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• The velocity of the Earth varies over the year as the Earth moves around the Sun,  and can be written as 

[in km/s]:

• t = days since January 1st 

• tp = 2. June (152.5 d) ± 1.3 d; 1 yr = 362.25 d

• the velocity modulation gives rise to a ~ 3% modulation in the rate                                          (for vE ~v0)

Signal Modulation: Annual Effect
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we need ~ 1000 events 
to detect the variation
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Annual modulation; maximum on June 2, 
minimum December 2

R(t)

Modulating component ~ 2-10% of R(t)

Annual modulation of WIMP DM

• Rare and low energy events
• Expected σ(WIMP-nucleon) ~ 10-48 — 

10-40 cm2

• Very low expected rate < 1 count/day/kg 
(few % of which modulates)

• Expected recoil energy is 1-100 keV for a 
WIMP of mass 10-1000 GeV/c2

• For now strongly simplified:

• N = number of target nuclei in a detector

• ρχ = local density of the dark matter in the Milky Way

• <v> = mean WIMP velocity relative to the target

• mχ = WIMP-mass

• σχN =cross section for WIMP-nucleus elastic scattering

Expected Rates in a Detector

Particle physics

Astrophysics

R ∝ N
ρχ

mχ

σ χN ⋅ 〈v〉
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Astrophysics

Particle physics



Results from DAMA/LIBRA
• ~20 years of opera.ons: 12.8 σ CL significance 
• Period: (0.998±0.002) y 
• Phase: (145±5) days (2-6 keV) and (145±7) (1-3 keV) 

Expected DM phase 152.5 days 
• Amplitude: (0.0103±0.0008) cdp/kg/keV 

•  Observed annual modula.on  ~ 0.01 cpd/kg/keV (dru) in ROI [1,6]keV

2. Proton spin dependency
For spin dependent DMmodels, DMcouples to the unpaired nucleonwithin an atom. There
is also no a priori reason why the neutron and proton should couple identically in this case,
and indeed there are a number of models proposed that present a proton-philic DM [27].
For these models, traditionally highly sensitive targets like Ge, Ar, and Xe are e�ectively
blind as they have an unpaired neutron rather than proton. Both Na and I have unpaired
protons, making NaI(Tl) a target well suited to this family of models.

Despite these factors, di�culties in both the puri�cation of NaI(Tl) to achieve ultra-low
backgrounds and distinguishing between nuclear and electron recoils at low energies have
made NaI(Tl) experiments less competitive compared to the much larger noble gas and TPC
detectors. In the present landscape, their main attraction is the ability to provide a model
independent test of the modulating signal observed by DAMA/LIBRA. There are currently
two experiments that have been operating for 3 years in this search - their current status
(along with DAMA’s) is described in brief in the following subsections.

1.4.1 DAMA
The DAMA collaboration has been running NaI(Tl) DM experiments since the early 1990s,
aiming to observe the model independent modulation of a DM interaction rate. The most
recent iteration, DAMA/LIBRA-phase 2, utilised 250 kg of NaI(Tl) over 8 years of data tak-
ing. Combining this with previous experiments (DAMA/NaI and DAMA/LIBRA-phase1,
DAMA has a total exposure period of 2.86 ton⇥ years.
The 25 crystal modules (⇠10 kg each) are directly coupled to two photomultiplier tubes
(PMTs) each, shielded by Cu tubes and sealed within a low radioactive Cu box continually
�ushed by high purity N2. This is then surrounded by a passive shielding system made
up of more Cu, Pb, and polyethylene, as shown in Fig. 1.12 [33]. This is all enclosed by a
�ushed, plexiglass shield, and placed underground at LNGS in Italy at a depth of 3400 m
water equivalent.

Figure 1.12: Schematic of the DAMA detector [33].

The DAMA collaboration have consistently observed a modulating signal over their back-
ground rate of 0.8 cpd/kg/keV [34], compatible with DM over many iterations of their ex-
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NaI experimental landscape



STAWELL UNDERGROUND PHYSICS LAB (SUPL)

Stage 1 completed in August 2022

https://www.supl.org.au



SUPL

3000 m.w.e.

○ 1025 m deep  (~2900 m water equivalent) with flat over burden
○ Helical drive access

https://www.supl.org.au

Future clean area & dilution fridge 
for Quantum Sensing R&D

Stawell Underground Physics Lab

22

• Walls pinned with steel, sprayed with low
radioactivity shotcrete and coated with
Tekflex.

• Background measurements planned for
muons, gammas, and neutrons late 2022.

Irene Bolognino - The SABRE South Experiment at the Stawell Underground Physics Laboratory – CosPA Conference



SUPL
• Commissioning throughout 2023.
• First major equipment to be delivered in January 

2024.
• SABRE collaborators commenced mine safety 

training (2 days on site, medical testing)

24/11/2023

5

Clean air into SUPL

SGM 
Compressed 
Air Line

6

Developing Policies & Procedures

5

6

24/11/2023

7

SGM Surface & Underground Induction

8

Fashion Forward

Individual Researchers

Must have your own: 
7. High-visibility clothing 
8. Steel capped boots as specified by SGM.

SUPL will provide

1. Self-rescuer
2. Cap lamp
3. Gloves
4. Ear protection
5. Safety glasses
6. SGM Information Card SUPL or Individual Researcher

9.   Miner’s belt 
10. Miner’s helmet

These are a pooled resource with limited sizes.
Regular attendees should get their own.

