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Phase, Frequency, Energy, Time
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Technology: High-Q -> Narrow Line Width Systems:
Low Noise Techniques Classical and Quantum (SQL)
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New Tests of <:> Applications: Sensors,
Fundamental Physics Clocks, Radar etc.




A Short History of My Attempt to Measure Nothing
with Precision Measurement



CARRIER SUPPRESSION INTERFEROMETER
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Microwave Interferometry: Application
to Precision Measurements and

Noise Reduction Techniques
Eugene N. Ivanov, M. E. Tobar, Member, IEEE, and R. A. Woode
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REVIEW OF SCIENTIFIC INSTRUMENTS 80, 044701 (2009)

Microwave phase detection at the level of 10-'! rad

Eugene N. Ivanov?® and Michael E. Tobar”

School of Physics M013, University of Western Australia, 35 Stirling Hwy., Crawley,
6009 Western Australia, Australia

(Received 7 December 2008; accepted 15 March 2009; published online 10 April 2009)

We report on a noise measurement system with the highest spectral resolution ever achieved in
the microwave domain. It is capable of detecting the phase fluctuations in rms amplitude of
2% 107" rad/\Hz at Fourier frequencies above a few kilohertz. Such precision allows the study of
intrinsic fluctuations in various microwave components and materials, as well as precise tests of
fundamental physics. Employing this system we discovered a previously unknown phenomenon of
down-conversion of pump oscillator phase noise into the low-frequency voltage fluctuations.
© 2009 American Institute of Physics. [DOI: 10.1063/1.3115206]



Sapphire Loaded Cavity (SLC) Resonators

Electric field density plot
Key features (Hy6,4,1 — mode)

Very high Q-factors at WG- modes Frequency vs Temperature
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Microwave Oscillators
R t i illat ith interf tri
oom empera L;I:”genzlsgrgc(;rs‘s\f\/r:g INTerrerometric developed @ UWA

Cryogenic Sapphire Oscillators developed (@R CAAZAN



Microwave Oscillators

Lowest phase and amplitude noise
Exceptional spectral purity

Low spurious content

Low vibrational sensitivity

_ _ Unequalled short-term stability.
National Metrology Laboratories

SAPPHIRE LOADED CAVITYOSCILLATORS

Compact low noise oscillator: Defence Radar Applications



Oscillator/Clock Zoo

Photons Phonons Magnons Atoms

-

BAW

Metallic Cavities

Spin-Torque
Dielectric Cavities




Collaboration with SYRTE at Paris Observatory

Long term operation of CSO -> 5.5 yrs
76% Duty cycle since August 2003

Before 2003 with less duty cycle

Test Relativity

— | Varying
Fundamental

~—— Constants













Current goal

Planck energy suppressed by the energy scale of
electroweak unification (100 GeV) dimensionless ratio of
~ 8x1018






Rotating Quartz
Oscillators



Rotating Bulk Acoustic Wave Oscillators



Trying to Enter the Game to Search for the
AXxion



Frequency Metrology in Paraphoton Detection

New alternative to Light Shining through a Wall

coupled mode system




Trying to Enter the Game to Search for the
AXxion

2011-2017 renewed 2018-2024
My lab $350,000 / year 14 years!






7 T Magnet (10 cm bore)






Funding History For Axion Dark Matter at UWA

PARTICLE PHYSICS DID NOT GET THIER CENTRE RENEWED: New Plan for Centre
of Excellence on Dark matter Particle Physics

Funded Biggest BlueFors DilFridge 14 T Magnet: Arrive June 2019

FUNDED: $530,000 Gray Rybka ADMX, Frank Wilczek



Applying $43 M AUD 7 Years

$2.8 M for Axion Wisp
$1.2 M Quantum Tech WIMPs



The ORGAN Experiment:

McGillivary Organ at UWA



What is ORGAN?
High frequency/high mass axion haloscope

Oscillating Resonant Group AxioN Experiment

Designed to probe promising high mass
window

Multiple cylindrical
resonators to scan over
multiple frequencies



What is ORGAN?

ORGAN compared to ADMX:
15 - 50 GHz rather than ~1 GHz

14 T smaller bore magnet rather than
~8 T custom magnet

Been in construction/design phase
Hosted at UWA

Part of EQUS CoE program!



Who is ORGAN?

