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Overview

« ORGAN
» General Introduction
* Design Considerations
* Run Plan
* Phase 1a
« R&D/Future Phases
« ORGAN-Q
« ORGAN Low Frequency
» Other experiments
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ORGAN Introduction

* High mass axion haloscope collaboration
* Axion-photon conversion in resonant cavity
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ORGAN Introduction

* High mass axion haloscope collaboration
* Axion-photon conversion in resonant cavity
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ORGAN Introduction

* Many cavities together
* The Oscillating Resonant Group AxioN Experiment
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* Many cavities together
* The Oscillating Resonant Group AxioN Experiment
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* Mass range of interest — 60-200 micro-eV
* Motivations:
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* Mass range of interest — 60-200 micro-eV

* Motivations:
« SMASH model
» Josephson Junction results
* High mass range relatively unexplored
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* Mass range of interest — 60-200 micro-eV

* Motivations:
« SMASH model
» Josephson Junction results
* High mass range relatively unexplored

* Broken down into Phases:
* Phase 1 - targeted 1 GHz scans ~month(s) scale

* Phase 2 - wider scans with enhanced sensitivity, broken into 5 GHz chunks, ~year
scale
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ORGAN Introduction

* Mass range of interest — 60-200 micro-eV

* Motivations:
« SMASH model
» Josephson Junction results
* High mass range relatively unexplored

* Broken down into Phases:
* Phase 1 - targeted 1 GHz scans ~month(s) scale

* Phase 2 - wider scans with enhanced sensitivity, broken into 5 GHz chunks, ~year
scale

* Some auxiliary experiments
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ORGAN Introduction

 Critical research areas:
 Novel tunable resonators
* Superconductors
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ORGAN Introduction

* Critical research areas:
* Novel tunable resonators
* Superconductors
* Low noise amplification/photon counting readout
* Data acquisition and analysis
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Design Considerations
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Design Considerations

df 1 8ayyB 4|CQ|V2 chtlQllQa
dt X SNR? m2(kgTy)?

‘goal

* Cavity stuff
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Design Considerations
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dt 7713(1@3.:7“"52

dt  SNR?
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* Cavity stuff
* Fridge/magnet stuff
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Design Considerations

i 1 gh B 93|§2an

dt  SNR?

qoal m2(k BE:".’

* Cavity stuff
* Fridge/magnet stuff

* Amplifier/readout stuff

ARC CENTRE OF EXCELLENCE FOR @
g PARTICLE DHVSICS\



T
Design Considerations

i 1 gh B 93|§2an

X
dt ~ SNRZ,,, 7713(163@_)

* Cavity stuff
* Fridge/magnet stuff
* Amplifier/readout stuff

* Stuff we can’t really control
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Design Considerations

dt  SNR?

qoal m2(k B&)

i 1 gh B ozEdea

* Cavity stuff

* Fridge/magnet stuff

* Amplifier/readout stuff

* Stuff we can’t really control

* Best version of each of these things is highly mass range dependent...

* Begin to see some of the issues with going to, e.g. high or low frequencies
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Design Considerations

dt  SNR?

qoal m2(k B&)

i 1 gh B ozEdea

* Cavity stuff

* Fridge/magnet stuff

* Amplifier/readout stuff

* Stuff we can’t really control

* Best version of each of these things is highly mass range dependent...

* Begin to see some of the issues with going to, e.g. high or low frequencies
* Particularly - VOLUME
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* Bluefors XLD System
* Base <7 mK




ORGAN Dilution Refrigerator

* Bluefors XLD System
* Base <7 mK

* Equipped with 125 T
magnet

CENTRE OF EXCELLENCE FOR @
PARTICLE pHYSICSL




ORGAN Dilution Refrigerator

* Bluefors XLD System
* Base <7 mK

* Equipped with 125 T
magnet

* Dedicated for ORGAN
searches
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Design Considerations

dt  SNR?

qoal m2(k B&)

i 1 gh B ozEdea

* Cavity stuff

* Fridge/magnetstof

* Amplifier/readout stuff

* Stuff we can’t really control

* Best version of each of these things is highly mass range dependent...

