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Dark matter (DM)

• Unknown particle which cannot be observed optically.
• 26.4 % of the total energy density.

• WIMPs(Weakly interacting massive particle) is 
one of the DM candidates.

• WIMPs signal
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•Direct detection experiments are important.

•LowBG(10-1 dru) and Low energy(100 keVnr) are needed. Total energy density

(From Plank collaboration result)
A&A 641, A1 (2020)

https://doi.org/10.1051/0004-6361/201833880

Baryon: 4.9%

DM

26.4%

Dark energy

68.7%



Dark matter search using NaI(Tl) crystals 

• The DAMA/LIBRA group has reported an annual modulation(12.9σ)[1].

• Other DM search groups 
(COSINE, ANAIS, SABRE, PICOLON)
are verifying
the DAMA/LIBRA result using NaI.
→ however, It is inconclusive.

• To verify the annual modulation, 
we need to develop NaI(Tl) crystals 
with lower background (BG)
as DAMA/LIBRA.

• The same target nuclei detector 
are important.

2024/9/6 4

DAMA/LIBRA[1]

COSINE [3]ANAIS [2]

Opposite annual modulation
Using DAMA-Like Analysis

No annual 
modulation

[1] R. Bernabei et.al., Nucl. Phys. Prog., 303–305 (2018) 74–79.
[2] J. Amaré et.al., J. Phys. Conf. Ser., 2156 (2021) 012024.
[3] G. Adhikari et.al., Scientific Reports, 13 (2023) 4676.

https://doi.org/10.1016/j.nuclphysbps.2019.03.015
https://iopscience.iop.org/article/10.1088/1742-6596/2156/1/012024/pdf
https://www.nature.com/articles/s41598-023-31688-4


Main background in NaI(Tl) crystals 
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DAMA COSINE ANAIS SABRE
PICOLON

Ingot#85 Goal
natK [μBq/kg] < 600 < 1060 545－1200 120 <600 600

232Th [μBq/kg] 2－31 2.5－35 <4 0.8 0.3±0.5 10
226Ra [μBq/kg] 8.7－124 11－451 <10 5 1.0±0.4 10
210Pb [μBq/kg] 5－30 10－3000 740－3150 360 <5.7 50

BG Rate (dru) 1 3 3.605±0.003 1.39±0.02 - ～1

5 group NaI(Tl) BG activity and event rate for 2－6 keV

Radioactive impurities Target purities
natK (40K = 0.017 %) < 600 μBq/kg

Th-series(232Th) < 16   μBq/kg

U-series Middle (226Ra) < 120 μBq/kg

U-series Bottom(210Pb) < 50   μBq/kg

Our target background

40K and 210Pb have long half-lives. 
→They must be removed carefully!!



PICOLON Experiment 

• PICOLON: Pure Inorganic Crystal Observatory for LOw-energy Neutr(al)ino
• We are testing at the KamLAND site in Kamioka, Japan.
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OUR AIM

• To verify dark matter using low BG NaI(Tl) detectors

• To verify the annual modulation reported  by DAMA/LIBRA experiment.



PICOLON Experiment 

• PICOLON: Pure Inorganic Crystal Observatory for Low-energy Neutr(al)ino
• We are experimenting at the KamLAND site in Kamioka, Japan.
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CURRENT STATUS

• We are verifying the purification method.

• Ingot #85 and #94 have 
the same ultra-low BG NaI(Tl) crystals 
as DAMA/LIBRA.

• Ref
• K.Fushimi et al. PTEP 2021 043F01 (#85)
• K. Kotera et. al. KEK-Proceedings2023 (#94)

TODAY’S REPORT

• We report the background stability of Ingot#94 in exposure for about half a year.

