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DAMA
25 NaI(Tl) highly radiopure detectors, 9.70 kg 
mass, placed in five rows by five columns.  

natK contamination   < 60 ppb 
232Th contamination < 1.2 ppb 
238U contamination   < 0.8 ppb 

Located in the Gran Sasso National Laboratory  

Data taking started in 1996 
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DAMA/NaI + DAMA/LIBRA-phase1 + DAMA/LIBRA-phase2 (2.86 ton × yr)  
favour the presence of a modulated behaviour with proper features at 13.7 σ C.L.
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DAMA/LIBRA-phase2
(1-6) keVee modulation 
A = (0.01048±0.00090) cpd/kg/keV 
χ2/dof = 66.2/68   (11.6 σ C.L.) 

(6-14) keVee no modulation
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(1-6) keVee modulation 
A = (0.01048±0.00090) cpd/kg/keV 
χ2/dof = 66.2/68   (11.6 σ C.L.) 

(6-14) keVee no modulation

Efforts towards lower software energy threshold 

< 1 keVee

• Modulation present down to 
0.75 keVee 

• No modulation above 6 
keVee 

• Upgrade of PMTs and 
Transient Digitizers 

• The data taking in this new 
configuration with 0.5 keVee 
software energy threshold  
started on Dec, 1 2021. 
Running
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Figure 3. Current status of searches for spin-independent elastic WIMP–nucleus scattering assuming the standard parameters for an
isothermal WIMP halo: ρ0 = 0.3 GeV cm−3, v0 = 220 km s−1, vesc = 544 km s−1. Results labelled ‘M’ were obtained assuming the Migdal
effect [131]. Results labelled ‘Surf’ are from experiments not operated underground. The ν-!oor shown here for a Ge target is a discovery
limit de"ned as the cross section σd at which a given experiment has a 90% probability to detect a WIMP with a scattering cross section
σ > σd at !3 sigma. It is computed using the assumptions and the methodology described in [151, 153], however, it has been extended to
very low DM mass range by assuming an unrealistic 1 meV threshold below 0.8 GeV/c2. Shown are results from CDEX [155], CDMSLite
[156], COSINE-100 [157], CRESST [158, 159], DAMA/LIBRA [160] (contours from [161]), DAMIC [162], DarkSide-50 [163, 164],
DEAP-3600 [144], EDELWEISS [165, 166], LUX [167, 168], NEWS-G [169], PandaX-II [170], SuperCDMS [171], XENON100 [172] and
XENON1T [41, 173–175].

scattering above ∼3 GeV/c2 are placed by the LXe
TPCs with the most sensitive result to-date coming from
XENON1T [41, 179]. The results from the cryogenic
bolometers (Super)CDMS [180, 181] and CRESST give
the strongest constraints below ∼3 GeV/c2. CDMSLite
[182] uses the Neganov–Tro"mov–Luke effect to constrain
spin-dependent WIMP–proton/neutron interactions down to
mχ = 1.5 GeV/c2 and CRESST-III [159] exploits the pres-
ence of the isotope 17O in the CaWO4 target to con-
strain spin-dependent WIMP–neutron interactions for DM
particle’s mass as low as 160 MeV/c2. Exploiting the
Migdal effect again signi"cantly enhances the sensitivity of
LXe TPCs to low-mass DM with XENON1T provid-
ing the most stringent exclusion limits for both, spin-
dependent WIMP–proton and WIMP–neutron couplings
between 80 MeV/c2–2 GeV/c2 and 90 MeV/c2–2 GeV/c2,
respectively [174].

The DAMA/LIBRA experiment searches for an annual
modulation signal with an array of NaI(Tl)-crystals and has
reported a 12.9σ-detection of a signal over a total of 20 annual
cycles [139] (see section 4.6.4.1). The observed effect shows
expected features of a halo DM particle interaction and no
other con"rmed or viable explanation has been provided. How-
ever, the DM nature of this observation is in tension with a
large number of results. If interpreted in the standard WIMP
scenario, much more sensitive experiments exclude DAMA’s
claim by many orders of magnitude, see "gure 3. Assum-
ing this interpretation, the phase-2 results of DAMA are even

inconsistent with the phase 1 results of the same experi-
ment [183]. LXe experiments with a signi"cantly lower back-
ground did not "nd a modulation signal and excluded DAMA’s
claim with high signi"cance [184–186]. The CDEX experi-
ment also did not "nd a signal in a 1 kg Ge-crystal with a
threshold well below that of DAMA/LIBRA [187]. Attempts
to solve the discrepancy by so-called ‘isospin-violating’ DM
models favouring NaI over Xe targets [188] are challenged by
COSINE-100 [157, 189] and ANAIS-112 [190, 191] which
also employ low-background NaI(Tl) crystals. The ANAIS-
112 data is consistent with the absence of a modulation signal;
COSINE-100 is consistent with both, the null hypothesis and
the DAMA/LIBRA best "t, but excludes DAMA if interpreted
as being due to standard spin-independent interactions.

Detectors with single-electron sensitivity are required
to provide constraints on low-mass DM interacting via
WIMP–electron scattering. In models with a heavy media-
tor, FDM = 1, the most stringent limits below ∼10 MeV/c2

come from SENSEI using a Si-CCD target [42], reaching
down to 500 keV/c2. Other competitive results in this mass
range are from the Si-detectors of DAMIC [192] and
SuperCDMS [193] as well as from the Ge-bolometers of
EDELWEISS [194]. The best limits above 10 MeV/c2

are from XENON10 [195] and XENON1T [41] and there
are also results from DarkSide-50 [196] and XENON100
[195]. In models with a light mediator where the interaction
is described by a DM form factor FDM(q) = αm2

e/q2, SEN-
SEI provides the best limits in the entire mass range above
500 keV/c2.
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• 3x3 array of NaI(Tl) modules, 112.5 kg 
• Located at Canfranc Underground Laboratory  
• Taking data since August 2017 
• Almost five years of data with duty cycle above 

95% 

• Three-year exposure results published in 2021, 
Phys. Rev. D 103 (arXiv:2110.10649)
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Three-year exposure reanalysis sensitivity is at 3 
sigma. PROSPECTS to achieve more than 4 sigma 
with 5 year exposure and 5 sigma by 2024
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Fig. 3 The 4 × 2 NaI(Tl) crystal array. Each crystal has two, 3-inch
PMTs and is encapsulated in a thin Polytetrafluoroethylene (PTFE)
reflector and copper casing. The crystal arrangement is shown in (a)
and a diagram of the crystal arrangement is shown in (b). An acrylic

table supports the crystal assemblies. The eight crystals are labeled C1
through C8 and the locations of the four calibration holes are indicated.
The table dimensions are indicated in mm and viewed from the A-side
of the detector
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Fig. 4 a Energy spectra of α-particles originating from the 70 mL
PTFE cell at different times. The histogram labeled “1st day” is when
the 70 mL cell was first assembled while that labeled 20th day is 19
days later. The α-induced events are selected based on pulse shape dis-
crimination criteria. b The number of measured α-events as a function

of time. A fit with an exponential plus a flat component was performed
with the assumption that decreasing components originate from exter-
nal contamination of 222Rn and from its daughter particle decays, while
the flat component is produced by long lived isotopes in the 238U chain
that are intrinsic to the LS

all, the eight crystals have high light yields and acceptable
238U and 232Th contaminations (see Table 1). The light yield
of Crystal-5 and Crystal-8, however, decreased over the first
few weeks and their optical coupling is suspected to have
degraded.

The 210Pb levels were improved by a factor of two
between the AS-C and AS-WSII powders, and 40K levels also
improved by a factor of two between the WS-II and WS-III
powders. The powder grade closely correlates with the con-
tamination level of the grown crystals, as demonstrated by

the 40K levels, which vary strongly according to the powder
type; within each specific batch of powder, the 40K radioac-
tivity levels are consistently reproduced. The 210Po (in equi-
librium with 210Pb) levels, as determined from the α particle
rates, are higher than those achieved by DAMA [9]; the origin
of this elevated rate is not yet fully understood. Some of the
210Pb may originate from lead or radon that is introduced into
the raw materials prior to crystallization. Chain equilibrium
is assumed for the interpretation of 238U and 232Th related
radioactivity measurements, with the exception of 210Pb.

