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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)

1) Opto-Mechanics	->	
Macroscopic	Mass	at	the	
quantum	limit

1) Low	noise	quantum	limited	
readouts



POPULAR	DARK	MATTER	CANDIDATES:	WISP	or	WIMP?

• Classic	WIMP	Searches:	Expensive	i.e.	LHC	

• WISP	Searches:	Cheaper	Precision	Low	Energy	Experiments

• Axion:	Highly	Motivated:	ADMX	Washington	Seattle	tune	High-Q	
RF	cavity	(Radio	receiver	on	steroids)

• ->	ADMX	mass	range	2-20	µeV	

• ->	UWA:	Search	new	mass	ranges	never	searched	before	on	the	
budget	of	an	ARC	grant	(mass	range	50-200	µeV)

• ->	Funded	for	research	and	development	through	ARC	Centre	of	
Excellence	in	Engineered	Quantum	Systems

• ->	Need	Infrastructure,	Dedicated	Dil Fridge	at	Large	Magnet	(14	
Tesla)



ORGAN	Collaboration:	EQuS2	funded
Tobar,	 Ivanov,	Goryachev:	Built	prototype	already,	expert	
in	precision	test	of		fundamental	physics	using	microwaves

Paul	Altin Daniel	Shaddock:	Data	analysis	with	FPGAs,	
huge	problem!	Speed	of	data	collection	essential	for	
large	scans.	Liquid	 Instruments	technology	 to	be	used.

Arkady	Fedorov,	Warwick	Bowen,	Michael	Drinkwater:	
quantum	Josephson	Parametric	Amplifier	 technology	 to	
enable	improvement	 in	sensitivity	beyond	 the	quantum	
limit,	i.e.	squeezing	 techniques	and	QND.	

Andrew	Doherty,	David	Reilly	Develop	mK cryogenically	
cooled	HEMT	amplifiers	with	UWA:	Develop	models	 that	
could	lead	the	infrastructure	 to	be	implemented	more	
sensitively.

Tom	Volz: Techniques	 to	beat	the	quantum	 limit:	
Jason	Twamly,	Gavin	Brennan: Develop	models	that	
could	lead	the	infrastructure	 to	be	implemented	 for	
more	sensitively.



14 T Magnet (6 cm bore)

Lief Grant	to	gain	infrastructure	necessary	
to	test	well	known	Axion	models

Dedicated	dilution	 Fridge

Currently	we	have	7	T	magnet,	and	borrowing	 Dil Fridge
From	other	projects.	For	serious	attempt	these	items	are	
essential
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->	promote	to	a	field	(Axion)
No	neutron	EDM	so	no	violation,	 			Θ->0,	why?

Effective	periodic	 strong	CP	violating	term,	Θ,	
appears	as	a	Standard	Model	input	









Axions and	WISPs
Weakly	Interacting	Slim	Particles Axion Like	Particles

Slim	=	sub-eV

Weakly	interacting,	small	mass,
so	offers	compelling	solutions	to:

Dark	Matter	(i.e.	Axions,	hidden	photons)
Dark	Energy	(i.e.	Chameleons)

Low	energy	scale	dictates	precision	experimental													
approach	(i.e.	don’t	need	a	particle	collider)

WISP	searches	are	complementary	to	WIMP	searches	

WISPs

ALPs

Axions

Axions constituting our local galactic halo 
would have huge number density ~1014 cm-3



More	Theoretical	Motivations

Joseph	Conlon	 (Oxford	University)
Patras Axions/WIMPs/WISPS	Meeting,	 Durham
July	13,	2009



Selected Axion couplings
& the important two-photon coupling

In contrast:
A process with large model 
uncertainty
Can occur, e.g., in the Sun
Contains unknown U(1)PQ charge 
of electron

A process with small model 
uncertainty
Exploited in certain terrestrial 
searches
Easily calculable



Pierre Sikivie’s RF-cavity idea (1983):
Axion and electromagnetic fields exchange 

energy: WISP-Photon	Coupling
WISP-photon	coupling	provides	very	important	experimental	and	
observational	access	(with	minimal	model	dependence).

B	field	can	act	as	2nd virtual	photon
to	induce	axion-photon	conversion

Want	to	test	/	bound	gaγγ
What	values	of	fa make	sense for	axion dark	matter?