* Begin to see some of the issues with going to, e.g. high or low frequencies
* Particularly - VOLUME
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Run Plan

Phase 1: 10-1"
- Standard TM010 Tuning

Rod Resonators (mostly)
« HEMT Amplifiers
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Phase 1a

* Targeted scan around 15 GHz
 Commenced in 2021, now complete
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Phase 1a

* Targeted scan around 15 GHz
 Commenced in 2021, now complete
* Tuning rod resonator, TMO10 mode
* HEMT amplifier
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 Commenced in 2021, now complete
* Tuning rod resonator, TMO10 mode
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ARC CENTRE OF EXCELLENCE FOR @
g PARTICLE DHVSICS\



TS
Phase 1a

* Targeted scan around 15 GHz
 Commenced in 2021, now complete

* Tuning rod resonator, TMO10 mode

* HEMT amplifier

» Zero-dead-time FFT on FPGA (from ANU)
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* High frequency is difficult
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Phase 1a

* High frequency is difficult
* Relative tolerances are much bigger - need very small rod gaps
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Phase 1a

* High frequency is difficult
* Relative tolerances are much bigger - need very small rod gaps
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Phase 1a

* High frequency is difficult
* Relative tolerances are much bigger - need very small rod gaps
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Phase 1a

* Did eventually get it working...
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Phase 1a
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* Did eventually get it working...

* |lterations of design - increase
alignment, tolerances etc

S| (dB)

Frequency (GHz)

=
Ul

14
0 30 60 90 120 150
Rod Position (Degrees)

ARC CENTRE OF EXCELLENCE FOR @
g PARTICLE DHYSICS\



TS
Phase 1a

 ~3.5 weeks of data
* ~600 cavity positions
e ~52K
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Phase 1a

0.45 | 1 | 1 | 1 | |
== No Filter: x = 8.15, ¢ = 1.00 |}

== SG Filter: p = 7.60, ¢ = 0.97 | |-

0.40 —

 ~3.5 weeks of data
« ~600 cavity positions

*~5.2K :
* Followed HAYSTAC ]
data analysis procedure " :

4 6 8 10 12
Normalized Power Excess (o)
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Phase 1a
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Phase 1a

m, (ueV)

62.9 63.7 64.5 65.3 66.2

* Gaps to be filled
in future phases

* Better sensitivity

1ALP Cogenesis
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Phase 1a

* Gaps to be filled

~/

iIn future phaseS T> I aLp Cogenesis
* Better sensitivity S 10m.

* Published now
in Science Advances
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Phase 1b

 Currently in preparation to commence 2022
« 26 - 27 GHz
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Phase 1b

 Currently in preparation to commence 2022

« 26 - 27 GHz @
« TMO10 cavity, commercially produced and

silver-plated
* Will likely operate at mK J \
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 Currently in preparation to commence 2022

« 26 - 27 GHz @

« TMO10 cavity, commercially produced and
silver-plated

* Will likely operate at mK , \

* In parallel developing novel cavity which .
may take place of tuning rod resonator...

CENTRE OF EXCELLENCE FOR @
PARTICLE PHYSICS N




TS
Phase 1b

 Currently in preparation to commence 2022

« 26 - 27 GHz @

« TMO10 cavity, commercially produced and
silver-plated

* Will likely operate at mK , \

* In parallel developing novel cavity which .
may take place of tuning rod resonator...

* Also developing new readouts...
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TS
Phase 1b

 Currently in preparation to commence 2022

« 26 - 27 GHz @

« TMO10 cavity, commercially produced and
silver-plated

* Will likely operate at mK , \

* In parallel developing novel cavity which .
may take place of tuning rod resonator...

* Also developing new readouts...
» Also investigating superconducting coatings...
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Run Plan P A M I N SR M M

10-10:

Phase 1: 10-1

- Standard TMO010 Tuning
Rod Resonators (mostly)‘;

« HEMT Amplifiers

Phase 2:

* Novel Dielectric Resonators
- Better Qs

- Better Amplifiers/Readout
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Run Plan

Phase 1:

- Standard TMO10 Tuning _
Rod Resonators (mostly) ‘;

« HEMT Amplifiers 3

Phase 2: o
* Novel Dielectric Resonators
- Better Qs

- Better Amplifiers/Readout

.30.

Frequency (GHz)

.40.