123

• Joint venture of KIMS and DM-ICE  
• Eight NaI (Tl) crystals 106 kg  

• Located at Yangyang Underground Lab in South Korea 
(1800 meters water equivalent)   

• Data taking from September 2016 and published result 
with an exposure of 173 kg year arXiv: 2111.08863.pdf 
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tivity levels are consistently reproduced. The 210Po (in equi-
librium with 210Pb) levels, as determined from the α particle
rates, are higher than those achieved by DAMA [9]; the origin
of this elevated rate is not yet fully understood. Some of the
210Pb may originate from lead or radon that is introduced into
the raw materials prior to crystallization. Chain equilibrium
is assumed for the interpretation of 238U and 232Th related
radioactivity measurements, with the exception of 210Pb.
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Exclude DAMA/LIBRA phase1’s interpretation 
with the spin-independent WIMP interaction 
with Standard Halo model in NaI(Tl) crystal

Sci Adv. 2021 Nov 12;7(46):eabk2699

• Joint venture of KIMS and DM-ICE  
• Eight NaI (Tl) crystals 106 kg  

• Located at Yangyang Underground Lab in South Korea 
(1800 meters water equivalent)   
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Fig. 3 The 4 × 2 NaI(Tl) crystal array. Each crystal has two, 3-inch
PMTs and is encapsulated in a thin Polytetrafluoroethylene (PTFE)
reflector and copper casing. The crystal arrangement is shown in (a)
and a diagram of the crystal arrangement is shown in (b). An acrylic

table supports the crystal assemblies. The eight crystals are labeled C1
through C8 and the locations of the four calibration holes are indicated.
The table dimensions are indicated in mm and viewed from the A-side
of the detector
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Fig. 4 a Energy spectra of α-particles originating from the 70 mL
PTFE cell at different times. The histogram labeled “1st day” is when
the 70 mL cell was first assembled while that labeled 20th day is 19
days later. The α-induced events are selected based on pulse shape dis-
crimination criteria. b The number of measured α-events as a function

of time. A fit with an exponential plus a flat component was performed
with the assumption that decreasing components originate from exter-
nal contamination of 222Rn and from its daughter particle decays, while
the flat component is produced by long lived isotopes in the 238U chain
that are intrinsic to the LS

all, the eight crystals have high light yields and acceptable
238U and 232Th contaminations (see Table 1). The light yield
of Crystal-5 and Crystal-8, however, decreased over the first
few weeks and their optical coupling is suspected to have
degraded.

The 210Pb levels were improved by a factor of two
between the AS-C and AS-WSII powders, and 40K levels also
improved by a factor of two between the WS-II and WS-III
powders. The powder grade closely correlates with the con-
tamination level of the grown crystals, as demonstrated by

the 40K levels, which vary strongly according to the powder
type; within each specific batch of powder, the 40K radioac-
tivity levels are consistently reproduced. The 210Po (in equi-
librium with 210Pb) levels, as determined from the α particle
rates, are higher than those achieved by DAMA [9]; the origin
of this elevated rate is not yet fully understood. Some of the
210Pb may originate from lead or radon that is introduced into
the raw materials prior to crystallization. Chain equilibrium
is assumed for the interpretation of 238U and 232Th related
radioactivity measurements, with the exception of 210Pb.
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Exclude DAMA/LIBRA phase1’s interpretation 
with the spin-independent WIMP interaction 
with Standard Halo model in NaI(Tl) crystal

Sci Adv. 2021 Nov 12;7(46):eabk2699
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and a diagram of the crystal arrangement is shown in (b). An acrylic

table supports the crystal assemblies. The eight crystals are labeled C1
through C8 and the locations of the four calibration holes are indicated.
The table dimensions are indicated in mm and viewed from the A-side
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Fig. 4 a Energy spectra of α-particles originating from the 70 mL
PTFE cell at different times. The histogram labeled “1st day” is when
the 70 mL cell was first assembled while that labeled 20th day is 19
days later. The α-induced events are selected based on pulse shape dis-
crimination criteria. b The number of measured α-events as a function

of time. A fit with an exponential plus a flat component was performed
with the assumption that decreasing components originate from exter-
nal contamination of 222Rn and from its daughter particle decays, while
the flat component is produced by long lived isotopes in the 238U chain
that are intrinsic to the LS

all, the eight crystals have high light yields and acceptable
238U and 232Th contaminations (see Table 1). The light yield
of Crystal-5 and Crystal-8, however, decreased over the first
few weeks and their optical coupling is suspected to have
degraded.

The 210Pb levels were improved by a factor of two
between the AS-C and AS-WSII powders, and 40K levels also
improved by a factor of two between the WS-II and WS-III
powders. The powder grade closely correlates with the con-
tamination level of the grown crystals, as demonstrated by

the 40K levels, which vary strongly according to the powder
type; within each specific batch of powder, the 40K radioac-
tivity levels are consistently reproduced. The 210Po (in equi-
librium with 210Pb) levels, as determined from the α particle
rates, are higher than those achieved by DAMA [9]; the origin
of this elevated rate is not yet fully understood. Some of the
210Pb may originate from lead or radon that is introduced into
the raw materials prior to crystallization. Chain equilibrium
is assumed for the interpretation of 238U and 232Th related
radioactivity measurements, with the exception of 210Pb.
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Background analysis of NaI(Tl) crystals for the PICOLON detector.
K.Kotera, D.ChernyakA, H.EjiriB, K.Fushimi, K.HataC, R.HazamaD, T.IidaE, H.IkedaC, K.ImagawaF, K.InoueC, H.ItoG, T.KishimotoH, M.KogaC, A.KozlovI, 

K.NakamuraJ,K, R.Orito, T.ShimaB, Y.TakemotoG,K, S.UmeharaB, Y.Urano, K.YasudaF, S.YoshidaH

Tokushima Univ, Univ. of AlabamaA, RCNP Osaka Univ.B, RCNS Tohoku Univ.C, Osaka Sangyo Univ.D, Tukuba Univ.E, I.S.C.LabF, ICRR Univ. TokyoG, Dept. Sci. Osaka Univ.H, MEPhII, Osaka Butsuryo Univ.J, Kavli IPMU Univ. TokyoK

PICOLON Project

We search for dark matter(WIMP) using high-purity NaI(Tl) detector 
and verify the annual modulation reported by the DAMA/LIBRA group. [1]

Experimental Setup
Ingot#85 & Ingot#94 ÆThese detectors were installed each shield.

Both signals of two detectors make a DAQ trigger.

Data Analysis
α-ray concentration: 
Pulse Shape Discrimination (PSD)
α-ray & β, γ-rays events: 
𝜏 ~190 ns, 𝜏 , ~230 ns

⇨α-ray events were extracted 
to calculate the concentration.

Result

Reference
[1] NUCL. PHYS. AT. ENERGY 19 (2018) 307-325
[2] K.Fushimi et al. PTEP 2021 043F01

Ingot # 85 (2021) crystal was purified by optimized method. [2]
⇩

We verified the purification method.
ÆIngot #94 was produced!

Status 

𝑅P =
𝑄
𝑄

=
∫0.2
1.2 𝐼 𝑡 𝑑𝑡

∫0.0
1.2 𝐼 𝑡 𝑑𝑡

PSD Ratio: 𝑅P

α-ray result

Low energy region

RIs Energy Range  [keVee] Events
A 238U(U) + 232Th(Th) 2210-2900 33±6
B 234U(U) + 230Th(Th) + 226Ra(U) 2950-3350 72±9
C 228Th(Th) + 224Rn*(U) + 210Po(U) 3380-3970 118±11
D 218Po(U) + 212Bi(Th) + 224Rn*(U) + 220Rn(Th) 4000-4480 71±9
E 216Po(Th) 4690-5150 15±4

RI Concentration 
[µBq/kg] Goal

Th-chain (232Th) 4.6±1.2 <10
226Ra 8.7±1.5 <10
210Po 28±5 <50Ingot#94 (crystal) Detector(#94) Shield (# 94)

Concentration

=
Counts

LiveTime×IngotMass

Achieved out goals!!

