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https://www-conf.slac.stanford.edu/ssi/2010/Hall080610.pdf

214Bi Q-value = 3.3 MeV

208Tl 𝜸 2.6 MeV

Ø BG-free measurement is relaxed
Ø Large phase space factor (G0v)

208Tl Qβ=5.0 
MeV

Neutrinos take out 
some of the energy
(2vββ) No missing 

energy
(0vββ)

CAlcium fluoride for studies of Neutrino and Dark matters 
by Low Energy Spectrometer (CANDLES)
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Requirement for 0vββ
• BG free measurement
• High energy resolution
• A large amount of double beta decay nuclide

Why 48Ca?? => 4.27 MeV

𝑚!!  : Majorana neutrino mass
𝑇 ⁄# $
%&!!	: Half-life
𝐺%&	 : Phase space factor
𝑀%& : Nuclear matrix element

2vββ

0vββ

Majorana particle
• Violates the Lepton number conservation law
• Particle <-> Anti-particle
• Matter dominated universe
• Absolute neutrino mass



CAlcium fluoride for studies of Neutrino and Dark matters 
by Low Energy Spectrometer (CANDLES)

• Liquid scintillator (LS)
• 4π active shield(2 m3)

• 62 Large photomultiplier tube
• Shielding system

• Pb : 10-12cm
• B4C sheet : 5mm
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CANDLES 
@Hall D

SuperKamiokande
KamLAND

• Kamioka mine for zinc and lead
• Kamioka Lab for Underground 

Sciences
• 1000 m.w.e. depth
• 400 km away from Osaka

S. Ajimura, et al. Physical Review D
103.9 (2021): 092008.

CaF2 Crystals

CANDLES III – 305 kg CaF2 Crystals (3.2 kg × 96 pieces) ~ 0.35 kg 48Ca



CAlcium fluoride for studies of Neutrino and Dark matters 
by Low Energy Spectrometer (CANDLES)

Requires high-resolution measurements 
of ⁴⁸CaF crystals with low impurity! 4

Phys. Rev. Lett. 130, 051801

BG free measurement

10 years of exposure time

0.8 Detection efficiency 

0.36 – 13 kmol of 48Ca
~1800 × CANDLES III

To explore the IH region
Target: Inverse Hierachy (IH) 

At ⟨mββ⟩	= 0.03 eV

CANDLES	III	–	natCa
T$%&&
'/) 	*+𝐶𝑎 = 5.6×10))	years

⟨mββ⟩	≤	2.9	–	16	eV	
S. Ajimura, et al. Physical Review D 103.9 (2021): 092008

48Ca ROI 4.17 – 4.48 MeV KamLAND-Zen 400 & 800 (136Xe)
36 – 156 meV, T$%&&

'/)  > 1026 yr



Next-generation double-beta decay detector
Developing a next-generation double-beta decay detector with emerging technologies

Anawat (RCNP, Osaka)
Ogawa (Fukui Univ.)
Niki (Fukui Univ./RCNP)
Shima, Mishima
(RCNP, Osaka)

Iseki (RCNP, Osaka)

Fushimi, Nishijima (Tokushima Univ.)
Kurosawa (Eng., Nagoya Univ.)
Crystal growth

Sakaguchi (Tsukuba Univ.)
Trace analysis

16 members in total

Tokita (ICR, Kyoto)
Uemukai (Eng., Osaka)
Industry partners
15 members in total

Targets
Radioactivity ≤ 1 μBq/kg
Yield ≥ 80%

Target performance
Enrichment ≥ 50%
Final mass: ~1 tonne

Enrichment Laser

Yoshida, Noda, Matsumoto
(Sci., Osaka)
Subgroup at IBS, Korea
7 members in total

Targets
Multiplexed readout
Background: ≤ 1 event
in 5 years

⁴⁸Ca
enrichment

High-purity
CaF₂ crystals

CaF₂
scintillating
bolometer

Observation of neutrinoless
double-beta decay in ⁴⁸Ca

Aim: Test the Majorana nature of neutrinos
Target sensitivity: Majorana neutrino mass of a few meV

International
collaboration

Interdisciplinary
collaboration

Interdisciplinary
collaboration

High-purity materials
(low radioactivity) CryogenicsEnrichment

New
techn

ology
New
techn

ologyCore
techn

ology



Development of the CaF₂ Scintillating Bolometer
(Metallic Magnetic Calorimeter: MMC)

