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The ScienceWIMP Wind Modulation Signal

R(t)

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

Rare and low energy events
Rate < 1 count/day/kg (few % of which modulates)
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Period of 1 year, peaking June 2nd                  

(t0=152.5 days)

Expect very low modulation 
amplitude ~0.01 cpd/kg/keV



Results from DAMA/LIBRA
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• ~20 years of operations: 12.8 σ CL significance 
• Period: (0.998±0.002) y 
• Phase: (145±5) days (2-6 keV) and (145±7) (1-3 keV) 
• Amplitude: (0.0103±0.0008) cdp/kg/keV 
•  Observed annual modulation  ~ 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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250Kg NaI(Tl) 



NaI Experimental Landscape
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Figure 1.15: Schematic of COSINE-100 [35].

Figure 1.16: Amplitude vs phase highest-density credible regions (HDRs) for the 1-6 keV (L) and 2-6
keV (R). The best �t to the COSINE data is indicated with a star, with DAMA’s result superimposed
in red. The phase expected under the SHM assumption is also shown in green [30].

This lies just outside of 1� from both the null and DAMA hypothesis. Even allowing for a
�oating phase as in Fig. 1.16, the DAMA result is at around 1�, though the phase best �t
seems to di�er by almost 50 days.

1.4.3 ANAIS
ANAIS is another NaI(Tl) based experiment that has been taking data with 112.5 kg of crys-
tals since 2017. It is based out of the Canfranc Underground Laboratory (LSC), which has a
depth of 2500 m of water equivalent shielding. The sensitive mass of the detector is made
up of 9 individual modules of 12.5 kg, each arranged in a 3⇥ 3 array and placed inside lead
shielding and a radon purged box. 16 muon paddles are then placed on the top and sides of
the detector, and water and polyethylene placed around this again as shielding, as shown in
Fig. 1.17.
By 2020 ANAIS had collected 2.8 years of data, and obtained a modulation amplitude �t of
-0.0034±0.0042 cpd/kg/keV in the 1-6 keV region (compatible with the absence of modu-
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Figure 1.17: Schematic of ANAIS-112 [36].

lation). Even allowing the phase to �oat, these results appear to be incompatible with the
DAMA observation at the 3� level, shown in Fig. 1.18.

Figure 1.18: Best �t results in the 1-6 (L) and 2-6 (R) keV regions are shown in black points. 1, 2, and
3� exclusion contours are given as blue solid, dotted, and dashed lines. The DAMA results are shown
in red for comparison, and the 1 and 2� biased contours fromMC simulation are given in green and
yellow [36].

1.4.4 Global average
For ease of comparison, the observed modulation from each of the operating experiments,
and the resulting global average is shown in Fig. 1.19 and Table 1.1. Notably, the results all
di�er from each other by at least 1�, and the ultra-low background of DAMA (along with
a signi�cantly longer run time) has resulted in very small uncertainties, producing a global
average with much closer compatibility with DAMA than either of the other two experi-
ments.
Although 1� is not typically considered statistically signi�cant within the particle physics
community, this deviation between three experiments consciously designed to observe the
same process raises questions as to which experiment should be taken as the ‘true’ value. A
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Conclusive Test of DAMA/LIBRA
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RoI

Cosine 
R0+B

DAMA/LIBRA 
Rm

ROI

ROI

Strategy 

• Higher signal-to-background ratio by 
ultra-high purity NaI(Tl) crystals

• Proof-of-Principle at LNGS
• In-situ measurements of  crystals 

radio-purity

• North-South «twin» experiments at 
LNGS(Italy) and SUPL(Australia)
• Rule out seasonal effects

• Control PMT noise for low threshold 
(~1 keV)
• Pre-calibration



Induced Modulation from Analysis Technique?
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• DAMA/LIBRA analysis relied on subtracting average rate over 
~ annual cycles 

• Is this procedure inducing a modulation effect consistent with 
their signal?

• Using SABRE crystal simulation and DAMA 210Pb  and 
reassess 3H estimations (R .Saldanha  et al PRD107, 2023) no sizeable 
induced modulation was observed with DAMA background 
subtraction

Paper to be submitted to archive

Amplitude
Phase Period 



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 hemispheres: 

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

BRE
SA

BRE

SABRE Northjoint effort for crystal 
production



3000 m.w.e.