7

8

24/11/2023

1Commercial-in-confidence

SUPL Facility Update
SABRE Collaboration Meeting

November 2023

2

Final Works Program – The Door

1

2

The road to SUPL

CDM MEETING 19/10/23



Preparing for work in SUPL
• Actions to move equipment to SUPL

• SUPL and SABRE Agreement 
• Delivery and installation

• Planning
• Arrival at SGM 
• Transport to SUPL
• Off-loading at SUPL
• Allocated research space
• Equipment register
• Services and consumables

• Undertaking research activities
• Risk assessments
• Standard Operating Procedures
• Work instructions or O&M manuals

• Documents for approval to move equipment to SUPL 

• Equipment register 

• Task risk assessment 

• Process risk assessments 

• Approval to work at SUPL 

• Standard operating procedures 

• Work instructions 

• Training, mine safety, heights, confined spaces etc. 

SABRE – Logistics 

It is currently proposed to utilise the services of Stawell & Grampians Towing and Steadfast 
Maintenance for transportation and installation works to and within SUPL for the SABRE Experiment.

There is also a gantry crane within SUPL that will be utilised for construction of the experiment. 
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Computing
First SUPL measurement of muon flux, October 2023



SUPL

3000 m.w.e.

• Located in the active Stawell Gold Mine, 240 km west of Melbourne, Victoria, Australia

Strong support of the local 
community

https://www.supl.org.au

• First underground lab in the southern hemisphere



SUPL TIMELINE

3000 m.w.e.

• 2014  Lab proposed, Project Leaders E. Barberio 
(University of Melbourne), J. Mould (Swimburne)

• 2015 Federal Stronger Region grant to NGSC  for 
the Lab design 

• 2016 Lab design by WOOD ready 
• 2017 Hiatus - SGM in caretaker mode 
• 2018 the project restart: ARETE capital acquires 

SGM
• 2019 construction starts by H.Troon (Ballarat)
• 2022 August SUPL finished and commissioning 

start 
• 2023 December SUPL ready to be used
• 2024 January SABRE starts construction



THE HISTORY

Underground Physics 
Laboratory 

A delegation of Italian scientists, 
visited SGM and suggested to build 
an underground laboratory to test 
the dark matter signal seen in Italy 

SGM and NGSC enormously 
supportive and help to generate 
government funding for SUPL



E

STRONG SUPPORT FROM SGM
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SCHOOL ENGAGEMENT

Mobile device VR
of experiments
to engage at

home

Particle Detector,
Master classes, 
Innovation Kit

Lessons on
special relativity
and subatomic
physics

Centre supports
schools in
evaluation

Explore Educate

Engage Evaluate

• 50% increase in STEM 
enrolments in Stawell and 
Ararat schools since SUPL 
announced;

Foster innovation culture 
and an entrepreneurial 
mindset with the help of the 
innovation lab @ Swinburne



E

STRONG SUPPORT FROM INFN

gradient fill acronym only

VIBRATION This concept is high tech, providing a combination of a focal point and
concentric rings. This style implies several relevant themes: the perspective
of looking down a tunnel (into the earth from above); revolving computer spools;
and a maze surrounding a central truth. The colourway is cool and suggests a 
laboratory, and the font is modern, clean and friendly.

STAWELL UNDERGROUND PHYSICS LABORATORY

OVERVIEW

COLOUR

VARIANTS

STAWELL

PHYSICS LAB
UNDERGROUND

SUPL

The	beginning	of	the	story	

8

Fellow winemakers 

We don’t want you to just host the (SABRE) experiment; we want you as 
collaborators in the experiment 

Brian Schmidt (ANU VC & Nobel Prize 
Winning physicist) discussing 
winemaking with Adam Carnaby 
(Senior Winemaker, Seppelts) – at 
Seppelts Best Western adjacent to 
Stawell 
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Why	Australia?

4

2nd CoEPP CAASTRO Workshop on Dark Matter (2014)2014 workshop @ Stawell on dark matter

Prof. Sandro Bettini helped to set the requirements 
and help with the lab design
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The Science

A/Prof Alan Duffy
Swinburne

LAB CONSTRUCTION
Stawell Underground Laboratory construction

$5
million

Federal 
Government 
funding 
(Education)

Stawell Underground Laboratory construction

$5
million

Victoria State 
Government 
(Regional 
Development)

$1.8
million

Stawell Underground Laboratory construction



CoE- Dark 
Matter 
Particle 
Physics

SUPLSABRE
Expt

SUPL Capital Works Funding:
Commonwealth Govt.

Victoria Govt.
Operational Funding:

SUPL Partners - UM, ANSTO, 
ANU, UA, Swinburne

SABRE Capital Funding:
ARC, via ANU, UM, …

Collaborators:
UM, ANU, UA, 

Swinburne, INFN, 
Princeton, …

CoE Funding:
ARC, UM, UWA, UA, 

ANU, Swinburne.

SABRE: key component of the 
CoE Scientific Program 
BUT only a part of it.
Other projects include:
Searches for Axions (UWA); 
Search for DM production at the 
LHC (UM, UA) ; Theory; etc. SUPL: Future National Facility

SABRE is initial Key experiment
BUT also:
ANSTO low background Gamma 
spectroscopy facilities;
Geology & biology experiments;
Others …

CoE Funding:
Other DM experiments, 

Cygnus, Cryo exp. 