Goal energy resolution (FWHM): 0.5% @4.27 MeV 

• Established sensor mounting, dilution-refrigerator operation, and the measurement 
environment for sensor control in Osaka

Next goal: detection of physical signals from the CaF₂ crystal

54
86

54
43

53
88

MMC

Au foil

SQUID

Au wire

Heat detetor

CaF2 Crystal
50 mmΦ×50 mm

Preliminary experiment conducted in Korea
• Sensor-only test setup without a crystal
• Measurement of 241Am α particles
• Achieved FWHM 0.25% @5.5 MeV

Dilution Refrigerator
10 mK plate

Al shield

P9: K. Noda
Development of the CaF₂ 
Scintillating Calorimeter



48Ca → 48Sc beta decay
for 0𝜈𝛽𝛽
Experimental Plan

Current Status

• 48Ca decays into 48Sc in the circulation path
• Use chelate resin that selective adsorb Sc3+  without Ca2+

and Concentrate Sc at the center of 30 CsI(Tl) detectors
• Measure 3γ coincidence from 48Sc β-decay

Concentrate Sc 

630 L
260 kg CaCl2

Circulate by Pump

Ø Large amount of Ca
Ø High-efficiency and low background  (by 4π array and 3γ coincidence)

Advantages

• Fine-tuning the data acquisition system 
• Prepare for experiments to evaluate the Sc adsorption efficiency of the chelate resin

P6: N. Kinjo Evaluation of Chelate-Resin Adsorption Efficiency 
for Collecting 48Sc for 48Ca Beta-Decay Half-life Measurement
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Evaluator:   T.W. Burrows
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(2–) 6.8 s

β−

4499Sn
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 48
 20Ca

0+ >6×1018 y

Qβ−278
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1.14%
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 48
 21Sc
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 22Ti

0+

11444.3Sp

11626.59Sn

 48
 23V 

QEC4012.3

4+ 15.9735 d
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6831.9Sp

10542Sn

 48
 24Cr

QEC1659

0+ 21.56 h

EC

8100Sp

p

0.28%

16334Sn

 48
 25Mn

QEC(13530)

4+ 158.1 ms

EC

(2020)Sp

(15100)Sn

 48
 26Fe

QEC(11180)

0+
(3140)Sp

(19600)Sn
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β(Sc→Ti) Qβ= 3989 keV
T1/2 = 43.7 h

2νββ T1/2 =(4±2)×1019	y
Qββ=4268 keV

β(Ca→Sc)  T1/2 =	? ?
Qβ=278 keV



ICP-MS

• Efficient production of high-purity CaF₂ crystals from ⁴⁸Ca

Raw materials
CaCO₃, HF, etc.

CaF₂
powder

Sintered /
molten CaF₂

CaF₂ crystals

Purification methods for ⁴⁸CaF₂ crystal production

Analysis methods

Segregation (repeatable)

AB BC CD DE

More impurities Fewer impurities

Resin purification (repeatable)

Sensitivity: tens of mBq/kg Sensitivity: a few mBq/kg Sensitivity: a few mBq/kg

U/Th adsorption resin
Aqueous CaCl₂ solution, etc.

RCNP
Nishijima, Fushimi (Tokushima Univ.)
Kurosawa (Nagoya Univ.)
Sakaguchi, Takaku (Tsukuba Univ.), et al.

Fabrication of high-purity CaF₂
Requirement: 
Purity 𝜇Bq/kg
Production yield  ~80%

Crystal melting and solidification
(temperature simulation)

From Kurosawa
(IMR, Tohoku Univ.)