• Faint but clear 5 peaks.

PICOLON Project
(Pure Inorganic Crystal Observatory for Low-energy Neut(ra)lino)

• 3 peaks (125I、 126I、 210Pb):
• 125I, 126I: We confirmed these the peaks decreased over time.

126I x − ray : 35 keVee 𝑇1/2 = 12.5d
210Pb 𝛾 − ray : 46.5 keVeeT1/2 = 22.2y

125I γ − ray : 64 keVee 𝑇1/2 = 59.4d

Spectral comparison Time variation of RI concentration

Discussion
We have achieved our goal of high purity NaI(Tl).
⇨We have confirmed the reproducibility of the purification method.

BG Rate: ~2 Events/(day・kg・keVee).
Prospect
Further reduction of backgrounds !!
• Need to remove noise below 3 keVee

• Noise reduction 
using machine learning.
(Most likely an event from PMT).

• Background events are reduced by active shields with detector.

Background in the low energy region: 
We used two noise reduction methods.

Energy spectrum after PSD.

Ingot#94: 28.2596 day × 1.344 kg
40K

PSD Ratio for Electron equivalent energy.

extract

α-ray

β, γ-rays

Part

Total

Part

Total

Waveform (α and β,γ event)

DAMA/LIBRA
(NIM A592 (2008) 297.)

Ingot #85
(2020)

Ingot #94
(This work)

Crystal size 10.2×10.2×25.4 cm3 7.62𝜙×7.62 cm3

232Th [μBq/kg] 2~31 0.3 ± 0.5 4.6 ± 1.2
226Ra [μBq/kg] 8.7~124 1.0 ± 0.4 8.7 ± 1.5
210Po [μBq/kg] 5~30 < 5.7 28 ± 5

Signal: many pulses

Noise: Single Pulse Only

Noise events.Noise Events

1. Single pulse noise reduction. 2. PSD noise reduction.

Shield (# 85)

Signal Events

R PS
D

~2025

~2028

~2031

Acknowledgment to 
K. Fushimi  (PICOLON) 
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PICOLON Project

We search for dark matter(WIMP) using high-purity NaI(Tl) detector 
and verify the annual modulation reported by the DAMA/LIBRA group. [1]
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Ingot#85 & Ingot#94 ÆThese detectors were installed each shield.

Both signals of two detectors make a DAQ trigger.

Data Analysis
α-ray concentration: 
Pulse Shape Discrimination (PSD)
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to calculate the concentration.
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Ingot # 85 (2021) crystal was purified by optimized method. [2]
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We verified the purification method.
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226Ra 8.7±1.5 <10
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=
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Achieved out goals!!

• Faint but clear 5 peaks.

PICOLON Project
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• 3 peaks (125I、 126I、 210Pb):
• 125I, 126I: We confirmed these the peaks decreased over time.

126I x − ray : 35 keVee 𝑇1/2 = 12.5d
210Pb 𝛾 − ray : 46.5 keVeeT1/2 = 22.2y
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We search for dark matter(WIMP) using high-purity NaI(Tl) detector 
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PICOLON Project
(Pure Inorganic Crystal Observatory for Low-energy Neut(ra)lino)
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Discussion
We have achieved our goal of high purity NaI(Tl).
⇨We have confirmed the reproducibility of the purification method.
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Noise: Single Pulse Only

Noise events.Noise Events
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Shield (# 85)
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~2025

~2028

~2031

• High radiopurity reached in the #85 ingot 

• The newest ingot #94 was relatively higher 
contamination than #85, but as small as DAMA/LIBRA 

• New ingot in preparation. It will be delivered in 
September  

• Commissioning is starting
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PICOLON

Quenching factor measurement in low-energy nuclear recoil of NaI(Tl) 
scintillator using monochromatic neutrons for dark matter search

Y.UranoA, Y.KawaiA, K.FushimiA, K.HataB, S.KonishiC, S.KurosawaD, K.MukaiC, Y.OginoC, R.OritoA, T.SakabeE

Grad. Sch. Sci. Tec. Innov. Tokushima Univ.A, RCNS Tohoku Univ.B, IAE Kyoto Univ.C, NICHe/IMR Tohoku Univ.D, Grad. Sch. Ene. Sci. Kyoto Univ.E

WIMPs direct search

�We have succeeded in calculating the QFNa. Supported by JSPS KAKENHI Grant No.19H00688

𝑎 : Voltage [mV] 𝑡 : Time [ns]

< t > = ∑
∑

LS (60°)

NaI(Tl)

25° 30° 37.5°

45° 52.5° 60°

Scattering 
angle [deg.]

Eee
[keVee]

25 2.64 ± 0.24 
30 3.73 ± 0.15 

37.5 7.08 ± 0.42
45 9.64 ± 0.48

52.5 13.39 ± 0.68
60 19.1 ± 1.2

Scattering 
angle [deg.]

Enr (Na) 
[keVnr]

QFNa
[%]

25 19.34 ± 0.16 13.7 ± 1.6
30 27.67 ± 0.19 13.5 ± 1.1

37.5 41.22 ± 0.23 17.2 ± 1.5
45 59.15 ± 0.23 16.3 ± 1.3

52.5 79.36 ± 0.33 16.9 ± 1.3
60 101.12 ± 0.36 18.9 ± 1.6

25° 37.5°
52.5°

30°
45°

60°

�We are considering the measurement of the QFNa dependence on Tl concentration and the measurement of the QFI.
� Investigation of the effect of different energy calibration methods on QFs in the low energy region

PSD (Pulse Shape Discrimination) analysis

Energy spectrum Result of QFs & Comparison with previous results

Summary

H.W.Joo et al., Astroparticle Physics, 108, 50–56, 2019

TOF analysis

~ 16 hours

WIMPs - NaI(Tl)
response

𝑚 = 50 GeV/𝑐2
23Na

Neutron energy : 2.45 MeV (deuteron-deuteron fusion)

Neutron intensity : 5.0 ×106 n/s

NaI(Tl) scintillator : developed by PICOLON + 
Hamamatsu H11284-100 (PMT) 
Liquid scintillator (LS) : EJ-301 + 
Hamamatsu R6091 (PMT) Distance NaI(Tl) - LS : 50 cm (TOF : Time Of Flight)

Supported by Zero-Emission Energy Research (ZE2021-C12)

Date of experiment : 2021/12/6-10

DRS4 (Domino-Ring-Sampler 4)
�Capable of recording waveforms of 

high-speed signals
�Record 2048 points during 2.9 μs

Sampling rate : 700 MHz https://www.psi.ch/drs/drs-chip

Example of NaI(Tl) 
signal waveform

Model study by Lindhard

QF 𝐸 r =
𝑘𝑔 𝜀

1 + 𝑘𝑔 𝜀

𝜀 = 11.5 𝐸 r keV 𝑍 ⁄−7 3

𝑘 = 0.133 𝑍 ⁄2 3 𝐴 ⁄−1 2

𝑔 𝜀 = 3 𝜀0.15 + 0.7 𝜀0.6 + 𝜀

QF 100 keV r ~ 0.57

QF 100 keV r ~ 0.29

J. Lindhard et al., Mat. Fys. Medd Dan.Vid. Selsk., 33, 10, 1963 H. Chagani et al., Journal of Instrumentation, 3, P06003, 2008

Theoretical curves of QF of Na recoils

Lindhard (1964)

Mangiarotti (2007)

Hitachi (2006)

Setup & Data acquisition system

Ultra-pure 
NaI(Tl) crystal 

PICOLON @ Kamioka

PSD by mean arrival time of scintillation photons
Gamma-ray

~ 230 ns

Nuclear recoil  
~ 180 ns 

Neutron
≥ 0.22

Gamma-ray
< 0.22

PSD by slow/total value

slow : Light amount emitted 
at 30 ~ 300 ns

total : Total light amount emitted 
at 0 ~ 300 ns

Neutron

𝑡 : Signal start time of LS

𝑡 : Signal start time of NaI(Tl)

𝑚 : Mass of neutron

𝐿 : Distance NaI(Tl) - LS

𝐸 : Neutron energy

TOF = 𝐿
𝑚
2𝐸

= 𝑡 − 𝑡
Gamma-ray 

~ 23 ns @ 𝐿 = 50 cm (Neutron TOF)

After PSD and TOF cut

Angular dependence 
of energy spectrum !!