.50.
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Design Considerations

dt  SNR?

qoal m2(k B&)

i 1 gh B ozEdea

* Cavity stuff

* Fridge/magnetstof

* Amplifier/readout stuff

* Stuff we can’t really control

* Best version of each of these things is highly mass range dependent...

* Begin to see some of the issues with going to, e.g. high or low frequencies
* Particularly - VOLUME
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R&D: Novel Resonators

* Dielectric Boosted Axion Sensitivity (DBAS)
* Take a higher order TM mode and make it axion sensitive by placing dielectric in out of phase
regions.
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R&D: Novel Resonators

* Dielectric Boosted Axion Sensitivity (DBAS)
* Take a higher order TM mode and make it axion sensitive by placing dielectric in out of phase
regions.
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R&D: Novel Resonators

* Dielectric Boosted Axion Sensitivity (DBAS)

* Take a higher order TM mode and make it axion sensitive by placing dielectric in out of phase

regions.

 Result = decreased E* field in those regions — increase in C
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R&D: Novel Resonators

* Dielectric Boosted Axion Sensitivity (DBAS)
* Take a higher order TM mode and make it axion sensitive by placing dielectric in out of phase

regions.

 Result = decreased E* field in those regions — increase in C
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R&D: Novel Resonators

Built-in tuning: 2-wedges remain stationary, while the other 2 are allowed to
move relative to the stationary ones.
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R&D: Novel Resonators

Built-in tuning: 2-wedges remain stationary, while the other 2 are allowed to
move relative to the stationary ones.

Field Amplitude (103 V/m)




R&D: Novel Resonators

Built-in tuning: 2-wedges remain stationary, while the other 2 are allowed to

move relative to the stationary ones.

Field Amplitude (103 V/m)
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R&D: Novel Resonators

* Prototype resonator built
* 4 sapphire wedges
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R&D: Novel Resonators

* Prototype resonator built pees
» 4 sapphire wedges [rmescoman | Moo

Sapphire Rod,1.00mmD,15.00r

Lot #: 42986 Lot #: 42986
Qty: 4 : __ Qty: 4
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R&D: Novel Resonators

* Prototype resonator built

- 4 sapphire wedges = N
* Investigating utilisation in Phase 1b ”"

* Failing that, continue to analyse
for Phase 2 (among other ideas)
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R&D: Superconductors

 New collaborator within ORGAN

» Swinburne University of Technology -
nanofabrication capacity
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R&D: Superconductors

New collaborator within ORGAN

Swinburne University of Technology -
nanofabrication capacity

Develop superconducting devices
Also superconducting surface coatings
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Swinburne University of Technology -
nanofabrication capacity

Develop superconducting devices
Also superconducting surface coatings
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R&D: Superconductors

« Can characterise the internal field with magnonic sensor




R&D: Superconductors

« Can characterise the internal field with magnonic sensor

-+
5
[T

2%
Nrobe holes

10mm " Alumina mount and LiFe

CENTRE OF EXCELLENCE FOR @
PARTICLE PHYSICS X




R&D: Superconductors

« Can characterise the internal field with magnonic sensor
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R&D: Superconductors

« Can characterise the internal field with magnonic sensor
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Design Considerations

dt  SNR?

qoal m2(k B&)

i 1 gh B ozEdea

°© Cavity stuff

* Fridge/magnet-stuff

* Amplifier/readout stuff

* Stuff we can’t really control

* Best version of each of these things is highly mass range dependent...

* Begin to see some of the issues with going to, e.g. high or low frequencies
* Particularly - VOLUME
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R&D: Readout

« Single Photon Detection is superior to SQL linear amplification under the right conditions
« Take ORGAN as an example
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R&D: Readout

« Single Photon Detection is superior to SQL linear amplification under the right conditions
« Take ORGAN as an example

*100 mK
15 GHz
*SQL Noise ~ 1K
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R&D: Readout

« Single Photon Detection is superior to SQL linear amplification under the right conditions
« Take ORGAN as an example

*100 mK
15 GHz
*SQL Noise ~ 1K

* Ratio of SQL linear amp to SPD noise power:

Py n+1 [Avy,

Py, i \l ol

* For above parameters, with efficiency of 0.9: SQL about 50 times noisier
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R&D: Readout

« Single Photon Detection is superior to SQL linear amplification under the right conditions
Take ORGAN as an example