SUPL ltd. manages the lab

Dr Sue Barrel (chair SUPL ltd.)Independent funding ~$6M

Independent funding ~$47M

Running cost from university funding. 
Requested 17M for  5 years running 
cost from the federal government



ARC Centre of excellence for DM
• Prof Elisabetta Barberio director
• 7 years projects (midd-2020—midd-2027)
• 21 Chief investigators (Australian) over 6 Australian Universities (10 theorists, 10 

experimentalists)
• 3 new academics (direct detection experimentalists)+ 1 position almost filled (direct 

detection experimentalist)
• 13 partner investigators (formal agreement) - INFN, Caltec, Amsterdam, Washington, 

Stockholm, MIT, Sheffield; locally ANSTO and DSTG
• 30 associate investigators (less formal association) from many other countries
• 24 postdocs supported by the centre
• 100 students
• 14 admin staff supported by the centre



RESEARCH THEMES
Direct Detection Metrology Large Hadron Collider Theory

Detector

Dark  
Matter  

Particles

WIMP-like, Axion-like Nuclear and quantum 
techniques Dark matter analyses Indirect detection, astro 

simulation, 



The ambitious program of SABRE foresees two detectors in two underground locations:
• SABRE North at Laboratori Nazionali del Gran Sasso (LNGS) in Italy
• SABRE South at Stawell Underground Physics Laboratory (SUPL) in Australia

The SABRE Collaboration
SA

BRE
SA

BRE

6Irene Bolognino - The SABRE South Experiment at the Stawell Underground Physics Laboratory – CosPA Conference

SABRE
• Two similar detectors in two underground locations in opposite hemisphere: 

• SABRE North at Laboratori Nazionali del Gran Sasso (LNGS) in Italy
• SABRE South at Stawell Underground Physics Laboratory (SUPL) in Australia

Acknowledgements
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SABRE South

SA
BRE

SA
BRE

SABRE North



Requirements for SABRE

The DAMA collaboration have consistently observed a modulating signal over their back-251

ground rate of 0.8 cpd/kg/keV [1], compatible with dark matter over many iterations of their252

experiment (Fig. 1). In the 2-6 keV region, this has a modulation amplitude of 0.01014 ±253

0.00074 cpd/kg/keV with a phase and period of 142.4±4.2 days and 0.99834±0.00067 years254

respectively [2]. This modulation occurs in the 1-6 keV range (reported for DAMA/LIBRA-255

phase2 only) with an amplitude of 0.01058±0.00090, period of 0.99882±0.00065 years and256

phase of 144.5±5.1 days, but recent preliminary results have indicated that this modulation257

continues below the 1 keV threshold [2].258

Figure 1. Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA–phase1 and DAMA/LIBRA–phase2 in the (2–6) keV energy intervals as a func-
tion of the time.

Other NaI(Tl) based experiments have operated in recent years to test this modulation259

using the same target as DAMA [3, 4]. For ease of comparison, we present the observed260

modulation from each of the operating experiments, and the resulting global average in261

Fig. 2 and Table 1.262

Table 1. Annual modulation in the 1-6 keV region reported by DAMA [2], COSINE [3], and ANAIS
[4] in units of DRU (cpd/kg/keV). The �

2/ndf for the global average is 10.8/2.

Setup Mass (kg) Background (dru) Modulation (dru) Uncertainty (dru)

DAMA 250 0.8 0.0105 0.0011
COSINE 61.3 2.7 0.0064 0.0042
ANAIS 112.5 3.2 -0.0034 0.0042
Global average - - 0.0094 0.0010

To test DAMA/LIBRA, SABRE needs sensitivity to a modulation of 0.01 cpd/kg/keV,263

necessitating a total background of no more than 1 cpd/kg/keV.264

– 3 –

Table 2. Purity levels of NaI(Tl) crystals of various experiments.

Experiment 39K (ppb) 238U (ppt) 232Th (ppt) 210Pb (mBq/kg)

DAMA/LIBRA [6] 13 0.7� 10 0.5� 7.5 (30� 50)⇥ 10�3

ANAIS-112 [7] 31 < 0.81 0.36 1.53

COSINE-100 [8] 35.1 < 0.12 < 2.4 1.74

SABRE (NaI-033) [9] 4.3 0.4 0.2 0.34

Table 3. Key performance parameters of SABRE.

Parameter Value

Light yield 11.1 ± 0.2 PE/keV [10]
Energy resolution 13.2% (FWHM/E) at 59.5 keV [10]
Efficiency
Crystal energy threshold 1 keV
Veto energy threshold 50 keV
Total active mass 35 - 50 kg
Background rate (PoP) 0.36 cpd/kg/keV [11]
Background rate (South) 0.72 cpd/kg/keV [12]

Note that in Table 3 we provide a range of active masses for the experiment. SABRE South287

is currently considering two different final scenarios, one with a total mass of 50 kg (7⇥7 kg288

crystals grown using the Bridgman method) and another with a total mass of 35 kg (7⇥5289

kg crystals grown using Zone Refining). See Sec. 4 for details on the requirements for each290

of these scenarios.291

1.5 Expected sensitivity of SABRE South292

Based on the results of background simulations in Ref. [12], the sensitivity of SABRE South293

for dark matter interacting with the target via nuclear recoil is calculated for the spin294

independent case following the methodology of [13]. We assume the effective field theory295

operator O1 from Ref. [14], the Standard Halo Model velocity distribution, DAMA QF296

models, and a COSINE-like energy dependent efficiency parameterisation. Figure 3 shows297

the 90% confidence level (CL) limit obtained for 50 kg of target mass, three-year exposure298

and the constant background energy spectrum given by Fig. 72 in the 1-6 keV region.299

For comparison, the best fits to DAMA [15] in both the low-mass (<20 GeV, preferential300

Na coupling) and high-mass (>20 GeV, preferential I coupling) regimes are included, and301

also reported in Table 4. SABRE South should be capable of excluding signal ten times302

smaller than DAMA/LIBRA in the low mass region and four times smaller for the high303

mass region. The strongest limit is set at m� = 30 GeV/c2 with cross sections larger than304

��,p = 1.04⇥ 10�42 cm2 excluded.305

– 5 –
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• Main requirement - outperform DAMA/LIBRA. 
• Same stringent crystal requirements for North (no LS veto) and South (with an LS veto).