Geant4 calculation of Enr
at each scattering angle

𝑬𝐧𝐫 ~ less than several tens of keV

𝐸 r = 𝐸 1 − c + −
+

2

Measured 
this time

𝐸 r : Nuclear recoil energy

𝐸 : Energy of incident neutron

𝜃 : Neutron scattering angle

𝑚 : Mass of neutron

𝑚 : Mass of target nucleus

Nuclear recoil by WIMPs

𝐸 r =
4

+
𝐸 1−c

2

𝐸χ : Kinetic energy of WIMPs

𝑚 : Mass of WIMPs 𝑚 : Mass of target nucleus

θ : Scattering angle in the center of mass frame

¾ Increase in statistics
¾ Improvement of BG shielding

UGAP2022
P21

Quenching factor : QF
� Light yield ratio of nuclear recoil Cnr to electron recoil Cer

� Discrepancy of the previous measurements

→ Individual differences in crystals ?? or Unknown systematic errors ??

QF = Cnr / Cer = Eee / Enr

Necessary to calibrate the nuclear recoil energy by WIMPsMotivation

Major improvements from last year's experiment
¾ Optimization of threshold setting by TFA
¾ Increase in measurement points (3 points → 6 points)

Eee : Electron equivalent energy
Enr : Nuclear recoil energy

Background analysis of NaI(Tl) crystals for the PICOLON detector.
K.Kotera, D.ChernyakA, H.EjiriB, K.Fushimi, K.HataC, R.HazamaD, T.IidaE, H.IkedaC, K.ImagawaF, K.InoueC, H.ItoG, T.KishimotoH, M.KogaC, A.KozlovI, 

K.NakamuraJ,K, R.Orito, T.ShimaB, Y.TakemotoG,K, S.UmeharaB, Y.Urano, K.YasudaF, S.YoshidaH

Tokushima Univ, Univ. of AlabamaA, RCNP Osaka Univ.B, RCNS Tohoku Univ.C, Osaka Sangyo Univ.D, Tukuba Univ.E, I.S.C.LabF, ICRR Univ. TokyoG, Dept. Sci. Osaka Univ.H, MEPhII, Osaka Butsuryo Univ.J, Kavli IPMU Univ. TokyoK

PICOLON Project

We search for dark matter(WIMP) using high-purity NaI(Tl) detector 
and verify the annual modulation reported by the DAMA/LIBRA group. [1]

Experimental Setup
Ingot#85 & Ingot#94 ÆThese detectors were installed each shield.

Both signals of two detectors make a DAQ trigger.

Data Analysis
α-ray concentration: 
Pulse Shape Discrimination (PSD)
α-ray & β, γ-rays events: 
𝜏 ~190 ns, 𝜏 , ~230 ns

⇨α-ray events were extracted 
to calculate the concentration.

Result

Reference
[1] NUCL. PHYS. AT. ENERGY 19 (2018) 307-325
[2] K.Fushimi et al. PTEP 2021 043F01

Ingot # 85 (2021) crystal was purified by optimized method. [2]
⇩

We verified the purification method.
ÆIngot #94 was produced!

Status 

𝑅P =
𝑄
𝑄

=
∫0.2
1.2 𝐼 𝑡 𝑑𝑡

∫0.0
1.2 𝐼 𝑡 𝑑𝑡

PSD Ratio: 𝑅P

α-ray result

Low energy region

RIs Energy Range  [keVee] Events
A 238U(U) + 232Th(Th) 2210-2900 33±6
B 234U(U) + 230Th(Th) + 226Ra(U) 2950-3350 72±9
C 228Th(Th) + 224Rn*(U) + 210Po(U) 3380-3970 118±11
D 218Po(U) + 212Bi(Th) + 224Rn*(U) + 220Rn(Th) 4000-4480 71±9
E 216Po(Th) 4690-5150 15±4

RI Concentration 
[µBq/kg] Goal

Th-chain (232Th) 4.6±1.2 <10
226Ra 8.7±1.5 <10
210Po 28±5 <50Ingot#94 (crystal) Detector(#94) Shield (# 94)

Concentration

=
Counts

LiveTime×IngotMass

Achieved out goals!!

• Faint but clear 5 peaks.

PICOLON Project
(Pure Inorganic Crystal Observatory for Low-energy Neut(ra)lino)

• 3 peaks (125I、 126I、 210Pb):
• 125I, 126I: We confirmed these the peaks decreased over time.

126I x − ray : 35 keVee 𝑇1/2 = 12.5d
210Pb 𝛾 − ray : 46.5 keVeeT1/2 = 22.2y

125I γ − ray : 64 keVee 𝑇1/2 = 59.4d

Spectral comparison Time variation of RI concentration

Discussion
We have achieved our goal of high purity NaI(Tl).
⇨We have confirmed the reproducibility of the purification method.

BG Rate: ~2 Events/(day・kg・keVee).
Prospect
Further reduction of backgrounds !!
• Need to remove noise below 3 keVee

• Noise reduction 
using machine learning.
(Most likely an event from PMT).

• Background events are reduced by active shields with detector.

Background in the low energy region: 
We used two noise reduction methods.

Energy spectrum after PSD.

Ingot#94: 28.2596 day × 1.344 kg
40K

PSD Ratio for Electron equivalent energy.

extract

α-ray

β, γ-rays

Part

Total

Part

Total

Waveform (α and β,γ event)

DAMA/LIBRA
(NIM A592 (2008) 297.)

Ingot #85
(2020)

Ingot #94
(This work)

Crystal size 10.2×10.2×25.4 cm3 7.62𝜙×7.62 cm3

232Th [μBq/kg] 2~31 0.3 ± 0.5 4.6 ± 1.2
226Ra [μBq/kg] 8.7~124 1.0 ± 0.4 8.7 ± 1.5
210Po [μBq/kg] 5~30 < 5.7 28 ± 5

Signal: many pulses

Noise: Single Pulse Only

Noise events.Noise Events

1. Single pulse noise reduction. 2. PSD noise reduction.

Shield (# 85)

Signal Events

R PS
D

~2025

~2028

~2031

Acknowledgment to 
K. Fushimi  (PICOLON) 

• High radiopurity reached in the #85 ingot 

• The newest ingot #94 was relatively higher 
contamination than #85, but as small as DAMA/LIBRA 

• New ingot in preparation. It will be delivered in 
September  

• Commissioning is starting
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SABRE NORTH Acknowledgment to 
I. Bolognino et al. (SABRE) 

 

• NaI(Tl) crystals (NaI-31 and NaI-33) tested and characterised. 
• Proof-of-principle phase (1 crystal + active veto) concluded   

• Full Monte-Carlo background simulation model to identify 
background components 

• Breakthrough background level: ~1 count/day/kg/keV in the 
1-6 keV region of interest, lowest since DAMA/LIBRA.

https://doi.org/10.1140/epjc/s10052-019-6860-y
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SABRE NORTH

 

Demonstrate feasibility  of 
a full-scale experiment 
without active veto and 
finalize the design of 
crystal array + shielding

Acknowledgment to 
I. Bolognino et al. (SABRE) 

Goals for near future: 

• Test the same crystal (NaI-33) with a 
lower radioactivity reflector 
• Test reproducibility of crystal 
radiopurity 
• Assembly of detector modules at 
LNGS with a new custom glove box.