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

I #85
(2020)

I #94
(2022)

Goal

Size[cm3] 10.2×10.2×25.4 7.62𝜙×7.62

232Th [μBq/kg] 2－31 0.3 ± 0.5 𝟒. 𝟔 ± 𝟏. 𝟐 <10

226Ra [μBq/kg] 8.7－124 1.0 ± 0.4 𝟕. 𝟗 ± 𝟒. 𝟒 <10

210Po [μBq/kg] 5－30 < 5.7 𝟏𝟗 ± 𝟔 <50

Radioactivity of PICOLON NaI(Tl) crystals



Development PICOLON high-purity NaI(Tl)

• PICOLON developed the high-purity NaI(Tl) crystals 
using Re-crystallization & Resin for Pb and K reduction.
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Re-crystallization Double resins 

Two types of resins use 
Pb reduction.

※Clean booth filled 
with pure N2 gas

1. Saturated NaI solution at 100 ℃.

2. Pure NaI crystallise and KI remains in water.

3. Get the NaI by suction filtration.

ISC Lab.@Japan



Experimental setup

• PICOLON cylindrical NaI(Tl) crystals (Ingot #85 and #94)
• Size: diameter 3 x height 3 inch (7.62 cm x 7.62 cm).

• Mass: 1.344 kg.

• Shield
• Two Ingots are installed a PICOLON shield.

Thickness: OFH Cu(5 cm) and Pb(15 cm)

• DAQ system
• OR trigger generated from two detector triggers.

• Waveform is recoded by MoGURA FADC bord (Ref).
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#85

#94

Ingot#94 
(crystal)7.62 cm

Sampling rate: 
２００M－1GHz

https://iopscience.iop.org/article/10.1088/1742-6596/120/5/052029


PSD method

• Pulse shape discrimination (PSD)
• PSD is used for spectrum analysis and noise reduction.

• PSD parameter RPSD is defined by
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Part

Total

Typical scintillation sig.

𝜏𝛽,𝛾~230 ns

𝜏𝛼~190 ns

𝑅PSD ≡
𝑄𝑃𝑎𝑟𝑡
𝑄𝑇𝑜𝑡𝑎𝑙

=
0.2𝜇𝑠׬
1.2𝜇𝑠

𝐼 𝑡 𝑑𝑡

0.0𝜇𝑠׬
1.2𝜇𝑠

𝐼 𝑡 𝑑𝑡



Result PSD and determine PSD threshold

• PSD result
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α-ray events

β/γ-ray events

We set the PSD threshold RPSD

As shown in red dashed line

Ingot#94 exposure
=156.12 d x1.344 kg

We confirmed a clear 
distribution of α and β/γ 
events.

Preliminary
(To be submitted)



α and β/γ energy spectrum result

• α and β/γ energy spectra result
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α-ray events

β/γ-ray events

Ingot#94 exposure
=156.12 d x1.344 kg

PSD threshold clearly separated 
α and β/γ events.

Preliminary
(To be submitted)



Result of α-ray spectrum

• Result
• X-axis: Energy calibrated value of alpha ray energies.
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Blue: Th-Chain RI

238U,
232Th

234U,230Th,226Ra

228Th,224Rn,210Po,222Rn

218Po,212Bi,220Rn

216Po

214Po

Low-events rate
for half-year 
measurements!

Ingot#94 exposure
=156.12 d x1.344 kg

Preliminary
(To be submitted)



α-ray analysis

• We conformed 6 clearly peaks
on the α-ray energy spectrum.

• To calculate each RI activity,
we count the events of each peak.
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Ingot#94 Exposure
=154 d x 1.344 kg

RIs Energy range [keV] Events 𝑁
238U, 232Th 3425 4300

234U, 230Th, 226Ra 4325 5050
228Th, 224Ra, 210Po, 222Rn 5075 5850

218Po, 212Bi, 220Rn 5875 6475
216Po 6500 7150
214Po 7375 7925

Result

Preliminary
(To be submitted)
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α-ray analysis
• RI activity calcrete from α-ray events for 6 peaks. 
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Ingot#94 radioactivity is stable.