• First deep underground lab in the Southern Hemisphere
○ 1025 m deep (2900 m w.e.) in an active gold mine (SGM) 
○ Flat overburden
○ Helical drive access: 10 km tunnel, max 5 m diameter, up to 10% slope

https://www.supl.org.au

Operating since January 2024SUPL
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SABRE South detector
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>18 R5912 PMTs (14 
more from Daya Bay 
decommissioning in 

testing) 

Steel and 
Polyethylene 
shielding 

9.6 m2 Muon 
Detectors

High QE and low 
radioactivity R11065 
PMTs + pure NaI(Tl) 
crystals

Steel Vessel containing 12 kL LS, 
 inner walls covered in Lumirror 
reflector

Southern hemisphere location


Large Active background veto:

Particle ID, some position 
reconstruction capabilities


In-situ optical (in LS) and radioactive 
calibration possible


1 keV energy threshold for 1-6 keV 
ROI in NaI(Tl)



SABRE South Collaboration
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Veto vessel at Wantrina, 
Swinburne Uni 
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High Purity NaI(Tl) Crystals
Simulated total experimental background Using 
the veto the expected overall background is 
0.72 cpd/kg/keVee. 

Experiment designed so that < 10% of 
background is external to crystals.



SABRE South NaI(Tl) Crystals Production
NaI ultra-pure powder from R&D of Princeton-Sigma-Aldrich 
(now Merck) in hand in Australia

Goal ~50 kg mass, 7 crystal modules

Crystals R&D via SICCAS and RMD with Sabre North

Future characterisation in a lead castle in SUPL
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Figure 2.5: One of the sample crystals grown by SICCAS.

produced during decay (as well as any background particles that maymake it past the shield-
ing) will be observed in the liquid scintillator by the veto PMTs, thus allowing for identi�-
cation of radioactive decays that may otherwise only have had a single hit event, and could
thus end up in the DM data set. The application of this process in the proof of principle
stage has seen a decrease in background events from around 1-2 cpd/kg/keV down to 0.1-
0.2 cpd/kg/keV [48], which is shown in the following Chapter in Fig. 3.1b. This e�cacy is
expected to increase for the fully instrumented detector, which will contain a larger volume
of liquid scintillator, along with more veto PMTs.

Figure 2.6: Illustration of the active veto concept. A decay product in the crystal (purple) can be
identi�ed by simultaneous detection of other decay products (green) observed by the veto PMTs.

As well as reducing the background by tagging these high energy events from the crystals,
the veto system will also provide additional shielding from external radiation, increasing
the distance and density of material between the crystals and external compontents. Based
on the simulations of Ref. [49], and detailed in Section 2.4, the background contributions
from both the liquid scintillator itself and anything external to it are reduced by more than
99% with this veto application.
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NaI-SICCAS

arXiv: 1909.11692

1. Testing procedure and materials
• Test # 2: Full assembly

9/03/2021 SABRE South
Enclosure testing @ ANU 6

Crystal 
enclosures 

1. Synthetic silica crucibles should be used (rather than fused quartz) andmust be coated
with carbon.

2. Drying must be performed very carefully to prevent crystals from sticking to the cru-
cible walls.

3. Growth crucible must be suspended in the oven, rather than allowed to rest on a
pedestal, but measures need to be taken to guard against mechanical failure.

At present, NaI-31, NaI-33, and NaI-35 (shown in Fig. 2.3) are at LNGS. The �rst two have
been characterised, while analysis of the background of NaI-35 is still underway. The key
crystal properties (excluding speci�c contamination breakdowns, which will be discussed
in Chapter 3) for NaI-33 are reported in Table 2.3, and are comparable with the currently
operating experiments but with a much lower crystal background.

Figure 2.3: SABRE crystals grown by RMD, from left to right: NaI-31, NaI-33, and NaI-35.

Crystal Light yield (PE/keV) Resolution (�/E) Intrinsic background (dru)

DAMA 7.6±1.5 [41] 6.7% @ 59.9 keV [41] <0.8
COSINE 12.4±1.3 [42] 5% @ 59.9 keV [42] 3.5±1.2 [43]
ANAIS 14.5±0.1 [44] 4.8% @ 59.9 keV [44] 3.6 [44]
NaI-33 11.1±0.2 [45] 5.6% @ 59.9 keV [45] 0.89±0.04 [46]

Table 2.3: Key crystal properties from DAMA, COSINE, and ANAIS, compared with the most re-
cently characterised SABRE crystal. Values for the experiments are averaged over the detector mod-
ules. The error in the DAMA values is based on the standard deviation of the values, rather than in
the measurement error itself.

