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The Axion Haloscope — Quick Recap & Overview
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P, — Axion density

m_ — Axion mass

B, — Magnetic field strength

V — Cavity volume

C — Form factor (E.B overlap)

Q — Cavity quality factor (or axion Q)

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

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.



=S| 1 univirsity o MiCrOwave Resonator Group Axion 6

\ 7, WESTERN AUSTRALIA

coNverter

ORGAN: The concept
(Funding Request Australian Research Council, ADMX Pls)

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 N — >
Multiple frequencies simultaneously.

1st Step this year §°

Check candidate 110 peV signal = M
via different method of detection. Microwave
(Use equipment already in the lab) | Signal Source

w First Stage Amplifiers
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Axion Haloscope
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ADMX Achieved and Projected Sensitivity

Cavity Frequency (GHz)
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Best “off-the-shelf” immediate amplifier solution
Lownoisefactory, noise temp ~10 K @ 26 GHz.

Look at alternatives after first experiment...

7 T Magnet (10 cm bore)
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\WIKIPEDIA Axion

he axion is a hypothetica tary ostulated by th ) ! , 771

Possible detection
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PRL 111, 231801 (201 3) PHYSICAL REVIEW LETTERS & DECEMBER 2013

Possible Resonance Effect of Axionic Dark Matter in Josephson Junctions

Cherstian Becek”

It Newtow Inginge for Mathematicdd Scirnces, Uniwrnty of Caombnid' e
O Olarksen Road. Cambwidpe OB OLN. United KXingdom
Shool of Maskematical Sciences, Quweern Mary Uniwraty of Lonsdon, Mile End Rood, Londom El 4NS United Kingdom

(Receivad 17 Sepeember 2013, published 2 December X1 3)
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A 110 peV (26.6 GHz) Axion Haloscope Search

Claim that multiple J-J experiments observe v
anomalous Shapiro steps that are consistent | £ ]
with being caused by axions with mass M, = v "IN A
110 +/- 2 peV. 7\

!
Should be checked via independent dedicated . = | )
experiment. Relatively narrow mass-range 5 ‘ RV,
means Haloscope could be appropriate | A
method. .

FIG. 2: Axion triggering the transport of n Cooper pairs ee

BUT Need to check for local galaCtIC axion in an S/N/S junction by multiple Andreev reflections, here
density of pa ~ 0.05 GeV/cm3 shown for the example n = 3. The dotted line corresponds to

the normal metal surface. The left and right insets show the

(Compared to the Usual assumption Of ~ 045 shape of the differential conductance curve G(V') as measured
GeV/Cm3) by Hoffmann et al. [12] for T = 0.9K,0.5K,0.1K (top to

bottom), with a peak occuring at £0.055mV.

Need 80 days -> 1 cavity to cover M, = 110 +/- 2 yeV (maybe use two?)



C * V (fractional, relative to TM010)

Cavity design

TMOx0 mode family provides best overlap for E.B

Note that product of form factor * volume is ~constant for TMOx0 modes

-

TMOxO0

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

For TM020, a 2cm
diameter gives 26.6 GHz
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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.

/\ . . . . . .
e One approach is to perturb field slightly via 1-d insertion of

small post

g
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Cavity Tuning

Simple copper test cavity

On the bench testing indicates can tune ~50 MHz
for relative post insertion of 10% of cavity length.

Currently checking via simulations (field / _
Post

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.

“Squiggle” motor. Compact, operates cryogenically
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Forecast

Beck’s supposed 110 peV signal doesn’t assume a KSVZ or DFSZ model
(9, cancels, f, and p, remain)

To test for KSVZ axions with local density of 0.05 GeV/cm?3 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 yeV = 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/cm?3 over 83 — 124 peV (20 — 30 GHz) with a
measurement time of ~110 days.
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Noise - Overview

Cavity thermal noise + Amplifier noise = measurement system noise

>

PSD

>
Frequency

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

W - e
Sab (f) = F ( lim 5/90.(t,)b (t T)d’l')

f— 00 |
Sab () = (A(f)B(f))

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

Mean of Crass-Spectrum (dBVrms'Hz)

Number of Averages

> Fundamental: Uncorrelated noise rejected from cross-
— spectrum at rate 1 / sqrt(2m)
=
> E.G. Two amplifiers with inputs terminated with 50 ohm
loads.
108, N
N \‘\
Y Mean of cross-spectrum of voltage
110! — fluctuations reduces with sqrt(2m) compared
3 ‘e to single channel.
118! i S Typically factor of 2 lost as correlated signal is
N power-split between two channels.
T
gt 10 100 1000



Cross-spectrum retains correlated signals regardless of “size”

Small amplitude 15 kHz sinewave
split and recorded on two channels.

E
FFT

AWG
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Cross-spectrum retains correlated signals regardless of “size”

Single channels in blue n
Cross-spectrum in red /\/ L
(moved to overlap mean with single channel) AWG

1E-15

40 averages, 800 point spectrum
8E-16
For single channels the ratio of 15
kHz signal to standard deviation (or
uncertainty) of measurement is < 2.

6E-16

Same ratio for cross-spectrum is ~9.