SABRE South TDR



Large (> 4 kg)  Na(Tl) Crystals background & mass
Crystal natK (ppb) 238U (ppt) 210Pb (mBq/kg) 232Th (ppt) Active mass (kg)

DAMA [1] 13 0.7-10 (5-30)x10-3 0.5-7.5 250

ANAIS [2] 31 <0.81 1.5 0.36 112

COSINE [3] 35.1 <0.12 1-1.7 <2.4 ~60

SABRE [4] 4.3 0.4 0.49 0.2 ~35+40=75 (total goal)

PICOLON [5] <20 - <5.7x10-3 - ~20 (goal)

, Phys. Rev. D 104, 021302 (2021)



Zone refining 
purification in SABRE
• Strategic and unique to the SABRE 

project is the idea to zone refine the 
powder prior to growth

• A zone refiner suitable for order of 100 
kg crystal production has been built in 
collaboration with MELLEN

• The zone refiner is being moved to RMD 
for growing a test crystal by the end of 
the summer 

 Na(Tl) Crystals: Zone Refining Purification 

Impurities are pushed to the end of the refining 
tube and removed from the ingot before the 
crystal growth. Reduction factors of
- 40K: 10-100
- 87Rb: 10-100
- 210Pb: 2

B. Suerfu, Phys. Rev. Applied 16, 014060 (2021)

Final crystal intrinsic background  ~0.3 cpd/kg/keV



SABRE South Collaboration

SABRE south collaboration meeting at Stawell (Victoria)

Veto vessel at Wantrina, 
Swinburne



SABRE South @ SUPL

• Muon System  
9.6 m2 x 5 cm EJ200  
R13089 PMT x 16 @ 3.2 GS/s

• Passive shielding, Steel + HDPE
• Liquid Scintillator Veto System  

12k litres Linear Alkyl Benzene + PPO & Bis-MSB 
Stainless steel, non-thoriated welds, lumirror coating  
Oil-proof base R5912 PMT x 18 @ 500 MS/s

• DM Target Detector  
NaI(Tl) Crystals, HPN2 flushed  
R11065 low radioactivity PMT x ~14 @ 500 MS/s

SABRE South TDR 

https://www.veritasium.com/videos/2022/6/2/the-absurd-search-for-dark-matter



SABRE South crystals modules

Feedthrough 
plate

OFHC 
copper 

PTFE 
internal 

NaI(Tl) crystal

R11065  
76 mm PMTs



R5912

LS System
4π coverage:

•12 kL Liquid alkibenzene from JUNO 
doped with PPO and Bis-MSB
•Photon attenuation > 20m
•238U/232Th<10-15 g/g, 40K<10-17 g/g

•18 204 mm PMTs (Hamamatsu 
R5912) oil proof

•16 PMTs from Daya Bay for testing 
and possible integration in the LS 
Veto system.

Any radioactive decay with gamma > 100 keV can be detected 

~factor 10 reduction of 40K



Timeline
2023 2024 2025
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Crystal production, transport, cool-down

Shielding stage 1 Shielding Stage 2

SUPL access and µ flux

Clean room, glove box

Veto tank prep. Installation

Fluid handling manufacturing 

NaI enclosure assembly, testing

Installation LS installation

NaI installation

µ installation

Sensitivity

17

SABRE South Collab. arxiv:2205.13849 

Assuming total crystal mass of 50 kg and background of 0.72 cpd/kg/keV from simulated radioactivity.

90% exclusion curve for the SABRE South
experiment after 3 years of data taking .

0 1 2 3 4 5 6 7
Years of live data

0

2

4

6

8

10

 C
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.
s

Discovery power

Exclusion power

Preliminary
SABRE South

Discovery
Exclusion

Evolution of discovery/exclusion power as a function of
live time.

Irene Bolognino - The SABRE South Experiment at the Stawell Underground Physics Laboratory – CosPA Conference



SUPL activities (near term)

Experimental hall 10mx30m 
10-12m height

SABRE South

Clean entry

Loading area

Muon system and 
calibration stage

SA
BRE

SA
BREDetector Testing Facility

6

Detector tests 
started at LNGS in 
mid 2019 inside a 
passive shielding:
• 5 (10) cm thick Cu 

walls in Run 1 (2)
• > 17.5 cm thick Pb 

walls
• Sealed 

atmosphere to 
reduce Rn 
background

Lead castle for crystal 
assembly testing 
(pictured LNGS)

Status

Hardware – Acquired
I 1 ◊ SY5527 High-voltage mainframe
I 5 ◊ V1730 500-MS/s digitisers
I 1 ◊ V1743 3.2-GS/s digitiser
I 1 ◊ V2495 Trigger unit
I 3 ◊ A3818 optical links
I 3 ◊ DAQ PCs
I 1 ◊ Storage/processing PC
I 2 ◊ Control/monitoring PCs
I 1 ◊ APC SmartUPS system
I 1 ◊ Post-doc

Firmware – In development
I Prototype developed and tested
I Final trigger design TBD

Software – Refinement
I Bugfixes, QA, etc.