*100 mK
15 GHz
*SQL Noise ~ 1K

Ratio of SQL linear amp to SPD noise power:

Py n+1 [Avy,

Py, i \l ol

For above parameters, with efficiency of 0.9: SQL about 50 times noisier

* If we lower the temperature this ratio can become order of thousands
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R&D: Readout

*  We want single photon counters in the ~10s of GHz range
* Not a lot...but a few options
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R&D: Readout

*  We want single photon counters in the ~10s of GHz range
* Not a lot...but a few options

* Currently exploring current-biased Josephson junctions
» Basic idea — photon kicks junction into voltage state
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R&D: Readout

*  We want single photon counters in the ~10s of GHz range
* Not a lot...but a few options

* Currently exploring current-biased Josephson junctions
» Basic idea — photon kicks junction into voltage state

I Josephson R ,
junction N.’

Figure borrowed from Leonid Kuzmin
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R&D: Readout

* Design is non-trivial




R&D: Readout

* Design is non-trivial
* Have some samples (from Chalmers) currently integrated on PCB
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R&D: Readout

* Design is non-trivial
* Have some samples (from Chalmers) currently integrated on PCB
* Undergoing testing
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Run Plan P A M I N SR M M

10-10:

Phase 1: 10-1"
- Standard TM010 Tuning

Rod Resonators (mostly)
« HEMT Amplifiers
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- Better Qs 1077 E
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Auxiliary ORGAN
Experiments
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* New experiment around 6-10 GHz (TBD)
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ORGAN Q

* New experiment around 6-10 GHz (TBD)

* Testbed for various technologies for
implementation in future ORGAN Phases:
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ORGAN Q

* New experiment around 6-10 GHz (TBD)
* Testbed for various technologies for
implementation in future ORGAN Phases:
* Quantum amplifiers
» Superconducting coatings

 Various mechanical/design feature
improvements
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ORGAN Q

* New experiment around 6-10 GHz (TBD)
* Testbed for various technologies for
implementation in future ORGAN Phases:
* Quantum amplifiers
» Superconducting coatings

 Various mechanical/design feature
improvements

 Commence in 2022/2023 in larger bore 7 T
Magnet
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ORGAN Q

 Cavity prototype produced
» Clamshell-type resonator
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ORGAN Q

 Cavity prototype produced
» Clamshell-type resonator

* Testing now - will likely iterate
design before run
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ORGAN Q

 Cavity prototype produced
» Clamshell-type resonator

* Testing now - will likely iterate
design before run

« JPA either commercially sourced
or produced in Australia

* Test magnetic shielding, various
transmission line options
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ORGAN Q

 Cavity prototype produced
» Clamshell-type resonator

* Testing now - will likely iterate
design before run

« JPA either commercially sourced
or produced in Australia

* Test magnetic shielding, various
transmission line options

* Plan 5-10 x KSVZ sensitivity
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ORGAN Low Frequency

* Increased interest in low frequency axion searches (<500 MHz) in
recent times

* Various cosmological motivations for such axions
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* Increased interest in low frequency axion searches (<500 MHz) in
recent times

* Various cosmological motivations for such axions
* Win in a few ways...

ﬁO( 1 g3773402v2ngLQa
dt — SNR? m2(kgTy)?

‘goal
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* Increased interest in low frequency axion searches (<500 MHz) in
recent times

* Various cosmological motivations for such axions
* Win in a few ways...

ﬁO( 1 g3773402v2ngLQa
dt — SNR? m2(kgTy)?

‘goal

* Problem: Cavities get HUGE
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ORGAN Low Frequency

* Increased interest in low frequency axion searches (<500 MHz) in
recent times

* Various cosmological motivations for such axions
* Win in a few ways...

ﬁO( 1 g3773402v2ngLQa
dt — SNR? m2(kgTy)?