結晶育成における汚染量評価 7

黒：本実験サンプル中U/Th濃度
桃：前回実験でのサンプル中U/Th濃度
赤：原料CaF₂中U/Th濃度

• 前回実験から結晶中の
U/Th濃度は1桁低減

• 原料CaF₂以下か同等レベル
までは至っていない

汚染原因：
るつぼからの染み出し(推定)

対策：
• コーティング剤の塗布
• グラファイトるつぼではなく

白金るつぼの使用

ICP-MS results

Nishijima (Tokushima Univ.) et al., JPS meeting Sep. 2026



Enrichment of 48Ca
by Laser Isotope Separation (LIS)
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Isotope separation 
technique

Separation 
Coefficient

Production 
efficiency (y-1)

Cost Limitation

Electromagnetic separator High Ten of 
grams High o High power consumption

o Low productivity

Liquid centrifuge Moderate Kilograms Low o Concentration limit

Industrial isotope 
separation
• Gas Diffusion
• Gas Centrifuge

High Thousands 
of tons Low

o Only the gas phase 
compound is possible

o Compatible for U

Chemical isotope exchange Small Tons Low
o Extractant loss
o Development of the 

cascade enrichment is 
required

Ion exchange 
chromatography Small Hundred of 

gram Low o Time consumption
o Low conversion

Laser isotope separation High Kilograms Moderate
o Development of the high-

power laser, irradiation 
unit, and collection system

Enrichment of 48Ca [N.A. = 0.187%]
• Ca has no gaseous compound.
• 48Ca 10 grams/year (By MS) -> 200,000 – 1,000,000 $/g

Electromagnetic Gas diffusion

Chromatography

Solvent extraction

Liquid centrifuge 10



RI Center, The University of Osaka, Toyonaka, Osaka, JapanThe experimental apparatus
Oscillation wavelength

Deflection of target isotope

Collection 
chamber

TOF
Substrate

40Ca+ 44Ca+ 48Ca+

v1v2-2100 V

HV

Oscilloscope Main 
chamber

Fluorescence 
camera

λ 
meter

NdYAG laser

422.792 nm

Tr
ig
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r

Signal
LMF

isolator

PC

Heater 
Power 
supply

532 nm

Gate valve

Thermocouples

G
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va
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D
LC
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TMP Dry 
pump

Target 
isotope

Allowed Transition
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TMP

Crucible

B.S

Ar gas inlet



Recap on the last report (2025) RCNP 2025 annual report + 42Ca
https://www.rcnp.osaka-u.ac.jp/~annurep/2025/

Beam off Beam on 48Ca

4.3 ± 0.4% of 48Ca

Laser-induced fluorescence measurement

Δf = 1528.00 ± 0.17 MHz

Δf

Fluorescent emission of 40Ca

LD

Atomic beam

Successfully observed the isotope shift of 48Ca

422.7918 nm

LD

Contamination of 
others isotope, 
especially 40Ca
σ = 4.2 mm

Spatial distribution of the atomic beam using TOF

Succesfully observed the enrichment of 48Ca by laser deflection



After extensive of investigation, we found that the 
scattering was caused by moisture inside the crucible.

Initial Ca 1.0g

GV

⌀20 mm
200 mm L

20 mm

Ca

TC

280 mm

30 mm

Ar flow during 
assembly Crucible

Main chamber

Ar inlet

TMP

TMP

Slit

⌀20mm

⌀ 5mm

LD beam 
crossection

Mitigate the scattering

Additional slit

EDS analysis for Ca remnants

• To understand the origin of the remnants, we have performed EDS (Energy 
Dispersive X-ray Spectroscopy) measurements for 

1. Original Ca grain (Mitsuwa)
2. Ca on Slit1
3. Ash remained in the crucible

#Note that the all samples might be oxidized during transport because of 
polyethylene bag…

• Mainly observed elements are Ca, O, and C.
• Chlorine (Cl) were observed from all samples.

− The evaporated Ca (#2) have the maximum content (~10%)

7Before Now

Remnant in the crucible

Working in a glove bag

• Ash of 0.5 g in 1.0 g Ca grains 
remains.

• H2 gas was observed during 
heating.
𝐶𝑎	 +	 2𝐻,𝑂 → 	 𝐶𝑎 𝑂𝐻 , + 𝐻,

Then,
• We started to replace the Ca grains 

in a glove bag with an Ar, keeping 
the Ca away from the air. 

     (H2O is from Ca grains and crucible)
• Additional TMP pump for crucible

They improve the the chamber and 
crucible pressure:

TOF

Residual gas spectra

Main chamber Crucible

Before 2x10-4 2x10-4

After 6x10-5 4x10-5

[Pa]



Crucible: 500 degC 
Main chamber: 9.77E-5 Pa
Crucible: 1.50E-4 Pa

Laser off

40Ca Sigma = 2.37 ± 0.01 mm

Sigma = 2.13 ± 0.23 mm, Sigma = 8.066 ± 0.21 mm
Displacement = 47.96-37.45 = 10.51 mm

40%

Laser on 48Ca

Achieved 40% 48Ca enrichment, x200 times of enrichment!!