M. Gerathy SABRE South DAQ July 31, 2022 11 / 19

DAQ system



Clean spaces
• 2 Main facilities (Figures shown are from LNGS) with ISO-7 

performance.

• NaI assembly clean room/tent
• Clean room under muon parking frame
• Assembly glove box.
• Storage for materials

• Facility for characterisation necessary at SUPL. Shielded 
volume: lead with N2 or compressed air flushed box

• Veto Tent
• Cover to prevent Radon plate-out in the vessel during lumirror, 

PMT, calibration system mounting

• For both Rn mitigation is our primary concern. We are discussing 
with SGM to use “compressed airline” delivering low Rn air from 
the surface for use in refuge chambers near SUPL. 

90 6.1 Experimental setup

FIG. 6.1: Closed passive shielding in
the SABRE Hall B testing facility. The
Lexan anti-radon box is also shown in
this picture.

all sides. We denoted this setup as Shield 1. The experimental volume inside the shielding
allowed for the insertion of two detector modules, which was useful to acquire data with
a radioactive source and look for low energy coincidences between the two detectors (see
Sec. 6.3.3). During Run 2 instead, the thickness of low radioactivity copper was increased
to 10 cm, effectively reducing the background due to the surrounding lead layer, that was
mainly due to bremsstrahlung radiation from 210Bi (daughter of 210Pb). However, this was
done at the expense of the experimental volume and therefore, after the refurbishment, the
passive shielding could only host one detector module. The latter setup is then denoted
as Shield 2. The two setups in the Hall B area, are shown in Fig. 6.2. It should be noted
that all the NaI-31 data have been acquired with Shield 1.

FIG. 6.2: Open passive shielding in the SABRE Hall B testing facility. (Left) Shield 1 consisting
of 5 cm thick low radioactivity copper and at least 17.5 cm thick lead on all sides. (Right) Shield
2 with increased copper layer (10 cm) and the NaI-33 detector module in position.

Veto vessel tent for SABRE PoP at LNGS

NaI(Tl) detector characterisation castle at LNGS



First to go down: Muon System
• Geometry: 3m x 0.4m EJ200 x 8 modules.  2-PMT readout ToF-

type system with ~5cm position resolution along detector. 

• Veto for background directly above crystals (avoiding LAB), and 
for muon flux.  

• Stage 1: 2 layer configuration for µ flux vs. direction at SUPL 
(1025 m) 
Ready for deployment in January 2024. 

• Stage 2: SABRE µ Veto and muon flux modulation studies.



Muon flux

Muon background simulation for 
SABRE South at SUPL
Guangyong Fu, on behalf of SABRE South Collaboration
School of Physics, University of Melbourne, Parkville, VIC 3010, Australia

guangyongf@student.unimelb.edu.au

Introduction

SABRE South 
preliminary

The SABRE (Sodium iodide with Active Background REjection) South 
experiment will search for dark matter annual modulation signals with 
ultra-pure NaI(Tl) crystals. Among all the background contributions for 
SABRE South, cosmogenic muons can generate spallation neutrons that can 
mimic the annual modulation signals expected from dark matter. This study 
presents a muon background simulation for SABRE South at SUPL (Stawell 
Underground Physics Laboratory, Australia). 
The construction of SUPL completed in 2022/2023. Soon the muon 
detectors will be moved to SUPL for muon flux measurements. We have 
also simulated the muon detector layout to optimise the configuration for 
the upcoming muon measurements at SUPL.

• The first deep underground laboratory in Southern Hemisphere.
• Construction completed in 2022/2023.
• Located 1024 m under a flat overburden.
• The muon flux is 3.65 ± 0.41 ×10!" cm-2s-1 [1].

References:
1. J. Koo, Measurement of the underground cosmic ray muon flux at stawell gold mine, Master’s thesis, The school of Physics, 10, 2016
2. C. Hagmann, D. Lange and D. Wright, "Cosmic-ray shower generator (CRY) for Monte Carlo transport codes," 2007 IEEE Nuclear Science 

Symposium Conference Record, 2007, pp. 1143-1146.
3. Gaisser, T., Engel, R., & Resconi, E. (2016). Cosmic Rays and Particle Physics (2nd ed.). Cambridge: Cambridge University Press. 
4. D.-M. Mei and A. Hime, Muon-induced background study for underground laboratories Phys. Rev. D 73, 053004 (2006).
5. A. Fedynitch, R. Engel, T. K. Gaisser, F. Riehn, T. Stanev, EPJ Web Conf. 99 (2015) 08001, arXiv:1503.00544
6. William Woodley, & Anatoli Fedynitch. (2022). wjwoodley/mute: MUTE 2.0.0 (2.0.0). Zenodo. https://doi.org/10.5281/zenodo.6841971

Conclusion: We simulated the energy and angular distributions of 
underground muons at SUPL and the layout of muon detectors for angular 
measurement. They will be moved to SUPL soon for muon measurements.

Seasonal variation of surface muon flux at Stawell and underground 
muon flux at SUPL calculated by MCEq [5] and MUTE [6].

Muon veto system
• 3000 x 400 x 50 mm EJ-200 

plastic scintillator paddles,
• An array of 8 paddles placed 

inside an aluminium frame,
• Covers 9.6 m2 in total.