Axion mass	dictates	photon	 frequency

For	example,	the	axion couples	to	2	photons:

€ 

∂ E2 /2( )
∂t

−E ⋅ ∇ ×B( ) = gaγ ˙ a E ⋅B( )



Axion Mass	/	Photon	Coupling

g a
γγ
(G
eV

-1
)

240	MHz 24	GHz 24	THz

fa ~	6x1012 GeV fa ~	6x107 GeV

Cold	Dark	Matter

Photon	Frequency

Axion decay

Energy	loss
(e.g.	SN1987A)

Overclosure

Microwaves
&	mm-waves

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



Axion Dark	Matter	eXperiment (ADMX)	and	ADMX-
High	Frequency	collaboration

Lawrence	Livermore	National	Laboratory	– ADMX	began	here	in	the	mid-1990s.
Gianpaolo Carosi,	Darrell	Carter,	Jaime	Ruz	Armendariz

University	of	Washington	– main	experiment	moved	here	in	2010.
Leslie	Rosenberg,	Gray	Rybka,	Michael	Hotz,	Andrew	Wagner,	Doug	Will,	Dmitry	Lyapustin,	
Christian	Boutan,	Jim	Sloan,	Ana	Malagon,	Rich	Ottens,	Hannah	LeTourneau,	Cliff	Plesha

University	of	Florida
David	Tanner,	Pierre	Sikivie,	Neil	Sullivan,	Jeff	Hoskins,	Jungseek	Hwang,	Catlin	Martin,	
Ian	Stern,	Nicole	Crisosto

National	Radio	Astronomy	Observatory
Richard	Bradley

University	of	California,	Berkeley	
Karl	van	Bibber,Tim	Shokair,	John	Clarke,	Jaben	Root,	John	Norton,	Ben	Clemens,	
Maria	Simanovskaia,	Kelly	Backes,	Isabella	Urdinaran

Fermilab (recently	joined)
Aaron	Chou,	Will	Wester,	Andrew	Sonnenschein,	 Swapan Chatopadhyay

Sheffield	University
Edward	Daw

Yale	University	(ADMX-HF	- NSF	sponsored)
Steve	Lamoreaux,	Yulia	Gurevich,	Ben	Brubaker,	Sidney	Cahn

University	of	Colorado	(ADMX-HF	– NSF	sponsored)
Konrad	Lenhert,	Memhet Ali,	Dan	Palken



ADMX Gen 2 Science Prospects: Year 1 (0.5 – 1 GHz)
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ADMX Gen 2 Science Prospects: Year 1 (0.5 – 1 GHz)
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ADMX-HF	year	1	target	(4-6	GHz	@	~2*KSVZ)
Test-bed	for	R&D	work



ADMX Gen 2 Science Prospects: Year 2 (1 – 2 GHz)

10-10

10-16

10-15

10-14

10-13

 10  100  1000

 1  10  100

Ax
io

n 
C

ou
pl

in
g 

|g
aγ
γ |

 (G
eV

-1
)

Axion Mass (µeV)

Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz)

2015

2016

"Hadronic" Coupling

Minimum Coupling

Axi
on 

Col
d D

ark
 Ma

tte
r

War
m D

ark
 Ma

tte
r

A
D
M
X
 
P
u
b
l
i
s
h
e
d
 
L
i
m
i
t
s

Non RF-cavity Techniques

T
o
o
 
M
u
c
h
 
D
a
r
k
 
M
a
t
t
e
r

White Dwarf and Supernova Bounds

Reconfigure current cavity
Add several more tuning rods
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ADMX Gen 2 Science Prospects: Year 3 (2 – 4 GHz)
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4-cavity array
Similar setup was tested in Phase 0 
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ADMX Gen 2 Science Prospects: Year 4 (4 – 8 GHz)
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ADMX Gen 2 Science Prospects: Year 5 (8 – 10 GHz)
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Photonic bandgap cavities (1st half of 2019)



ADMX Gen 2 Science Prospects: Year 5 ( < 0.5 GHz)
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Slow-wave	cavity	
(2nd half	of	2019)



We propose high frequency cavity axion
searches not currently under investigation 

(support from ADMX)