• NaI(Tl) crystals (NaI-31 and NaI-33) tested and characterised. 
• Proof-of-principle phase (1 crystal + active veto) concluded   

• Full Monte-Carlo background simulation model to identify 
background components 

• Breakthrough background level: ~1 count/day/kg/keV in the 
1-6 keV region of interest, lowest since DAMA/LIBRA.

https://doi.org/10.1140/epjc/s10052-019-6860-y
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SABRE SOUTH
• First experiment in SUPL (Stawell Gold Mine, 240 km 

west of Melbourne, Victoria, Australia), the first 
underground laboratory in the Southern hemisphere 

• Will use the liquid scintillator (LAB) for in-situ evaluation 
and validation of the background in addition of 
background rejection and particle identification. 

• Vessel + LAB, PMTs, muon detector, DAQ electronics, 
slow control, Crystal insertion system ... all ready 

• One low background NaI(Tl) crystal under test at LNGS

Acknowledgment to 
I. Bolognino et al. (SABRE) 
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SABRE SOUTH
• SABRE South will be the first experiment in SUPL.

• SUPL is the first deep underground laboratory in the Southern
Hemisphere 1025 m deep (2900 m water equivalent) located in
the Stawell Gold Mine, 240 km west of Melbourne, Victoria,
Australia.

• SABRE South will use the liquid scintillator (LAB) for in-situ
evaluation and validation of the background in addition of
background rejection and particle identification.

• Vessel + LAB, PMTs, muon detector, DAQ electronics, slow
control, Crystal insertion system ... all ready.

• One low background NaI(Tl) crystal in testing phase at LNGS.

SABRE South status

• Highest purity crystals and largest
active veto: 0.72 cpd/kg/keV.

• http://arxiv.org/abs/2205.13849
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Acknowledgment to 
I. Bolognino et al. (SABRE) 

• First experiment in SUPL (Stawell Gold Mine, 240 km 
west of Melbourne, Victoria, Australia), the first 
underground laboratory in the Southern hemisphere 

• Will use the liquid scintillator (LAB) for in-situ evaluation 
and validation of the background in addition of 
background rejection and particle identification. 

• Vessel + LAB, PMTs, muon detector, DAQ electronics, 
slow control, Crystal insertion system ... all ready 

• One low background NaI(Tl) crystal under test at LNGS



Vanessa ZEMAAugust 9, PATRAS 22 9

SABRE SOUTH
• SABRE South will be the first experiment in SUPL.

• SUPL is the first deep underground laboratory in the Southern
Hemisphere 1025 m deep (2900 m water equivalent) located in
the Stawell Gold Mine, 240 km west of Melbourne, Victoria,
Australia.

• SABRE South will use the liquid scintillator (LAB) for in-situ
evaluation and validation of the background in addition of
background rejection and particle identification.

• Vessel + LAB, PMTs, muon detector, DAQ electronics, slow
control, Crystal insertion system ... all ready.

• One low background NaI(Tl) crystal in testing phase at LNGS.

SABRE South status

• Highest purity crystals and largest
active veto: 0.72 cpd/kg/keV.

• http://arxiv.org/abs/2205.13849
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Radon system 
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design DAQ and slow 

control Installation

Final Crystal 
delivery Crystals insertion

Vessel cleaning LAB Introduction

Cabling and 
sensor installation

PMT installation

DAQ activity start 
at SUPL

Highest purity crystals and largest active veto: 
 0.72 cpd/kg/keV 

arXiv: 2205.13849

Acknowledgment to 
I. Bolognino et al. (SABRE) 

• First experiment in SUPL (Stawell Gold Mine, 240 km 
west of Melbourne, Victoria, Australia), the first 
underground laboratory in the Southern hemisphere 

• Will use the liquid scintillator (LAB) for in-situ evaluation 
and validation of the background in addition of 
background rejection and particle identification. 

• Vessel + LAB, PMTs, muon detector, DAQ electronics, 
slow control, Crystal insertion system ... all ready 

• One low background NaI(Tl) crystal under test at LNGS

http://arxiv.org/abs/2205.13849
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DUAL CHANNEL 
CRYOGENIC CALORIMETER 

HEAT+LIGHT

SINGLE CHANNEL 
ROOM TEMPERATURE SCINTILLATORS 

LIGHT

• ANAIS 

• COSINE 

• PICOLON  

• SABRE

COSINUS
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CRYOGENIC CALORIMETER
Thermometer

Thermal link
to heat bath

BASELINE DESIGN

Jul, 19 K. Schaeffner 12

Measure the energy deposited in the 
absorber and converted into lattice 
vibrations (phonons)
Phonons flow to the superconducting 
thermometer operated at milliKelvin 
temperature
COSINUS uses the Transition Edge 
Sensors developed by CRESST

AlAl W

Au
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CRYOGENIC CALORIMETER
Thermometer

Thermal link
to heat bath

BASELINE DESIGN

Jul, 19 K. Schaeffner 12

Phonons flow to the superconducting 
thermometer operated at milliKelvin 
temperature
COSINUS uses the Transition Edge 
Sensors developed by CRESST

AlAl W

Au

3.2. Transition Edge Sensor (TES) 49

Figure 3.1. – Typical transition curve of a TES tungsten film. An operation of the thermometer in
its transition from the normalconducting to the superconducting state allows the detection of tiny
excursions in temperature DT by measuring the change in resistance DR of the TES.

3.2. Transition Edge Sensor (TES)

As mentioned in section 2.3, in CRESST transition edge sensors (TES) are used as
thermometers to read out the large dielectric absorbers. A transition curve of such a
sensor can be seen in figure 3.1. The steepness of the transition curve of the TES allows
the detection of small temperature changes DT (O(µK)) caused by particle interactions
in the absorber by measuring the change in resistance DR.

In the case of a conventional CRESST detector, the TES is made out of a thin tungsten
film (200 nm) which is evaporated onto the surface of the absorber crystal and extends
over an area of (6 x 8) mm2. In addition, a TES is equipped with contact pads made out
of aluminum. The connection between the contact pads of the sensor and the detector
holder is made using aluminum bond wires having a diameter of 25 µm (see figure 3.2).
Also the thermal link consisting of a gold wire bond (diameter of 25 µm) is visible.
This thermal link is bonded onto a long and thin gold structure which extends across
the tungsten film. It allows the sensor after a particle interaction in the absorber to relax
back to equilibrium.

In order to stabilize the TES at its operating point, a heater is used. It consists of a
gold stitch bond which is bonded to the same gold structure on the TES as also used for
the thermal link. In this way a stabilization of the TES in an operating point within a
few µK is practicable.

The TES is fabricated using thin film technology and photo-lithography. A tungsten
film evaporated onto the surface of the crystal is etched to the desired shape. Pattern
of gold and aluminum structures is carried out by two subsequent lift-off processes.

Measure the energy deposited in the 
absorber and converted into lattice 
vibrations (phonons)
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CRYOGENIC CALORIMETER
Thermometer

Thermal link
to heat bath

BASELINE DESIGN

Jul, 19 K. Schaeffner 12

3.2. Transition Edge Sensor (TES) 49

Figure 3.1. – Typical transition curve of a TES tungsten film. An operation of the thermometer in
its transition from the normalconducting to the superconducting state allows the detection of tiny
excursions in temperature DT by measuring the change in resistance DR of the TES.

3.2. Transition Edge Sensor (TES)

As mentioned in section 2.3, in CRESST transition edge sensors (TES) are used as
thermometers to read out the large dielectric absorbers. A transition curve of such a
sensor can be seen in figure 3.1. The steepness of the transition curve of the TES allows
the detection of small temperature changes DT (O(µK)) caused by particle interactions
in the absorber by measuring the change in resistance DR.