Underground muon at SUPL
• Red points: simulated muon distribution with surface muons created 

with CRY (Cosmic-ray shower generator) [2] and Geant4 for muon 
transport in the rocks.

• Red solid curve: calculated result with empirical models [3,4].
• Other curves: calculated result with empirical models [3,4]  for other 

underground labs for comparison purpose.
Underground muon energy spectrum Underground muon angular distribution

SABRE South 
preliminary

Surface muon
A comparison of surface muon spectra at 0° and 75° calculated by 
different models and experimental results.

SUPL

Muon detector system

Vertical energy spectrum on surface Energy spectrum on surface at 75°

Simulation of acceptance

Muon distributions

Annual modulation

• Muon detector layout has been 
simulated by Geant4 to optimise the 
angular measurement configuration 
(see L. Milligan’s poster P15).

• Muon detectors will be moved to SUPL 
soon, to be stacked to measure muon 
flux, angular distribution, and annual 
modulation.

• First system to be online in SUPL.

• Different modulation for 
high energy component.

• ~ 3% on the surface mainly 
low energy muons.

• ~ 0.79% underground, 
mostly high energy muons.

• Compared with LNGS, the 
modulation phase of 
underground muons is 
opposite.

Scan me to find other SABRE South 
posters at Lepton Photon 2023

SABRE South 
preliminary

PROPERTIES EJ-200

Scintillation Efficiency 

(photons/1 MeV e-) 10,000

Light Attenuation Length (cm) 380

Rise Time (ns) 0.9

Decay Time (ns) 2.1

Pulse Width, FWHM (ns) 2.5

Refractive Index 1.58

Experiment COSINE-100 Borexino
SABRE South (expected)

2-layer coinc. veto config

Location Y2L, South Korea LNGS, Italy SUPL, Australia

Depth [km.w.e.] 1.8 3.8 2.87

Ave. Flux [10-4m-2s-1] 37.95 ± 0.03stat. ± 0.10syst. 3.432 ± 0.003 3.65 ± 0.41 [1]
Eff. Area [m2] 5.48 ± 0.16 - 4.8 9.6

Daily rate [cpd] 551.43 ± 0.78 4329.1 ± 1.3 82 302.7

Time 952 days 10 years - -

Relative  amplitude 0.60 ± 0.20% 1.36 ± 0.04% 0.79%

Amplitude uncertainty 33.3% 2.94% - -

Phase end of June end of June ~January

SABRE South 
preliminary

Daily rates as a function of distance 
between top and bottom panels.

Angular distribution when the distance is 50 cm

annually averaged  
energy distribution

Results – Seasonal Variations
• In the summer, the atmosphere is taller, meaning muons travel longer distances and decay
more o5en⇒ the muon flux is lower at the surface in summer.

• However, there are also more higher-energy muons in the summer, which reach deeper
underground⇒ the muon flux is higher underground in summer.

Preliminary
11
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5. CIS onto SABRE – full model

EPICS
Experimental Physics and Industrial Control System

I https://epics-controls.org/
A set of tools that uses client/server techniques to build distributed control
systems
Adds a layer of abstraction between servers (DAQ, slow control, etc.) and
clients (UI, archiving, etc.)

server server

client client

Network

M. Gerathy SABRE South DAQ July 31, 2022 7 / 19

Crystal Insertion system
Fluid handling in production

DAQ & Monitor

Offline software framework
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Computing

Other achievements
1. CIS FRAME DELIVERY

SABRE South
Crystal Enclosure Assembly Procedure

402/12/2021

Common EPIC framework 



SABRE North status
•3 x 3 matrix of ≈ 5 kg NaI detectors (40 kg)
•Inner 5 mm thick ultra pure Cu box
•10-15 cm Cu and 80 cm PE shielding structure (~ 30t)
•Predicted background from environmental gamma and 
neutrons ~0.01 dru in the ROI



SABRE Impact
• Crystal background from NaI-33
• Cosmogenic background 3H (half life 12.4 yrs)

NaI(Tl) Background Simulations

16

SABRE South Collab. arxiv:2205.13849 

• Background of SABRE South crystal have been both simulated and directly measured (on NaI-33) with ICP-MS.

• Main radiogenic background represented by 210Pb, 87Rb (very conservative upper limit). No 87Rb was found with the ICP-MS
measurement, and the order of magnitude of this contamination is currently unknown.

• Cosmogenic background after 180 days mainly due to 3H (12.4 yrs), 109Cd (463 days) and 113Sn (115 days).

Radiogenic Background Cosmogenic Background
(6 months underground)

Time Dependence of Background

Irene Bolognino - The SABRE South Experiment at the Stawell Underground Physics Laboratory – CosPA Conference

SABRE South arXiv: 2205.13849 

Assuming total crystal mass of 35 kg and 
background of 0.5 cpd/kg/keV 

Sensitivity ~ ,

Statistically significant 
results with 2-3 years of 
exposure

M/Rb

Figure 3. 90% exclusion curve for the SABRE South experiment after three years of data taking
(in purple), assuming a background model in the 1-6 keVee region given by Fig. 14 and an exposure
mass of 50 kg. The best fits to the DAMA data for this model in both the low- and high-mass
region are shown in pink.

Figure 4. The exclusion and discovery power of SABRE South for a DAMA-like signal. The
shaded regions indicate 1� statistical uncertainty bands.