The relationship between SABRE and SICCAS is newer than that of R&D, and the research
program has su�ered due to the COVID-19 pandemic. However, in 2018 SICCAS produced
a number of test crystals with collaborators from SABRE North, detailed in Ref. [39]. The
resulting potassium contamination was measured, and found to be of an acceptable level for
both doped and undoped crystals, shown in Table 2.4. An example of one the crystals grown
for this study is pictured in Fig. 2.5.
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NaI-33NaI-31 NaI-35

See also Sabre N talk & F. Dastgiri poster

Crystal glovebox

Crystal characterisation 
at LNGS 

Astrograde powder in 
hand



NaI(Tl) Detectors
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NaI(Tl) detectors immersed in the liquid veto. 

Dark matter candidates from single crystal hits (2 
PMT signals)

1

Enclosure leak testing at ANU
Testing in October 2022
Tiziano Baroncelli (Uni Melb), Lindsey Bignell, Thomas Tunningley, Zuzana Slavkovska (ANU)

CDM Annual Meeting                                                         Zuzana Slavkovska 6

Figure 6. Schematic view of the crystal detector system.

SABRE is collaborating with SICCAS (China) and RMD (USA) to produce ultra-pure229

NaI(Tl) crystals. RMD has produced several prototypes that were tested at LNGS for230

optical and radiopurity properties. Further test crystals are being grown by SICCAS.231

Backgrounds in this detector take the form of low levels of natural radiation within the232

powder and other detector materials. These can produce depositions of energy in the233

region of interest (1-6 keV) that obscure the DM signal. The isotopes that cause particular234

issues are discussed in Secs. 4.4 and 3.235

The crystals will be grown from Merck Astrograde NaI powder, which has a potassium236

contamination below 10 ppb [16]. Upon arrival at SUPL, they will be stored underground237

and ultimately assembled in a nitrogen-flushed assembly glove box, housed in a clean room238

or tent. Each crystal is coupled to two Hamamatsu R11065 PMTs, which have a diameter of239

76 mm, and enclosed in an oxygen-free, high-thermal-conductivity copper enclosure. These240

crystal enclosures are then submerged in the SABRE South vessel, suspended by copper241

conduits that allow for cable transport from the PMTs out of the vessel. They are being242

fabricated at the Australian National University, and have been designed to be leak-proof243

when immersed in LAB for the duration of the experiment. After assembly, each crystal244

detector will be characterised in a low-Radon, shielded environment in SUPL, to ensure245

good performance.246

– 9 –

Crystals encapsulated in copper/PTFE enclosures, 
directly coupled to two R11065 PMTs. Purged with 
high purity dry N2.

Assembly process is being finalised using glove box.



PMT Pre-Calibration
Optimise PE detection efficiency and noise rejection vs number 
of SPEs detected

Single photoelectron response (SPE) and gain
Dark rate, and temperature dependent dark rate
Relative quantum efficiency, linearity of response



PMT Noise Rejection
BDT classifier has improved performance over linear cuts on traditional 
pulse shape variables

Improved noise rejection in low energy region—> energy threshold to 
~1 keVee

Calibration Data Calibration Data

ROC curves for different PMTs learning models 



Active Veto System
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12 kL of linear alkyl benzene (LAB) procured via 
JUNO production line, doped with PPO and 
bisMSB

Photon attenuation > 20m

18  R5912 PMTs oil proof, sampled at 500 MS/s
+16 from Daya Bay decommissioning (donated 
by IHEP)

~ threshold of 50 keV (~10 PE) – 
 ~ 0.20 PE/keV detectable by single PMT

Any radioactive decay with gamma > 100 keV 
can be detected 

~factor 10 
reduction of 40K



Muon Veto System
First detectors commissioned early 2024 in SUPL

SABRE South muon veto assembled in “telescope mode” for 
measurement of muon flux and angular spectrum
Currently collecting data and analysis is underway

Also providing the first test of the remote data acquisition system 
(DAQ) and processing pipelines 
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Insertion System and Gas Handling
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5. CIS onto SABRE – full model

1. CIS FRAME DELIVERY

SABRE South
Crystal Enclosure Assembly Procedure

402/12/2021

Ready to be deployed!