In the case of a conventional CRESST detector, the TES is made out of a thin tungsten
film (200 nm) which is evaporated onto the surface of the absorber crystal and extends
over an area of (6 x 8) mm2. In addition, a TES is equipped with contact pads made out
of aluminum. The connection between the contact pads of the sensor and the detector
holder is made using aluminum bond wires having a diameter of 25 µm (see figure 3.2).
Also the thermal link consisting of a gold wire bond (diameter of 25 µm) is visible.
This thermal link is bonded onto a long and thin gold structure which extends across
the tungsten film. It allows the sensor after a particle interaction in the absorber to relax
back to equilibrium.

In order to stabilize the TES at its operating point, a heater is used. It consists of a
gold stitch bond which is bonded to the same gold structure on the TES as also used for
the thermal link. In this way a stabilization of the TES in an operating point within a
few µK is practicable.

The TES is fabricated using thin film technology and photo-lithography. A tungsten
film evaporated onto the surface of the crystal is etched to the desired shape. Pattern
of gold and aluminum structures is carried out by two subsequent lift-off processes.

Phonons flow to the superconducting 
thermometer operated at milliKelvin 
temperature
COSINUS uses the Transition Edge 
Sensors developed by CRESST

Measure the energy deposited in the 
absorber and converted into lattice 
vibrations (phonons)
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CRYOGENIC CALORIMETER
COSINUS

NaI is hygroscopic and has a low 
melting point. It does not survive any 
TES fabrication process

new remoTES DESIGN

COSINUS implemented the first 
remoTES design, proposed by Matt 
Pyle et al, 2015, arXiv:1503.01200

arXiv:2111.00349v1

https://arxiv.org/abs/1503.01200
https://arxiv.org/abs/1503.01200
https://arxiv.org/abs/1503.01200
https://arxiv.org/abs/2111.00349
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COSINUS DETECTOR
CHANNEL 1 - PHONON DETECTOR 

NaI  + remoTES 
(connected using gold pad and gold wire) 

Measure the energy deposited in the absorber as heat 

Almost independent from the interacting particle 
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COSINUS DETECTOR

CHANNEL 2 - LIGHT DETECTOR 

Silicon beaker + TES 

Measure the scintillation light emitted by NaI 

Electromagnetic interactions emit more light than 
nuclear recoils

PARTICLE DISCRIMINATION

CHANNEL 1 - PHONON DETECTOR 

NaI  + remoTES 
(connected using gold pad and gold wire) 

Measure the energy deposited in the absorber as heat 

Almost independent from the interacting particle 
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COSINUS ADVANTAGE

SIMULATED DATA 
(100 kg day gross exposure): 

• 20 ppb of 40K + 1 cpd/(keV kg) 
• Baseline resolution for NaI 0.2 keV  
• efficiency between 20-50% at 1-2 keV 

and at 50% above 2keV 
• Energy in light: 4% 
• QF for Na ~ 0.3, QF for I ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

14

Eur. Phys. J. C 76, 441 (2016)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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COSINUS ADVANTAGE

14

Eur. Phys. J. C 76, 441 (2016)

COSINUS’ ROI

SIMULATED DATA 
(100 kg day gross exposure): 

• 20 ppb of 40K + 1 cpd/(keV kg) 
• Baseline resolution for NaI 0.2 keV  
• efficiency between 20-50% at 1-2 keV 

and at 50% above 2keV 
• Energy in light: 4% 
• QF for Na ~ 0.3, QF for I ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas


Vanessa ZEMAAugust 9, PATRAS 22

COSINUS ADVANTAGE

14

Eur. Phys. J. C 76, 441 (2016)

DAMA’S ROI

SIMULATED DATA 
(100 kg day gross exposure): 

• 20 ppb of 40K + 1 cpd/(keV kg) 
• Baseline resolution for NaI 0.2 keV  
• efficiency between 20-50% at 1-2 keV 

and at 50% above 2keV 
• Energy in light: 4% 
• QF for Na ~ 0.3, QF for I ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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COSINUS ADVANTAGE

15

Eur. Phys. J. C 76, 441 (2016)

Light Yield 
Phonon Energy
 Light Energy

=

SIMULATED DATA 
(100 kg day gross exposure): 

• 20 ppb of 40K + 1 cpd/(keV kg) 
• Baseline resolution for NaI 0.2 keV  
• efficiency between 20-50% at 1-2 keV 

and at 50% above 2keV 
• Energy in light: 4% 
• QF for Na ~ 0.3, QF for I ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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COSINUS ADVANTAGE

16

Eur. Phys. J. C 76, 441 (2016)

COSINUS 100kg days

SIMULATED DATA 
(100 kg day gross exposure): 

• 20 ppb of 40K + 1 cpd/(keV kg) 
• Baseline resolution for NaI 0.2 keV  
• efficiency between 20-50% at 1-2 keV 

and at 50% above 2keV 
• Energy in light: 4% 
• QF for Na ~ 0.3, QF for I ~ 0.09 
• σSI= 2 x 10-4 pb (mDM=10 GeV/c2)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
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LATEST RESULTS

neutron bands

e-/γ bands

inelastic band

Particle discrimination demonstrated for the first time in NaI

NE
W

NaI-remoTES 
• NaI grown by 
• 5-6 ppb of natK achieved 
• 1 cm3 

• Gold pad glued with epoxy 
• Gold pad size 4 mm2 

• W-TES of sapphire wafer 

0.39 keV baseline resolution
Silicon beaker  

• 4 cm diameter and height 
• 1 mm thickness 
• 15 g 
• W-TES evaporated on the 

surface 
• 20 eV baseline resolution 

best performance:  
10.2 eV baseline resolution

JUNE 2022 : underground measurement at 
CRESST test facility at LNGS 
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NEXT STEPS

MEASURING NOW AT LNGS 

Test larger crystals (60-110) g 
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NEXT STEPS

MEASURING NOW AT LNGS 

Test larger crystals (60-110) g 

Test silicon lid for 4π scintillation 
light collection
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NEXT STEPS

Collect100 kg days of 
exposure to exclude or 
confirm nuclear recoil origin

Upgrade of the number of channels 
Annual modulation search
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LOCATION XENON nT
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FACILITY
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FACILITY

Service building 

21
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FACILITY

Clean room

Service building 
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FACILITY

Clean room

Service building 

Water tank

21



Vanessa ZEMAAugust 9, PATRAS 22

FACILITY

Clean room

Service building 

Water tank

Dry well
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FACILITY

Clean room

Service building 

Water tank

Cryostat

21
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CRYOSTAT: VIBRATION DECOUPLING

Three stages of decoupling

21
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CRYOSTAT: VIBRATION DECOUPLING

Three stages of decoupling

The infrastructure is built on the blue 
frame, subjected to most of the 
vibrations 
The pulse tube on the yellow frame 
The cryostat rests on the dry well, 
which is the most quiet part

1. Global stage

Bellow
The pulse tube is connected to a 
supple bellow which dumps the 
mechanical vibrations of the pulse 
tube

Double frame

22
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The Ultra-Quiet Technology™

CRYOSTAT: VIBRATION DECOUPLING

Three stages of decoupling

2. Cryostat stage

Pumping duct gas exchanger 

The heat exchange between pulse 
tube and cryostat occurs via gas, 
no mechanical contact

22

https://cryoconcept.com/product/the-ultra-quiet-technology/

https://cryoconcept.com/product/the-ultra-quiet-technology/


Vanessa ZEMAAugust 9, PATRAS 22

CRYOSTAT: VIBRATION DECOUPLING

Three stages of decoupling

3. Detector stage 

Spring and damping modules to 
decouple the detector plate 

Magnetic eddy current damping

22

Studies ongoing
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WATER TANK

Water tank

Cryostat

The water tank is a neutron 
moderator and cosmogenic muon 
veto 

Instrumented with about 30 PMTs it 
will reduce the neutron background 
rate  

Rate of cosmogenic neutrons: 
no veto: 	 (3.5 ± 0.7) cts kg−1 yr−1 

with veto:  < 0.05 cts kg−1 yr−1

22

Shielding designed according to simulations in EPJC volume 82, Article number: 248 (2022) 

https://link.springer.com/article/10.1140/epjc/s10052-022-10184-5
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STATUS FACILITY INSTALLATION

October 2021

WATER TANK

January 2022

DRY WELL

June 2022 August 2022

CLEAN ROOM SERVICE BUILDING

Planned to be completed by 2023

23
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COSINUS 1π TIME SCHEDULE
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STAY TUNED AND THANK YOU

Collaboration Meeting  
LNGS 04/2022

www.cosinus.it~ 25 Scientists
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76 F. Pr~ibst et al. 