– 7 –



CELLAR
• Dilution refrigerator (10 mK base) in 

SUPL 
• Another at Swinburne (30 mK base) 
• Rare combination of deep underground 

lab and cryogenics 
• Enable extremely low background 

research 
• Research areas: quantum tech, 

gravitational waves, dark matter, etc 
• Open-access facility for Australian 

researchers 



Ultra-low-mass DM reaches
Optomechanical Dark Matter Direct Detection: ODIN

https://arxiv.org/pdf/2306.09726.pdf

Optomechanical Dark Matter Direct Detection

Christopher G. Baker,1, ⇤ Warwick P. Bowen,1, † Peter Cox,2, ‡

Matthew J. Dolan,2, § Maxim Goryachev,3, ¶ and Glen Harris1, ⇤⇤

1ARC Centre of Excellence for Engineered Quantum Systems,
University of Queensland, St Lucia, Brisbane, 4072, QLD, Australia

2ARC Centre of Excellence for Dark Matter Particle Physics,
School of Physics, The University of Melbourne, Victoria 3010, Australia

3ARC Centre of Excellence for Engineered Quantum Systems,
Department of Physics, University of Western Australia, Crawley 6009, Australia

We propose the Optomechanical Dark-matter INstrument (ODIN), based on a new method for
the direct detection of low-mass dark matter. We consider dark matter interacting with superfluid
helium in an optomechanical cavity. Using an e↵ective field theory, we calculate the rate at which
dark matter scatters o↵ phonons in a highly populated, driven acoustic mode of the cavity. This
scattering process deposits a phonon into a second acoustic mode in its ground state. The deposited
phonon (µeV range) is then converted to a photon (eV range) via an optomechanical interaction
with a pump laser. This photon can be e�ciently detected, providing a means to sensitively probe
keV scale dark matter. We provide realistic estimates of the backgrounds and discuss the technical
challenges associated with such an experiment. We calculate projected limits on dark matter–
nucleon interactions for dark matter masses ranging from 0.5 to 300 keV and estimate that a future
device could probe cross-sections as low as O

�
10�32

�
cm2.

I. INTRODUCTION

Cosmological and astrophysical observations provide
strong evidence for the existence of dark matter [1].
Understanding its fundamental nature remains one of
the most important problems in particle physics, astro-
physics and cosmology. One avenue to achieve this is
direct detection, wherein dark matter in the Milky Way
halo interacts with a terrestrial detector, leading to a
measurable energy deposit. There is now a highly ad-
vanced experimental program dedicated to searching for
dark matter at the electroweak scale [2–5]. These ex-
periments have made spectacular progress in probing the
properties of dark matter, but have not yet revealed a
compelling signal. Consequently, there has been much in-
terest in designing new experiments to target unexplored
regions of dark matter parameter space, particularly at
lower dark matter masses [6].

Experimental proposals over several decades have con-
sidered superfluid helium as a target material [7–10],
with increasing theoretical attention over the past few
years [11–18]. Recent experimental proposals have fo-
cused on nuclear scattering leading to the quantum evap-
oration of helium atoms, which can then be detected.
There are a number of proposals at various stages of de-
velopment based on this idea, including HeRALD [19],
DeLIGHT [20], ALETHEIA [21], and others [22, 23].
These experiments are projected to be sensitive to dark

⇤ c.baker3@uq.edu.au
† w.bowen@uq.edu.au
‡ peter.cox@unimelb.edu.au
§ dolan@unimelb.edu.au
¶ maxim.goryachev@uwa.edu.au

⇤⇤ g.harris2@uq.edu.au

532nm laser

1064nm laser

Filter cavitiesSNSPD Shortpass 
!lters

Super"uid cavity 4mK

0.1K

Dark matter

FIG. 1. Schematic diagram of the Optomechanical Dark-
matter INstrument (ODIN). Dark matter scatters o↵ a highly
populated phonon mode (scattering mode), which is optically
pumped by a 1064 nm laser. The scattered phonon is con-
verted to an anti-Stokes photon through the optomechanical
interaction with a 564 nm laser. The presence of that photon
is registered by a single photon detector after passing through
a series of optical filters.

matter masses above O(1) MeV.
At even lower dark matter masses, the relevant target

degrees of freedom are no longer helium atoms (or nuclei)
but phonons. In this letter, we propose the Optomechan-
ical Dark-matter INstrument (ODIN). ODIN is based on
a di↵erent detection modality for dark matter scattering
on superfluid helium that will be sensitive to this largely
unexplored regime using an optomechanical read-out sys-
tem. The optomechanical interaction enables the trans-
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in the scattering mode, this contribution to the signal is
negligible.

Finally, while our focus in this letter is superfluid he-
lium, it is worth noting that an analogous two-phonon
process will occur in crystals. This raises the possibility
of using a highly populated phonon mode to enhance the
dark matter interaction rate in proposed solid-state de-
tectors for low-mass dark matter. The relevant scattering
rate could be computed using the methods of Ref. [31].