Key UWA Personnel:
Michael Tobar
Ben McAllister
Maxim Goryachev
Jeremy Bourhill
Eugene Ivanov

Graeme Flower

Catriona Thomson



EQuS Collaborators



Buying Expensive item Can be a
Problem 625,000 Euro



When is ORGAN?

Now!
Has been in development
Path-finding run complete

Time-line of long term operation:

Narrow search (26 - 27 GHz)
Wider search in 5 GHz chunks

First Experiment



First run complete

TMy,, mode

sampling frequency of the digitizer is
1GHz, the 26.54GHz



Where is ORGAN?

HAYSTACI

Axion Mass (eV)




High Mass Haloscopes: Problems

Signal power in axion haloscope

P, x ggyyBZCVQ&

m,

Shows half of the problem

High frequency:
Low volume for cavities
Lossier materials — Lower quality factor
Inverse dependence on axion mass

SQL increases with frequency for amplifiers

This is a big issue in the community



Form Factor

Signal power in axion haloscope

P, x ggyyBZCVQ&

m,

Geometric integral

Means we can only use specific modes



ORGAN Phase | and Il: Resonator
Design

Think about ways to boost C, for example

Dielectric materials suppress electric field

Reduce the electric field where there are out of
phase field lobes

We can Apply this to TM modes — Dielectric Rings
Tuning mechanisms naturally included



ORGAN Phase | and Il: Resonator
Design

TMy30 mode E field looks like this:



ORGAN Phase | and Il: Resonator
Design

TMy30 mode E field looks like this:



ORGAN Phase | and Il: Resonator
Design

We can calculate where these things need to go
E-field looks like:

So, required thickness and location:



ORGAN Phase | and Il: Resonator
Design

If we do it right, we get this

Finite element simulations — Form factor ~0.45, improved
from 0.053

Can use higher order modes and maintain C while boosting V



ORGAN Phase | and Il: Resonator
Design

Even better, we can tune this structure

TMy3, and TM;, modes

Axial “super-modes”



ORGAN Phase | and Il: Resonator
Design

Most sensitive “symmetric super-mode” retains
sensitivity as the gap increases

Frequency tuning grater than 20% of central
frequency



ORGAN Phase | and Il: Resonator
Design

We can compare this with an “ADMX-style” tuning
rod structure at the same frequency



HYBRID QUANTUM SYSTEMS RESEARH WITH
SPINS AND PHOTONS



Types of Cavities: Reentrant

WG Modes Reentrant Lattice

TE + TM Cylindrical modes



arXiv:1408.2905 [quant-ph]

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



Magnons
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ng
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spin cooperativities 1 .
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Cavity-Magnon polaritons

H 1
+ =walat W'D + gem(a® + a) (b + b)

Photons  Magnhons Interaction




First results

36MHz in 6 MHz blocks from
8hrs of averages

Our work

White Dwarf Cooling

DFSZ model

Centred at
8.2GHz

3MHz static range 7x6hrs
of averages

S —

Centred at
14GHz



Axion Detection with Precision
Frequency Metrology

Maxim Goryachev
Ben McAllister
Mike Tobar



System for Axion Detection
photonic cavity with two mutually optical or
orthogonal modes microwave

— > E,

"1 2
—— B,
E1 BQ

Axion Electrodynamics L= l(8,La)2 - %ma2a2 - lF“,,F*"” - igawaFwﬁﬂ”
Hamiltonian Density H=Heym + Hy + Hint

Hem = [E2 + C2B2] H. 2?;7/ 4 V(Q) Hmt = €cha,y,ye E-B

arXiv:1806.07 14




System for Axion Detection
photonic cavity with two mutually optical or
orthogonal modes microwave

— > E,

"1 2
—— B,
E1 BQ

Axion Electrodynamics L= l(8,La)2 - %ma2a2 - lF“,,F*"” - igawaFwﬁﬂ”
Hamiltonian Density H=Heym + Hy + Hint

Hint = €0CGaryy0 E - B

Hng = [E2+c2B2] H, Vv (0)

"Ma Interaction
arXiv:1806.07 14|




Axion Mediated Mode-Mode Interaction

based on axion Electrodynamics we derive axion induced coupling between two cavity modes

Hing = thgest [6—(clc£ —clea) + €4 (

Dimensionless Orthogonality Form Factors

—
§+ =61 =&

a3 - by),
W/V e ez
1

d3 -by).
W/V r(ez - b)