RI Events Activity [μBq/kg] Goal [μBq/kg]
(1st I#94 result)*1 

[μBq/kg]
Th-Chain (from 232Th) ～10: GOOD 4.6±1.2*1

230Th - -

U1 (238U, 234U) - -

U2 (226Ra, 222Rn, 218Po, 214Po) ～10: GOOD 7.9±4.4*1

210Po(→210Pb) <50: GOOD 19±6*1

BG result (Preliminary)

• We assumed the radioactive equilibrium:
• Th-Chain: All RI 
• U-Chain:

• U1:238U→…→234U
• U2:226Ra→222Rn→218Po 

→ …→214Po

After solving the simultaneous equations,
We calculated each BG of peaks:

Events

Exposure
=

Events

154 d x 1.34 kg
[μBq/kg]

*1: The first month’s result after the start of measurement.

Preliminary
(To be submitted)



Result of β/γ-ray spectrum

• Result of β/γ-ray spectrum
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We identified peak excesses 
from an external detector.

Possible contamination of 

• OFH Cu shield surfaces 
(40K etc.)

• PMT circuit(228Ac etc.) 

We check this result 
using the GEANT4 simulation.

Ingot#94 exposure
=156.12 d x1.344 kg

From past NaI(Tl) crystals analysis, 
40K contained in the NaI(Tl)
is less than 1000 μBq/kg

Preliminary
(To be submitted)



Low energy analysis (Under development)

• We need to optimise noise reduction 
in the low energy range(< 80 keVee)

• Existing noise reduction thresholds 
are insufficient.

• We are optimising 
the noise reduction threshold.

1) We need to optimise
the RPSD noise event threshold.

2) Noise reduction using machine learning.
Mr. Amo (Undergraduate student) 
is researching

2024/9/6 17

No cutting

Existing cuts for single pulse noise

Existing cuts using PSD
(perverse threshold) 

→ insufficient 
(under optimisation)

Preliminary



Summary & Outlook

• Summary
• Ingot#94 NaI(Tl) crystal radio activity is stable.
• Improved accuracy of radioactivity compared to data from one month 

after measurement start.

• We can construct the high-sensitive NaI(Tl) detectors.
• We are developing a prototype detector with a double-sided readout. 
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Activity/group
[μBq/kg]

DAMA COSINE ANAIS SABRE

PICOLON

#85
#94

(1st result)*1

#94
(This work)

Comp.
Goal

natK < 600 <1060 545－1200 120 ≲600 ≲１０００*1,2 ～1000
232Th 2－31 2.5－35 <4 0.8 0.3±0.5 4.6±1.2*1 <10
226Ra 8.7－124 11－451 <10 5 1.0±0.4 7.9±4.4*1 ～10
210Pb 5－30 10－3000 740－3150 360 <5.7 19±6*1 <50

BG Rate (dru) 1 3 3.6 1.4 - ～3*1 >1

*1: The first month’s result after the start of measurement.
*2: Forecast based on comparison with past analysis results.
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Outlook

• PICOLON Outlook
• This year: complete the NaI(Tl) background analysis.

• Developing a prototype PICOLON NaI(Tl) detector for physics measurement.
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2024 (This year) 2025 2026 2027 2028

BG analysis (Now) Purification and install NaI(Tl)

Shield construction

Developing PMT divider

Monitoring
In the site

Data analysis and commissioning

Checking annual modulation



Outlook

• KERNEL is constructing. It will be constructed next year.
(Kamioka Extremely Rare phenomena and NEutrino research Laboratory; 神岡極稀現象研究拠点)

• It is planning to use a Low-BG research centre.

• PICOLON NaI(Tl) crystals will be produced in ISO14644-1class 1 level clean room.
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Asst. Prof. Ichimura-san’s slide@ UGRP2024

↑
Super (class 1) 

clean room

9.4 m4.3 m

2.4 m

Airflow: ～2 m/s

https://www.lowbg.org/ugrp/workshop/am2024/index.html?LangP=EN&InputContents=Prog


Summary and outlook

Summary
• PICOLON Ingot#94 NaI(Tl) crystal radio activity is stable.

• Improved accuracy of radioactivity compared to data from one month after measurement.

• We need to optimise the noise reduction in the low-energy region (<80 keVee)

• Existing noise rejection thresholds are insufficient.

• Reveal the background with Geant4 Monte Carlo simulation

Outlook
• We are developing a prototype detector with a double-sided readout. 

• PICOLON high purity NaI(Tl) crystals will produce in class 1 level clean room.
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