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 / 19Veto tank

DAQ & Monitor

Offline software framework
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Computing

Other Achievements
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Veto vessel: Lumiror and PMTs 
installation tests

Liquid scintillator (LAB)



SUPL Activities (near term)
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Experimental hall 10mx30m 
10-12m height

SABRE South

Clean entry

Loading area

Muon system 
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



SABRE Impact
• Crystal background from NaI-33
• Cosmogenic background 3H (half life 12.4 yrs), 109Cd (half life 463 days) and 113Sn (half life 115 

days) after 180 days

21

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

Sensitivity ~ ,

Statistically significant 
results with 2-3 years of 
exposure

M/Rb

SABRE South Collaboration, Eur. Phys. J. C 83, 878 (2023)

Assuming total crystal mass of 50 kg
Total background ~ 0.7 dru



Physics Program
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SABRE South Preliminary

SABRE South Preliminary

Preliminary sensitivity studies performed on

• Migdal effect

• Bosonic super-WIMPs

Veto (LAB): Sensitivity to supernova neutrinos – possibility 
to join  SNEWS

SABRE South Preliminary

SABRE South Preliminary



Summary
• Excellent progress on crystal production and crystal handling equipment.

• Access to SUPL commenced:  first major equipment (muon detectors) in SUPL since February.

• Continued progress on Software/DAQ/Computing/Database. Stress tested with muon plastic scintillator 
system.

• Gas handling system and insertion system ready to be deployed. 

• Shielding fabrication is starting soon —> SABRE South deployment in 2025

• NaI(Tl) experiments (ANAIS, COSINE, SABRE South and North) signed an agreement to collaborate and 
exchange knowledge to solve the mystery posed by DAMA/LIBRA 

23

https://www.sabre-experiment.org.au/dm-how

https://darkmatteraustralia.atlassian.net/wiki/spaces/SABREPUBLIC/pages/973209623/Publications





Crystal requirements
• SICCAS and/or RMD could provide suitable crystals that meet requirements.

25

Figure 32. The time in years required for SABRE to reach 3� exclusion (left) and 5� discovery
(right) for the DAMA modulation signal as a function of exposure mass and total background. The
light and dark blue lines overlaid demonstrate approximate trends for experimental exposure times
of interest.

2. Cosmogenic crystal background: background due to activation of the crystals during982

shipping to the experimental site.983

3. Intrinsic crystal background: background due to natural contamination of radioiso-984

topes within the crystals.985

Based on Geant4 simulations detailed in Sec. 3, the radioactive background produced from986

external sources1 is 2.32 cpd/keV, with a contribution of 0.16 cpd/kg/keV from cosmogenics987

after the crystals have been allowed to cool for six months underground. These are used988

with Fig. 32 to understand the upper bound to the background level, and run times for989

SABRE South. Taking these values from simulation, the limits on the crystal intrinsic990

background are <0.52 cpd/kg/keV for 50 kg, and <0.27 cpd/kg/keV for 35 kg. These991

are shown in Table 13, where the external (uncontrollable by crystal growth) and intrinsic992

(controllable with purification) are given separately.993

Table 13. Background requirements for SABRE South, based on the requirement that benchmark
sensitivity is achieved within 3 years.

Crystal mass [kg]
External+cosmogenic
background [cpd/kg/keVee]

Intrinsic background [cpd/kg/keVee]
3� Exclusion 5� Discovery

35 0.23 0.53 0.27
50 0.21 1.18 0.52

1Given in units of cpd/keV rather than cpd/kg/keVeeto allow for easy scaling with various total crystal
masses.
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Figure 32. The time in years required for SABRE to reach 3� exclusion (left) and 5� discovery
(right) for the DAMA modulation signal as a function of exposure mass and total background. The
light and dark blue lines overlaid demonstrate approximate trends for experimental exposure times
of interest.
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Table 12. Breakdown of contribution limits to the intrinsic crystal radioactivity for the two different
total mass scenarios. Note that the 50 kg scenario assumes the use of the Bridgman growth method
for the crystals, while the 35 kg uses zone refining, and so can achieve lower background levels.

Isotope 50 kg limit (mBq/kg) 35 kg limit (mBq/kg)
210Pb 0.36 0.32
40K 0.34 0.30
87Rb 0.36 0.04
238U 0.01 0.01
85Kr 0.01 0.01
232Th 0.041 0.041

requirements are also set based on the limits on the size of crystals that can be produced955

reliably with current high-purity growth techniques. Uncertainties on any final cuts for the956

crystal will be recorded, and compared with the machining tolerances for the constructed957

enclosure (see Sec. 4) to insure the crystal will fit with the final design. Crystal dimensions958

are limited by the ovens used to grow them, and methods used to reduce backgrounds (e.g.,959

zone refining requires a significant cut on the tail of a crystal to remove impurities that960

collect there [37]). Communications between RMD and SICCAS on the available crystal961

growing equipment and methods have dictated our two total mass scenarios of 50 kg and962