What frequencies are we best at measuring at UWA……
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Caveats	->	Assumes	PQ	breaking	occurs	after	inflation,	 study	pure	Yang-Mills	(gluons	 only)
and	not	yet	full	QCD.	So	still	important	 to	test	low	mass

UWA





Signal strength
• Power from the cavity is

• Where Cnl is form factor, ρa is the halo density, ma the 
axion mass, and 

• QL ~ 70000(GHz/f )2/3 (ASE); Qa ~106 are quality factors

• gγ ~ 0.97 (KSVZ); gγ ~ 0.36 (DFSZ) are coupling 
strengths

• We use DFSZ; look for ~10-22 Watts power



Microwave Cavity Parameters to 
consider

• Maximize	Volume	inside	B-Field
– Axion conversion	power	goes	as	B2V.

• Maximize	Form	Factor:

• Maximize	Quality	Factor	=	freq/Δfreq (up	to	Qa ~	106)

• Tunability =	must	be	able	to	shift	resonant	
frequency	over	an	appreciable	range	to	scan	axion
masses.

• Ability	to	distinguish	that	you	are	on	the	correct	
mode	(one	that	couples	to	axions)



Optimization	of	Axion	Haloscope	Cavity

(Always	equal,	good	 to	calculate	both	to	check	complicated	structures)
McAllister,	Parker,	Tobar	PRL	117,	159901	(2016)

Define	CVG







THE ORGAN CONCEPT
Brute force solution: Compensate for loss 
in volume at high frequencies by looking 
at multiple frequencies simultaneously 
(Like an Organ!).

Multi-Channel Digitizer 

M
ag

ne
t 

First Stage Amplifiers 

Microwave 
Signal Source 
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Stephen.Parker@uwa.edu.au

Alternative to power-
summing at one 
frequency and dealing 
with keeping all the 
cavities frequency-
tuned / locked



ORGAN

Multi-Channel Digitizer 

M
ag

ne
t 

First Stage Amplifiers 

Microwave 
Signal Source 
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Stephen.Parker@uwa.edu.au

Oscillating Resonator Group Axion coNvertor: Australian consortium
Project funded by the ARC CoE for Engineered Quantum Systems

-> ARC LIEF Application 14 Tesla Magnet (~ B2) plus dedicated Dil Fridge for 
multiple year operation etc.  

Oscillating Resonator Group Axion coNvertor PathfInder ProjEct (ORGAN PIPE)

Start with 1 cavity…

1) Check Detection Claim
2) Show proof of concept 

at higher masses
3) Test novel noise 

reduction and signal 
enhancing techniques







ORGAN PIPE 
A 110 μeV (26.6 GHz) Axion Haloscope Search36

First experiment 80 days  -> 
1 cavity to cover Ma = 110 +/- 2 μeV or
26.6 +/- 0.5 GHz 
(maybe use two cavities to reduce scan time?)      

Increase	field	7-14	Tesla	->	sensitivity	increase	x	4,	
Search	time	reduced	by	16,
Huge	benefit	(5	days!)



37
Equipment – Dilution Fridges from other 
projects has allowed proof of concept of 
Australian path finder test 



Magnet & readout

7 T Magnet (10 cm bore)

LNF Cryo HEMTS
~10 K Noise temp (15 – 29 GHz)
Need to develop JPA’s at high frequency

38

2-channel digitizer
Keysight U5303A

Stephen.Parker@uwa.edu.au



First	run	complete

TM020 mode

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





Now	Some	Ways	to	
Improve	SNR





Stephen.Parker@uwa.edu.au
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Cross-correlating two cavities –
measurements

Stephen.Parker@uwa.edu.au
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Fit to data points:

Single-channel = 0.44*rt(m)

Cross-spectrum = 0.46*rt(2m)

Starting SNRs are “small”
(less than 1)
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Circumventing quantum noise in axion dark 
matter searches

Konrad W. Lehnert, Dan Palken (U. of Colorado, JILA)
Steve Lamoreaux, Ben Brubaker, Yulia Gurevich, Sid Cahn (Yale)
Karl van Bibber, Timothy Shokair, Jaben Root, 
Maria Simanovskaia (Berkeley)
Gianpaolo Carosi (Lawrence Livermore)

ADMX-HF team