After a few surface reflections the non-therma! phonons uniformly fill 
the crystal. For the present detector a time of order L/v ~ 10 # s is required 
to establish this uniform distribution, where L = 4 cm is the largest crystal 
dimension and v = 5 x 10 3 m/s  is a typical sound velocity. This time is short 
compared to the observed signal rise time of 15 to 250/zs. When such a 
high-frequency phonon enters the thermometer it is efficiently absorbed 
by the free electrons of the metal film. The strong interaction among 
the electrons quickly shares and thermalizes the phonon energy, heating 
the electron system in the thermometer. Due to this absorption of high- 
frequency phonons the electrons experience a time-dependent power input 
Pe(t). This is the origin of the fast signal component. 

Part of the energy thermalized by the electrons escapes into the heat 
sink via the Au wire attached to one end of the thermometer; the rest is 
radiated back as thermal phonons across the interface into the absorber, 
and leads to a rise of the absorber temperature which induces the slow 
component. At very low temperatures the weak thermal conductance 
Gep oc T 5 between electrons and phonons in the thermometer impedes this 
energy flow into the absorber and the dominant process is the heat conduc- 
tion along the film into the heat sink. (A discussion of the temperature 
dependence of Gep is given in Appendix A.) 

Gab 

/1111111111111 Tu 

! C~l Te Oepl Pe (t).,I 
f I 

heat bath 

electrons in 
thermometer 

phonons in 
thermometer 

Ca, T. phonons in 
absorber 

Fig. 6. Thermal model of the detector. T b is the temperature of the 
heat bath, T~ and Ta are the temperatures of the electron system 
in the thermometer and of the phonon system in the absorber, respec- 
tively, Ce and Ca are their heat capacities, and Pe and P .  are the 
energy flows from non-thermal phonons  into them. Gab, Gob and G~. 
are the thermal conductances. 

Ce
dTe

dt
+ Gea(Te − Ta) + Geb(Te − Tb) = Pe(t)

Ca
dTa

dt
+ Gea(Ta − Te) + Gab(Ta − Tb) = Pa(t)

·x(t) = A x + f(t)

x(t = 0) = (Tb

Tb)
ΔTe(t) = θ(t)[An (e−t/τn − e−t/τin

Non−thermal

) + At (e−t/τt − e−t/τn)

Thermal

]

The general model for TES-based cryogenic detectors  was published by Franz Pröbst et al. in 
1995  (F. Pröbst et al, J. Low Temp. Phys. 100,69 (1995))

PULSE SHAPE MODEL

https://link.springer.com/article/10.1007/BF00753837
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NaI-remoTES Obelix (Si-beaker)

STANDARD EVENTS
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PHYSICS REACH

 

F. Kahlhöfer et al., JCAP 1805 (2018) no.05, 074

For background-free case 

New DAMA/L IBRA-phase2 
threshold not included 

red dot: event rate corresponding 
to 100 kg days of gross exposure 
(COSINUS 1π)

https://link.springer.com/article/10.1140/epjc/s10052-016-4278-3#citeas
https://iopscience.iop.org/article/10.1088/1475-7516/2018/05/074
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QUENCHING FACTOR MEASUREMENTDependence of QF Tl dopant concentration?

Aim:
� Target low recoil energy region (1-30keVnr)

Requirements:
¾ Utilize extremely radio-pure* Tl doped NaI

crystals manufactured by SICCAS, 
Shanghai:

� 40K : <10ppb; 232Th: ~10ppt; 238U: ~20ppt
¾ Radioactive contamination comparable or 

better than DAMA crystals.

6Mukund Bharadwaj

*arXiv: 1909.11692

Special thanks to Y. Zhu, Z.W 
Ge, I.Dafinei and group!

NaI(Tl) crystals with different Tl dopant concentrations 

natK contamination   < 10 ppb (benchmark: 60 ppb) 
232Th contamination < 0.01 ppb (benchmark: 1.2 ppb) 
238U contamination   < 0.02 ppb (benchmark: 0.8 ppb)Experimental setup

� Small crystal size->Reduce multiple scatters
(d:30.5mm, h:32mm)

� Crystal rotation->Reduce ion channeling 
effects.

8Mukund Bharadwaj

Experimental setup

� Small crystal size->Reduce multiple scatters
(d:30.5mm, h:32mm)

� Crystal rotation->Reduce ion channeling 
effects.

8Mukund Bharadwaj
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Mukund Bharadwaj 16

PRELIMINARY

QF estimation (Na recoils)

QUENCHING FACTOR MEASUREMENT
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DRY DILUTION REFRIGERATOR



ANAIS-112



ANAIS-112 consists of a 3x3 array of NaI(Tl) 
modules, 112.5 kg, taking data at Canfranc 
Underground Laboratory since August 2017.  
Almost five years of data with duty cycle 
above 95% 

Three-year exposure results published in 
2021, Phys. Rev. D 103 (arXiv:2110.10649)

Excellent light collection in all the nine modules, larger and more 
homogeneous than that of DAMA/LIBRA 
Triggering well below 1 keVee

1 keVee event40K22Na
K-shell 
EC

L-shell 
EC

https://indico.cern.ch/event/922783/contributions/4892762/attachments/2482431/4261919/ANAIS_IDM2022.pdf 

c2 = ∑
𝑖,𝑑

(𝑛𝑖,𝑑 − 𝜇𝑖,𝑑)2

𝜎2
𝑖,𝑑

Background model determines the 
probability distribution function 
detector by detector 

MODEL INDEPENDENT SEARCH FOR 
ANNUAL MODULATION carried out 
for three-year exposure 
PRELIMINARY RESULTS AT IDM 2022

New analysis based on BDT using 
neutron events (252Cf), electron events 
(109Cd) and internal lines (40K and 22Na)  
STRONG IMPROVEMENT ON THE 
EFFICIENCIES

Three-year exposure reanalysis sensitivity is at 3 sigma 
PROSPECTS to achieve more than 4 sigma with 5 year exposure and  

5 sigma by 2024

Aug’17 Aug’22

Maria Luìsa Sarsa (ANAIS) 

https://link.aps.org/doi/10.1103/PhysRevD.103.102005
https://link.aps.org/doi/10.1103/PhysRevD.103.102005
https://arxiv.org/abs/2103.01175
https://indico.cern.ch/event/922783/contributions/4892762/attachments/2482431/4261919/ANAIS_IDM2022.pdf
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COSINE-100 searches
• Joint venture of KIMS and DM-ICE 

• Data taking from Sep 2016 and published result with an exposure of 173kg.year 
• Exclude DAMA/LIBRA phase 1’s interpretation with the spin-independent WIMP interaction with Standard 

Halo model in NaI(Tl) crystal 
•  Best-fit modulation amplitude of 0.0067  0.0042 cpd/kg/keV at 1- 6 keV 

• In-house crystal growing protocol is developed by collaboration and achieved promising radio-
purity and light collection with R&D crystal (0.6 kg) 

• Expect < 1 counts/day/kg/keV in COSINE-200 crystals 
• COSINE-200 will be run by 2023

±

G Adhikari, Yale University                                                                                                                                                                                                COSINE-100 & DM-Ice collaboration

arXiv:2111.08863v1Sci Adv. 2021 Nov 12;7(46):eabk2699

https://cosine.yale.edu/home

https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-8386-8.pdf
https://cosine.yale.edu/home
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Upgrade on Nov/Dec 2010: all PMTs replaced 
with new ones of higher Q.E.