Rotating Wave Approximation

Axion UpConversion
Wqg — Wy — W1
Hy = ilgegé_(a*cich — acles)
beam splitter
Axion DownConversion
Weg = W2 + W1
Hp = ifgeséy (aclch — a*ers)
parametric amplification

€2 =

allows optical search at
microwaves and mm-wave

allows microwave search at
mm-wave

arXiv:1806.07 141

C1Cy — 0102)}

Effective Coupling

g
Jeff = % VW12




Axion Mediated Mode-Mode Interaction

5 * 0 T __ g T T *
Hy = ithgegé_(a™cicy — acqca) Hp = thgegéy (acicy — a*cqca)
beam splitter parametric amplification

Experimental Approaches

arXiv:1806.07 141




Axion Mediated Mode-Mode Interaction

5 * 0 T __ g T T *
Hy = ihgeg§—(a”cicy — acyca) Hp = ihgegéy (acicy — a*cre)
beam splitter parametric amplification

Experimental Approaches

71
Pump @
A
2

~

Out

P Sikivie: arXiv:1009.0762

arXiv:1806.07 141



Axion Mediated Mode-Mode Interaction

5 * 0 T __ g T T *
Hy = ithgegé_(a™cicy — acqca) Hp = thgegéy (acicy — a*cqca)
beam splitter parametric amplification

Experimental Approaches

Power Detection Cross Correlation

71 71
Pump @ Pump @
3 A
Y2 Y2 o

P Sikivie: arXiv:1009.0762

Cross Correlation

arXiv:1806.07 141



Axion Mediated Mode-Mode Interaction

5 * 0 T __ g T T *
Hy = ithgegé_(a™cicy — acqca) Hp = thgegéy (acicy — a*cqca)
beam splitter parametric amplification

Experimental Approaches

Egenirequency Shi

LO-UJ1 Phase Shift
Y1 Y1 S
Pump @ Pump @

A
I

A
Yo oo Y2 oo

Out Pump @

P Sikivie: arXiv:1009.0762

Cross Correlation

arXiv:1806.07 141






FREQUENCY DOMAIN AND

TU NABILITY

Tunable cavity height (lid
attached to micrometer)

TM020 mode frequency fixed by
cavity radius







Frequency Space

TE and TM Mode Tuning Range
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Frequency Space

Axion Frequency Tuning Range
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Axion Upconversion
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Frequency Space

Axion Frequency Tuning Range

16.3-19.5
GHz

Axion Upconversion

Axion Downconversion

DC -1.77




Frequency Space

Axion Frequency Tuning Range

67.5 — 80.47
peV

Axion Upconversion
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TM Probe=f




TM Probe
Strongly
Coupled

TM Probe
Weakly
Coupled

TE Probe
Strongly
Coupled

~ TE Probe
Weakly
Coupled




Quality Factor

Q ~15,000 for two probe copper cavity
Most significant loss is from cavity wall surface resistance
Q ~ 10,000 for two probe cavity after silver coating

Silver coating provides a theoretically superior quality factor (smaller
surface resistance)

However, silver coating deteriorated the quality factor due to
introducing impurities/asymmetry (poor silver coating application)

Q ~ 10,000 for four probe copper cavity



Theoretical Sensitivity Limits

Sensitivity of the degenerate/broadband mode
experiment



Theoretical Sensitivity Limits

Sensitivity of the loop oscillator
experiment



Low Noise Phase
Amplifier Shifter

B : Probe
couplings
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Searching for Axion in Fourier Spectrum of Phase Noise

‘ TM = 9GHz

=400 MHz f, =9+x38+0.4 GHZ
TE = 9GHz =174 GHz or 1.4GHz

TE = 8GHz




Phase Noise Detection
FREQUENCY DISCRIMINATOR
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Voltage Noise Detection
il ‘ | RLIVIENEAR AR F

External resonator phase fluctuations
into frequency fluctuations
Frequency discriminator turns frequency

External
Resonat
or fluctuations into voltage fluctuations
To FFT when phase across the mixer is set to
quadrature

Contains noise of loop, external resonator
and tunable cavit
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TE=9.9 GHz