‘goal

* Problem: Cavities get HUGE
* Potential solution...
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ORGAN Low Frequency

* Re-entrant cavities (lumped LC resonators)
* Lower frequency, take hit to form factor

see LN NN
PHYSICAL REVIEW D Size Y
covering particles, fields, gravitation, and cosmology E
Highlights Recent  Accepted Collections  Authors Referees Search Press @
. | Cavity @
3D lumped LC resonators as low mass axion haloscopes Wall
—
Ben T. McAllister, Stephen R. Parker, and Michael E. Tobar Ly @ B
Phys. Rev. D 94, 042001 — Published 11 August 2016 \ Post
x O,
Article References Citing Articles (13) m \ @
Post
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e
ORGAN Low Frequency

* Re-entrant cavities (lumped LC resonators)
* Lower frequency, take hit to form factor
* Actually plan to use a novel re-entrant cavity...watch this space

see LN NN
PHYSICAL REVIEW D Size Y
covering particles, fields, gravitation, and cosmology E
Highlights Recent  Accepted Collections  Authors Referees Search Press @
. | Cavity @
3D lumped LC resonators as low mass axion haloscopes Wall
—
Ben T. McAllister, Stephen R. Parker, and Michael E. Tobar Ly @ B
Phys. Rev. D 94, 042001 — Published 11 August 2016 \ Post
x O,
Article References Citing Articles (13) m \ @
Post
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* Where do you put a big re-entrant cavity?
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ORGAN Low Frequency

* Where do you put a big re-entrant cavity?
* 3 T MRI Machine at Swinburne University
* Have approval to run experiment there
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ORGAN Low Frequency

10710, W
| 1 HEMT Ampiifier

Room Temperature

—_ -12| -
10 - ALP Cogenesis
| Initial RT Experiment
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ALP Cogenesis

Initial RT Experiment

Future Scale-Up
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UWA Scalar DM Experiment

Scalar Dark Matter

The introduction of an ultra light scalar Coupling of such an ultralight scalar to the
field with non-trivial coupling to the standard model causes the fundamental
standard model that we identify as the constants of nature to oscillate at the Compton
majority component of the local dark wavelength corresponding to the scalar field’s
matter density. mass value

Light dilaton field Parameterised standard model sectors

-~ Fundamental constant variation

l

i 'J"‘l‘
apl @) uh“(l Fd =),
d&’ o (1 "'f ¢ \ 1)
— 2 g~g A2
Einl — ¥ _(Ful/) - .-_(F‘;w)
A0 293 (14 a8 %
(1) m;(g m}( | 4+ dw '—) for j = e, u.d,
> \ i
—C ((lmI + ,m‘(ig)m,-l:,-a-,» s
i—e.ud Ayl ‘\‘( | +dy ﬁ
\ ]

Damour, T., & Donoghue, J. F. (2010). Equivalence principle violations and couplings of a light dilaton. Physical Review D - Particles,
Fields, Gravitation and Cosmology, 82(8), 084033. https://doi.org/10.1103/PhysRevD.82.084033

Hees, A., Minazzoli, O., Savalle, E., Stadnik, Y. V, & Wolf, P. (2018). Violation of the equivalence principle from light scalar dark matter.
Physical Review D, 98(6). https://doi.org/10.1103/physrevd.98.064051
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UWA Scalar DM Experiment

Frequency modes of clocks depend on fundamental constants

Compare modes of clocks of differing architecture to constrain
fundamental constant variation Constrain scalar DM coupling

_——_ Cryogenic Sapphire Oscillator

,-""E"SO (Photonic)

RE anr /
/11241 386 GHz

Vacuum chamber

Quartz OscillatQres e
Y Quarz
(Acoustic) '.® ’
" DpDS

‘. ;Mq%T E] . 41386 Mlie
S ——" Frequency
shifler 10¢

'5“0.':7 6un'itv Amplifier
' / I Hydrogen Maser

|, |

e - = ¥
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[ DVM | (K}~ @— (Atomic) R [ e
Filter Mixer  Frequency divider I P PO P . -
R e e
_ b~ . . . = This Wark
= 10 pr = svimemses

N » M m - : | — Fit - Wash ne;Ti
( f Q)X m.a®, | — 171,502 — (9) 10k : i|— MICROSCOPE To/P1
- Mp Aqeop B et | R [

A r
. . 20 12 =15 -7 -16 15 -14 -13
The dependencies of both the CSO and Maser frequencies i

are given in Appendix A of Ref. [41], m, (=)
-
feso x mea, (10) Campbell, W. M., McAllister, B. T., Goryachev, M., Ivanov, E. N., & Tobar, M. E. (2021). Searching
for Scalar Dark Matter via Coupling to Fundamental Constants with Photonic, Atomic, and
(1 l) Mechanical Oscillators. Physical Review Letters, 126(7), 71301.
https://doi.org/10.1103/PhysRevLett.126.071301
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UWA Scalar DM Experiment