Q.E. of the new PMTs:
33 – 39% @ 420 nm
36 – 44% @ peakc

DAMA/LIBRA–phase2 JINST 7(2012)03009 
Universe 4 (2018) 116 

NPAE 19 (2018) 307 
Bled 19 (2018) 27 

NPAE 20(4) (2019) 317 
PPNP114(2020)103810 

NPAE 22(2021) 329

Goal: software energy threshold at 
1 keV – accomplished

Pierluigi Belli (DAMA)



2-6 keV

A=(0.00996±0.00074) cpd/kg/keV 
χ2/dof = 130/155

continuous lines: t0 = 152.5 d,  T = 1.00 y 

DAMA/NaI+DAMA/LIBRA-phase1+DAMA/LIBRA-phase2 (2.86 ton × yr)

The data of DAMA/NaI + DAMA/LIBRA-phase1 +DAMA/LIBRA-
phase2 favour the presence of a modulated behaviour with 

proper features at 13.7 σ C.L.

DM model-independent Annual Modulation Result
experimental residuals of the single-hit scintillation events rate vs time and energy 

                                                                                                                                                                                                                                                                                                                                               

Acos[ω(t-t0)]

DAMA/NaI (0.29 ton x yr) – 7 annual cycles 
DAMA/LIBRA-ph1 (1.04 ton x yr) – 7 annual cycles
DAMA/LIBRA-ph2 (1.53 ton x yr) – 8 annual cycles

total exposure = 2.86 ton×yr 

1-6 keV

Fit on DAMA/LIBRA-phase2 

1-6 keV A=(0.01048±0.00090) cpd/kg/keV

χ2/dof = 66.2/68   11.6 σ C.L.

P. Belli (DAMA)



Single hit residual rate (red) vs Multiple hit 
residual rate (green) 
• Clear modulation in the single hit events  
• No modulation in the residual rate of the 

multiple hit events 

DM model-independent Annual Modulation Result
DAMA/LIBRA-phase2 (8 a.c., 1.53 ton × yr) Multiple hits events = Dark Matter particle 

“switched off”

This result offers an additional strong support for the 
presence of DM particles in the galactic halo further 
excluding any side effect either from hardware or from 
software procedures or from background

DAMA/NaI + DAMA/LIBRA-(ph1+ph2) (22 yr) 
total exposure: 2.86 ton×yr

Clear annual modulation in (2-6) keV +  only 
aliasing peaks far from signal region

The analysis in frequency 

P. Belli (DAMA)



Slight differences from 2nd June are expected in 
case of contributions from non thermalized DM 
components (as e.g. the SagDEG stream)

E (keV) Sm (cpd/kg/keV) Zm (cpd/kg/keV) Ym (cpd/kg/keV) t* (day)

DAMA/NaI + DAMA/LIBRA-ph1 + DAMA/LIBRA-ph2

2-6 0.0097 ± 0.0007 - 0.0003 ± 0.0007 0.0097 ± 0.0007 150.5 ± 4.0

6-14 0.0003 ± 0.0005 -0.0006 ± 0.0005 0.0007 ± 0.0010 undefined

1-6 0.0104 ± 0.0007  0.0002 ± 0.0007 0.0104 ± 0.0007 153.5 ± 4.0

Is there a sinusoidal contribution in the signal? Phase ≠ 152.5 day? 

For Dark Matter signals: 

• |Zm|«|Sm| ≈ |Ym| 

• t* ≈ t0 = 152.5d 
• ω = 2π/T 

• T = 1 year

DAMA/NaI + DAMA/LIBRA-phase1 + DAMA/
LIBRA-phase2 (8 a.c.) [2.86 ton × yr]

P. Belli (DAMA)



New data point with the 8 a.c. of  
DAMA/LIBRA-phase2 (1.53 ton×yr)

❑ A clear modulation is also present below 1 keV, from 0.75 keV, while Sm values 
compatible with zero are present just above 6 keV 

❑ This preliminary result suggests the necessity to lower the software energy 
threshold and to improve the experimental error on the first energy bin  

Efforts towards lower software energy threshold
• decreasing the software energy threshold down to 0.75 keV
• using the same technique to remove the noise pulses
• evaluating the efficiency by dedicated studies

Preliminary results

P. Belli (DAMA)



Running phase2 with software energy threshold at 0.5 keV with 
suitable high efficiency

1) During fall 2021, DAMA/LIBRA–phase2 set-up 
heavily upgraded:

The data taking in this new configuration with 0.5 keV 
software energy threshold  started on Dec, 1 2021. Running

Enhancing experimental sensitivities and 
improving DM corollary aspects by lowering the 
software energy threshold to 0.5 keV, other DM 
features, second order effects and other rare 
processes

  
a. equipping the PMTs with new low-background voltage dividers with pre-

amps on the same board 
b. using Transient Digitizers with higher vertical resolution (14 bits)  

2) After a dedicated R&D and data taking, the chosen implementation was 
demonstrated to be effective

P. Belli (DAMA)
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SABRE North status
Two low background NaI(Tl) crystals (NaI-31 and NaI-33) tested and characterised.
Proof-of-principle phase (1 crystal + active veto) concluded.

Results:
• Full Monte-Carlo simulation model to identify background components 
• Breakthrough background level: ~1 count/day/kg/keV in the 1-6 keV region of 

interest, lowest since DAMA/LIBRA.

Goals for near future:
• Test the same crystal (NaI-33) with a lower radioactivity reflector
• Test reproducibility of crystal radiopurity
• Assembly of detector modules at LNGS with a new custom glove box.

Demonstrate feasibility 
of a full-scale 
experiment without 
active veto and finalize 
the design of crystal 
array + shielding



• SABRE South will be the first experiment in SUPL.

• SUPL is the first deep underground laboratory in the Southern
Hemisphere 1025 m deep (2900 m water equivalent) located in
the Stawell Gold Mine, 240 km west of Melbourne, Victoria,
Australia.

• SABRE South will use the liquid scintillator (LAB) for in-situ
evaluation and validation of the background in addition of
background rejection and particle identification.

• Vessel + LAB, PMTs, muon detector, DAQ electronics, slow
control, Crystal insertion system ... all ready.

• One low background NaI(Tl) crystal in testing phase at LNGS.

SABRE South status

• Highest purity crystals and largest
active veto: 0.72 cpd/kg/keV.

• http://arxiv.org/abs/2205.13849
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Preliminary
SABRE South

Fluid handling 
installation

Shielding 
installation

Radon system 
installation

Shielding 
design DAQ and slow 

control Installation

Final Crystal 
delivery Crystals insertion

Vessel cleaning LAB Introduction

Cabling and 
sensor installation

PMT installation

DAQ activity start 
at SUPL



SUPL

33000 m.w.e.

• First deep underground laboratory in the Southern Hemisphere
• Located in the Stawell Gold Mine, 240 km west of Melbourne, Victoria, Australia

https://www.supl.org.au

Strong support of the local 
community



SUPL
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3000 m.w.e.

• First deep underground laboratory in the Southern Hemisphere
○ 1025 m deep  (2900 m water equivalent) with flat overburden
○ Helical drive access
○ Low background screening facilities

https://www.supl.org.au

Construction complete and installation of 
experiment will start in August/September 2022.



SUPL TIMELINE
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3000 m.w.e.

Underground Physics 
Laboratory 

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

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

SGM
• 2019 construction starts by H.Troon (Ballarat) led 

by The University of Melbourne
• 2022 SUPL ready to be used
• 2022 SABRE-South to commence assembly 

underground 
• 2023 SABRE starts operations