IV. PROJECTED SENSITIVITY

To estimate the achievable sensitivity, we now consider
a specific realisation of the ODIN proposal. An impor-
tant feature of the system is the resonantly enhanced
optomechanical interaction, where each acoustic mode is
controlled via scattering between two optical modes (see
fig. 2). The frequencies of the two mechanical modes are
460MHz and 920MHz. These interact with laser con-
trol fields that have an optical wavelength equal to twice
the acoustic wavelength, corresponding to 1064 nm and
532 nm, respectively. To ensure the system is triply res-
onant (i.e. !1 �!2 = ⌦m) we consider a cavity of length
0.317m, which will exhibit an optical free-spectral-range
(FSR) of approximately 460MHz. With this configu-
ration, we expect a single-photon optomechanical cou-
pling rate of g0/2⇡ ⇡ 1Hz and a cavity loss-rate of
/2⇡ ⇡ 20 kHz when using optical mirrors with 99.99%
reflectivity (see Supplemental Material for details). As-
suming that the intrinsic dissipation of the acoustic mode
is limited by 3-phonon processes, as has been observed in
Ref. [32] and detailed in the supplementary information,
we predict the Brillouin modes to exhibit �m/2⇡ ⇡ 10Hz
at 4mK. Injecting 1µW of laser light into the optical
resonance leads to a predicted optomechanical amplifica-
tion/cooling rate of �om ⇡ ±24 kHz, which is far higher
than the rate of thermal processes.

In practice, the cooling rate for the readout mode may
need to be reduced to avoid the strong coupling regime
(2g > (,�)), which is the optomechanical equivalent of
Rabi oscillations and characterised by the coherent ex-
change between optical and mechanical degrees of free-
dom [33]. It should also be noted that the density of
states of the optical modes must be carefully engineered
to suppress the unwanted process of amplification (cool-
ing) of the readout (scattering) mode. One method to
achieve this is to insert a thin slab of dielectric into the
optical cavity, which would enable six orders of magni-
tude of suppression (see Supplemental Material for de-
tails) [29].

Determining the sensitivity also requires a careful es-
timate of the backgrounds. There are several possible
sources, including thermal phonons, dark counts from the
single photon detector, and leakage of photons from the
control fields of the scattering and readout modes. We
discuss each of these in detail in the Supplementary Ma-
terial. We argue that dark count rates can be suppressed
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FIG. 4. Projected 90%C.L. upper limits on the dark matter–
nucleon cross-section at ODIN, ��n, assuming a run time of
100 days.

to 6 ⇥ 10�6 Hz [34] and that control beam photons can
be suppressed with a combination of conventional band-
pass filters and cascaded Fabry-Perot cavities. Since es-
sentially every phonon that enters the readout mode is
extracted via the optical channel, the thermal phonon
occupation must be minimized to limit the background
rate. A key feature of this scheme is the use of high
frequency acoustic modes which enable exponential sup-
pression of the thermal phonon occupancy when operat-
ing at millikelvin temperatures [35]. We estimate that an
overall background rate of around 10�5 Hz is achievable.
The projected sensitivity to the dark matter–nucleon

cross-section ��n as a function of dark matter mass is
shown in fig. 4. Projected 90% confidence level (C.L.)
upper limits were calculated using a Poisson likelihood
ratio test statistic, assuming a run time of 100 days. Due
to the directionality of the cavity, the signal rate depends
on the location and orientation of the detector and will
exhibit a daily modulation (assuming the cavity is sta-
tionary in the lab frame). In fig. 4, we instead show a
typical mean rate, obtained by averaging over the ori-
entation of the cavity. We present projections for two
di↵erent configurations of the experiment, depending on
the acoustic quality factor of the cavity, Q, that can be
achieved. The blue curve in fig. 4 corresponds to a con-
servative, baseline scenario with Q = 108, noting that Q-
factors of 108 have already been demonstrated [32], and
a background rate of 10�3 Hz. The green curve shows an
improved scenario with Q = 1010 and a background rate
of 10�5 Hz. For both scenarios we assume a fixed phonon
population of Ns = 1010 in the scattering mode (modu-
lation of Ns, and hence the dark matter signal, will be
explored in future work). These choices are justified in
the Supplementary Material.
There are existing astrophysical and cosmological con-

straints on O(keV) mass dark matter that interacts with
baryons. To compare these with our projected sensitiv-
ity we need to specify the structure of the dark matter–
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sentially every phonon that enters the readout mode is
extracted via the optical channel, the thermal phonon
occupation must be minimized to limit the background
rate. A key feature of this scheme is the use of high
frequency acoustic modes which enable exponential sup-
pression of the thermal phonon occupancy when operat-
ing at millikelvin temperatures [35]. We estimate that an
overall background rate of around 10�5 Hz is achievable.
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cross-section ��n as a function of dark matter mass is
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upper limits were calculated using a Poisson likelihood
ratio test statistic, assuming a run time of 100 days. Due
to the directionality of the cavity, the signal rate depends
on the location and orientation of the detector and will
exhibit a daily modulation (assuming the cavity is sta-
tionary in the lab frame). In fig. 4, we instead show a
typical mean rate, obtained by averaging over the ori-
entation of the cavity. We present projections for two
di↵erent configurations of the experiment, depending on
the acoustic quality factor of the cavity, Q, that can be
achieved. The blue curve in fig. 4 corresponds to a con-
servative, baseline scenario with Q = 108, noting that Q-
factors of 108 have already been demonstrated [32], and
a background rate of 10�3 Hz. The green curve shows an
improved scenario with Q = 1010 and a background rate
of 10�5 Hz. For both scenarios we assume a fixed phonon
population of Ns = 1010 in the scattering mode (modu-
lation of Ns, and hence the dark matter signal, will be
explored in future work). These choices are justified in
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Planned: 
•Ultra-low background Ge  counting facility

• R&D facility for cryogenics dark matter detectors & TPC detector prototypes

• Geophysics

Woking on it:

• Low background radiation biophysics : Study the biological effects of very low 
background radiation.   

• Extremeophile astrobiology – life in extreme environments (no oxygen, high T, high p)

OTHER ACTIVITIES AT SUPL 