Voltage Fluctuations (Vrms)

10 12 14 16 18 20
Frequency (kHz)
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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

Performing 2-channel measurements and
computing the cross spectrum allows us to
reject uncorrelated sources of noise
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Reduction of cavity noise and
amplifier noise contributions

Can be used to “power-sum”
cavities that are spatially well
separated.
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Types of Cavities: Couple to Spins
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arXiv:1408.2905 [quant-ph] pHySICAL REVIEW APPLIED 2, 054002 (2014)

High-Cooperativity Cavity QED with Magnons at Microwave Frequencies

Maxim Goryvachev,' Wamick G. Farr,' Daniel L. Creedon,' Yaohui Fan,' Mikhail Kostylev,” and Michael E. Tobar"”
'ARC Centre of Excellence for Engineered Quantum Systems, School of Physics,
| University of Western Austrafia, 35 Stirling Highway, Crawley, Western Australia, 6009, Ausiralia
“Magnetisation Dynamics and Spintronics Growp, School of Physics, University of Western Australia,
35 Stirding Highway, Crawley, Westem Australia, 6009, Awstralia
(Received 25 July 2014; revised manuscript received 10 October 2014; published S November 2014)

The 3D Split-Ring Cavity Lattice: A New
Metastructure for Engineering Arrays of Coupled
Microwave Harmonic Oscillators

arXiv:1408.3228 [physics.ins-det]
Maxim Goeynchev'
"ARC Camor of Eancvllenor b Eogaverad Qoastoam Sywtoms. | neserety of Weostern
Antralia, 35 Strling Mghasy, Crastey WA G000, Australi
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Michae! E. Tobare'

ARG Copton of Eaevlomss be Snpmenenl (uastoam Systommm | movrnty of Wendern
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Goryachev and Tobar, 2014, Patent, PNo. AU2014,903,143

The University of Western Australia
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Strong coupling between P 1 diamond impurity centers and a three-dimensional
lumped photonic microwave cavity

PHYSICAL REVIEW B 91, HOMS(R) (2015)

Danéel L. Crecdon,' Jean-Michel Le Fioch,! Mavim Goryachey,” Warnick G, Faer,'
Stefania Castelletto,” and Michael E. Tobar'
'ARC Centre of Excellence for Engincered Quantom Systems, Schood of Physics, Univernily of Western Auatralia, 35 Sirling Highway,
Crawley, Western Asstralio 6009, Auseralia
I School of Aeroapace, Mechanical and Masafocturieg Engincering, RMIT University, Melbosrne, Victorie 3000, Australia
(Recorved 11 Decembor 2014; revisod manusonpt received | February 2015; published 24 Apnl 2015)

of Western Australia
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PHYSICAL REVIEW B 88, 224426 (2013)

Ultrasensitive microwave spectroscopy of paramagnetic impurities
in sapphire crystals at millikelvin temperatures

Warrick G. Farr,' Daniel L. Creedon,! Maxim Goryachev,' Karim Benmessai,” and Michael E. Tobar'*
'ARC Centre of Excellence for Engineered Quantum Systems, University of Western Australia, 35 Stirling Highway,
Crawley WA 6009, Australia
*Unité de Recherche en Optigue et Photonique, Centre de Développement des Technologies Avancées, Sétif, Algeria
(Received 9 October 201 3; published 31 December 2013)
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AFPLIED PHYSICS LETTERS 106, 232401 (201 5)

o

Discovery of iron group impurity ion spin states in single crystal Y,SiO

with strong coupling to whispering gallery photons

Maxin Goryachev,' Warrick G. Farr," Nataka do Carmo Carvalho,' Daniel L. Creedon,’
Jean-Michel Le Floch,' Sebastian Probst,” Pavel Bushev,” and Michael E. Tobar**
'ARC Centre of Excellence for Engincered Quuantum Sysenas, University of Western Anstradia,

15 Sarimg Highway, Crawley WA 6009, Asxtralia

Physikalisches Inarivue, Karisruhe lesiwe of Technology, D- 76128 Karlsrshe, Germany
‘l'.'q\'nmrwa#-b) s, Universitde des Saarkandes, D 661 23 Saarbeucken, Gamany

ARC Cenire of Excellence for Engincered Quantum Syssewes, Schoof of Physics, University of Westorn
Assmada, Crawley 6% Axsralia
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PHYSICAL REVIEW B %0, 1OMMR) (2014)

Three-dimensional cavity quantum electrodynamics with a rare-carth spin ensemble

S. Probst.' A. Tkaléec,” H. Rotzinger,' D.
M. E Tobar* A. V.U

R.n?cf

and

J-M. Le Floch.* M. Goryachev,?

P. A. Bushev''

' Pinsikalisches Instinwt, Karlsrahe fnstitute of Technology, D.76128 Karlsrwhe, Germany
ARC Centre of Excellence for Engincered Quantum Systewss, University of Western Australia
35 Snrfing Highway, Crawley WA 6005, Awseraba
TEgperimentalphysd, Usiversiady des Saarfandes, 46123 Saarbricken. Germany
(Recorved 20 Juse 2014; revised mansscnpt roceived 3 September 2004: published 12 Septomber 2014)
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Summary & Outlook

« Experiment in progress to check claim of axion signal at 110 peV.

» 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?