Frequency modes of clocks depend on fundamental constants

Compare modes of clocks of differing architecture to constrain
fundamental constant variation — Constrain scalar DM coupling

_——_ Cryogenic Sapphire Oscillator
RE our /€S0 (Photonic)
Vacuum chamber S 11240 586 GH~ —
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The dependencies of both the CSO and Maser frequencies 107 10 107 107 10 10 107 10

are given in Appendix A of Ref. [41], m, (% )
-
feso x mea, (10) Campbell, W. M., McAllister, B. T., Goryachev, M., Ivanov, E. N., & Tobar, M. E. (2021). Searching
e ( m, ) < ( m. ) (1 l) for Scalar Dark Matter via Coupling to Fundamental Constants with Photonic, Atomic, and
o Melx _— X My . Mechanical Oscillators. Physical Review Letters, 126(7), 71301.
FNA N 7 @ Mp Aqen https://doi.org/10.1103/PhysRevLett.126.071301
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\IER See William Campbell’s Poster!
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Scalar DM with ORGAN

a I'}(:I_V > hep-ph > arXiv:2207.14437

High Energy Physics - Phenomenology

[Submitted on 29 Jul 2022]
Searching for Scalar Field Dark Matter using Cavity Resonators and Capacitors

V.V. Flambaum, B.T. McAllister, |I.B. Samsonov, M.E. Tobar

ARC CENTRE OF EXCELLENCE FOR

PARTICLE PHYSICSY




S
Scalar DM with ORGAN

a I'><1V > hep-ph > arXiv:2207.14437

High Energy Physics - Phenomenology

[Submitted on 29 Jul 2022]
Searching for Scalar Field Dark Matter using Cavity Resonators and Capacitors

V.V. Flambaum, B.T. McAllister, |I.B. Samsonov, M.E. Tobar

See Igor Samsonov’s talk yesterday!
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Search for HFGW with ORGAN

PHYSICAL REVIEW D 105, 116011 (2022)

Detecting high-frequency gravitational waves with microwave cavities

Asher Berlin,l’z’3 Diego Blas,4’5 Raffaele Tito D’Agnolo ,6 Sebastian A. R. Ellis ,7’6
Roni Harnik,z’3 Yonatan Kahn,g’g’3 and Jan Schiitte-Engel 89,3
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Search for HFGW with ORGAN

PHYSICAL REVIEW D 105, 116011 (2022)

Detecting high-frequency gravitational waves with microwave cavities

Asher Berlin,l’z’3 Diego Blas,4’5 Raffaele Tito D’Agnolo ,6 Sebastian A. R. Ellis ,7’6
Roni Harnik,z’3 Yonatan Kahn,g’g’3 and Jan Schiitte-Engel 89,3

See Mike Tobar’s talk Thursday!
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UWA Axion Magnon Experiment
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B interaction:
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* Detects axions by interaction with 10 . I. -. I - I . I : :
electrons [Existing Amplifiers (Improved Sample) .. Th' “mk ...... ' :
* Can distinguish between axion 10" st Ampl ; W IR :
e e e S e M St . 0 :
models

* s directional/can detect direction

. ) 10712
of axion wind

Axion electron coupling, gaee

i Wi yonrf ir -
* Much lower signal powers. By | \ uW Cavity & VIG || \
Conclusion: 10 5 fu
. . Optimistic QND Measuremen ' p : .
Ideal experiment to probe axion . ‘ = Magnet Bore..____LJ |
i - i 16
properties post-detection 10 1380 =L i T

Axion Mass (peV)

See https://doi.org/10.1016/j.dark.2019.100306
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https://doi.org/10.1016/j.dark.2019.100306

e
Conclusion

 ORGAN
* High mass axion haloscope (15+ GHz)

* Run Plans
* Phase 1a completed 2021/2022
 Future phases commencing 2022
 Various avenues of R&D
* Auxiliary experiments
* ORGAN-Q
« ORGAN Low Frequency
« Other DM Experiments
» Scalar DM Searches
« Axion-Magnon Coupling
« UPLOAD
» Search for HFGW
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