
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The University of Western Australia (to be submitted soon)  
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Two-Post Structure: Dark and Bright Mode Interact with 
Diamond Sample (measured 2 samples) 
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Strongly Couple to P1 Centres 
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(submitted) 
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Summary & Outlook 
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•  Experiment in progress to check claim of axion signal at 110 µeV. 

•  Possible future expansion to look over wider mass range (Funding 
Request) 

•  Cross-correlation measurement techniques can be used in haloscope and 
LSW style experiments to help study any serious candidate signals 

•  Paramagnetic and Ferrimagnetic expertise to test Axions? 