35 kg.963

4.5.2 Background964

The final sensitivity of the experiment will depend on the total mass, background, and965

required exposure time. The relationship between these for a NaI(Tl) detector’s sensitivity966

to the modulation rate reported by DAMA is shown in Fig. 32. Due to the relationship967

between these detector features, it is possible to get timely results with a smaller crystal968

mass provided the total background is also reduced (see Fig. 32). Note that the results in969

the figure assume that the analysis is performed by integrating the signal and background970

rates in a single energy bin from 1-6 keV to avoid making an assumption about the energy971

spectrum shape and thus the exact contributions of the background. Taking advantage of972

additional information in the energy spectrum, by using finer binning, will reduce the run973

time required, thus relaxing the total background limits. To achieve 5� discovery with <3974

years of data taking, the 50 kg scenario requires a total background of <0.7 cpd/kg/keV,975

and the 35 kg scenario <0.5 cpd/kg/keV.976

The Rb values in Fig. 32 correspond to the total background. The background can be split977

into three main contributions that are controlled in different ways (discussed in greater978

detail in Sec. 3).979

1. External background: background not attributed to the crystals. This includes latent980

radiation from the laboratory or surrounding rock, the vessel, or crystal enclosures.981
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Table 16. Expected background rate for intrinsic crystal contamination for the SABRE South MC
[12], the SABRE PoP run [38], and the SABRE PoP run with reduction due to zone refining and
veto application. Note that we assume (based on the simulation results from SABRE South) that
the “other” category is dominated by 87Rb, which sees a significant reduction from zone refining
[37].

Contaminant SABRE South MC SABRE PoP SABRE PoP with
ZR and veto

40K 1.3⇥ 10�2 1.3⇥ 10�1 1.6⇥ 10�2

210Pb 2.8⇥ 10�1 3.3⇥ 10�1 1.7⇥ 10�1

238U 5.4⇥ 10�3 6.0⇥ 10�3 6.0⇥ 10�3

232Th 3.4⇥ 10�4 3.0⇥ 10�4 3.0⇥ 10�4

Other 2.2⇥ 10�1 3.3⇥ 10�1 3.0⇥ 10�2

Total 5.2⇥ 10�1 8.0⇥ 10�1 2.1⇥ 10�1

4.5.3 Light yield1010

The light yield of the crystal influences the minimum energy threshold accessible by the1011

experiment, and thus the low-mass dark matter parameter space that can be probed. Note1012

that light yield is frequently expressed in terms of photoelectrons/keV, which is also sensitive1013

to the PMT quantum efficiencies. Accounting for this, the light yield (the intrinsic property1014

of the crystal) for both COSINE and ANAIS ranges from 30-45 photons/keV [39, 40]. At a1015

benchmark triggering probability of >80%, the required light yield to achieve each threshold1016

is: 15 photons/keV for a 2 keV threshold, 30 photons/keV for a 1 keV threshold, and 601017

photons/keV for a 0.5 keV threshold. It is expected that a 1 keV threshold is achievable, and1018

any lower will require precise knowledge of the performance of the final installed detector1019

system.1020

4.6 Crystal Production1021

Over the last decade, RMD in Boston, USA, has grown a number of crystals for the SABRE1022

collaboration as part of an R&D project. A selection of recently grown crystals is sum-1023

marised in Table 17. Crystals NaI-31, NaI-33, and NaI-35 (shown in Fig. 33) are under-1024

ground at LNGS. The first two have been characterised, while analysis of NaI-35 is contin-1025

uing. The key crystal properties (excluding specific contamination breakdowns) for NaI-331026

are reported in Table 18, and are comparable with the currently operating experiments but1027

with a much lower crystal background.1028

SICCAS in China has also produced a number of test crystals with collaborators from1029

SABRE North, detailed in Ref. [44]. The concentration of the critical radio-impurity potas-1030

sium was measured, and found to be of an acceptable level in the tip of both doped and1031

undoped crystals, shown in Table 19. An example of one the crystals grown for this study1032

is pictured in Fig. 35. Although both RMD and SICCAS have demonstrated the ability1033

to produce high-quality, low-background crystals, there still exist a number of R&D pro-1034

grams across various NaI(Tl) experiments to reduce these backgrounds even further (see,1035

for example, Refs. [45, 46]).1036
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