TE= 8.5 GHz



TE =8 GHz



Modifled Axion Electrodynamics

> > €O > >
VD =p+8,,, /M_()B - Va

VxH f+aD ! §6a+7 xf
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‘Vector Identities‘

V-@B)+a(V-B) V.-B=0

—
— > > — aB

VXE)VXE=——
ot

‘I\/Iodified Gauss’ Law and Ampere’s Law‘

B>- V}a

Vax E = (Vx(af)) —a(

> > €0—> —
V-D=p+g,, ,M_()V -(aB)




Reformulate Modified Electrodynamics

V d DCZ — 'Of
> > —_—> aDa
R , ot Similar to Standard
V.B =0 Model Extension
aE’ Modifications for
V X f — Lorentz Invariance
o ot Violations

Modification in the Constitutive Relations

E; = eof+ F+ Fa) Fa = — gawaeo(c?)
H =—B-M-M, M, = 8,,a4——

Ho Ho C



PHYSICAL REVIEW
LETTERS

VOLUME 58 4 MAY 1987 NUMBER 18

Two Applications of Axion Electrodynamics

Frank Wilczek

Institute for Theoretical Physics, University of California, Santa Barbara, Santa Barbara, California 93106
(Received 27 January 1987)

AL =xaE"B, (1)
where x is a coupling constant. The resulting equations
are

V-E=p—«Va-B, (2)

VXE= —0B/d¢, (3)

V-B=0, (4)

VxB=08E/8:+j+ k(aB+VaxE), (5)

Cipd A,

FIG. 3. Expectation of the current in a background field is
derived from the vacuum polarization.






arXiv:hep-th/9609099 v1 11 Sep 1996

Asymptotic Freedom”

e hep-ph/0306230

1.2. ANTISCREENING AS PARAMAGNETISM: THE IMPORTANCE OF SPIN

FRANK WILCZEKT

School of Natural Sciences
Institute for Advanced Study
Olden Lane
Princeton, N.J. 08540

Vacuum acts as Dielectric and Paramagnet!
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VXE+3d,B=0,

gavva

PHYSICAL REVIEW D 66, 056005 (2002)

Signals for Lorentz violation in electrodynamics

V. Alan Kostelecky and Matthew Mewes
Physics Department, Indiana University, Bloomington, Indiana 47405
(Received 20 May 2002; published 23 September 2002)

V-D=0,

V.B=0.
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PHYSICAL REVIEW D 71, 025004 (2005)

New methods of testing Lorentz violation in electrodynamics

Michael Edmund Tobar,l’>I< Peter Wolf,z’3 Alison Fowler,1 and John Gideon Hartnett!

YWniversity of Western Australia, School of Physics, MO13, 35 Stirling Highway, Crawley 6009 WA, Australia
2Bureau International des Poids et Mesures, Pavillon de Breteuil, 92312 Sevres Cedex, France
3SBNM-SYRTE, Observatoire de Paris, 61 Avenue de I’Observatoire, 75014 Paris, France

D

~ RDB KHE

(el + xpp) .

(Received 1 September 2004; published 7 January 2005)

0 M KHB)

Axion Interaction similar to odd parity
Lorentz Invariance Violation




Sidereal Modulations of Constant Background Fields

www.physics.indiana.edu/~kostelec/

Axion is similar to an oscillating odd parity
background SME Lorentz invariance violation
field.

Cannot shield against these type of violations
-> Source Terms.

Oscillating Background Fields Create EM Radiation



Axion Induced Vacuum Bound Charges and
Currents

Vacuum Bound Charge
€0 = —
Pa — ga’w\/ — V- (aB)
274

Vacuum Polarization Current

P, = —g,,a€(cB) j; — 9P, Jo = —Gayyy | —

. 9pa
N
v ot

Satisfies the Continuity Equation




Consider a Capacitor with Linear Dielectric
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Axion Electrodynamics
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Broadband Electric-field Axion Sensing Technique

(BEAST)
BT McAllister, M Goryachev, J Bourhill, EN Ivanov, ME Tobar




BEAST: First Limits

Higher resolution search was conducted around 5 kHz, with the minimal spectral resolution of 4.5
mHz (increasing at higher frequencies)

All sharp peaks greater than 4.4 standard deviations from the mean originating from the SQUID
were able to be excluded, due to a similar signal appearing in the flux line

Using this data, we may place the 95 % confidence exclusion limits on axion-photon coupling