P33: A. Rittirong:
The Status of Laser Isotope Separation (LIS) of 48Ca 
for the Study of Neutrinoless Double Beta Decay

Improved LIS results (2026)



Pressure effect Region Low pressure: 
7.0×10BC Pa

High pressure: 
8.1×10BD Pa

Peak 676 ± 12 pC 206 ± 5 pC

Peak 

1/e

Low pressure (P1, I1)

High pressure (P2, I2)

𝐼 𝑃 = 𝐼-𝑒.///# ⇒ 𝐼 𝑃1 =
𝐼-
𝑒

𝑃1 = 6.22 ± 0.15 ×10.2	𝑃𝑎

Experiments have more excess?
Need more investigation



Amount of Ca

16



Estimation of evaporated Ca amount
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• Present Ca beam size is collimated to 2 x 5 mm2 at 380 
mm above of the crucible → Only 1.1x10-5 of evaporated 
Ca is deposited on the target plate.

• Ca amount in the crucible is 1.0 g
− 0.8 g is stacked on the slit.
− 0.2 g is evaporated.

• Thus, 2.2 ug of natCa (13 nm) is deposited. 
• The amount of 48Ca is estimated as 4 ng.

Estimation of the Ca amount
• In present estimation, about 200 ug of 40Ca was 

stacked on the sample with using 1 g of Ca.
− It means 0.4 ug of 48Ca.
− Transmission of 423-nm laser is ~10% for 40Ca. So, we 

can use it up to x500 times.

• In case we used 1 g of Ca, 0.8 g remained on the 
1st slit. This should be evaporated.
− If the crucible is sealed and the lid is also heated, it 

should be possible to utilize nearly all of the calcium. 

• Beam collimation reduce Ca to 1e-4.
− In the end, this will be the most important.

17

600 ℃ GV closed51.95±0.41 mW

48.95±0.26 mW
600 ℃ GV opened

45.98±0.17 mW
650 ℃ GV opened

52.50±0.34 mW
650 ℃ GV closed

Transmission of 423-nm laser

The real challenge is increasing this value!
Our first goal is to make 1 mg of 48Ca.



Effective use of the Ca

• The divergence of the emitted Ca beam must be controlled. 
• In the molecular-flow regime, a pinhole combined with a 

parabolic reflector may provide beam collimation. 
• In the viscous-flow regime, a Laval nozzle may be an effective 

solution.

18
18

https://en.wikipedia.org/wiki/De_Laval_nozzle

P37 : Rei Tanaka
Optimization of an Atomic Beam System for Laser Isotope 
Separation of 48Ca

Ca grains

Parabolic mirror

De Laval nozzle



LIS with Rabi oscillation for re-use of the laser 
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Conventional excitation and de-excitation Excitation and de-excitation via Rabi oscillations

Absorption excites the atom, followed by
emission in a random direction.

Present LIS system absorbs ~500 photons. 
Then, the laser light is lost in isotopic 
emission the process. 

Thus, 3 eV x500 = 1.5 keV/48Ca is required.  
This will be the rate-limiting factor for the 
mass production. 

Can we re-use the laser light?

Reversing the pulsed laser direction in sync with Rabi 
oscillations deflects the atoms. Reflections allow repeated use 
of the laser light.

Fixed laser direction

Alternating laser direction

Ex
cit

at
ion

De-excitation

Ex
cit

at
ion

De-excitation

from T. Shima@RCNP



Proof-of-Principle Test of the Rabi 
Oscillation Method
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P38: H. Iseki
Rabi oscillation for isotope enrichment

z axis

457 nm laser

423 nm laser

Stimulated emission

Stimulated 
absorption

Ground state (pure Ca)

• Induce Rabi oscillations on the ¹S₀ → ¹D₂ transition using a 
457 nm laser. 

• Verify the transition using a 423 nm laser by detecting the 
depletion of the ground-state population.



Summary
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• CANDLES experiment for neutrinoless double-beta decay (0νββ) is taking 
advantage of the high Q-value of 48Ca (4.27 MeV).

• For the next generation experiment, we are developing:
ØMMC-based calorimeters (0.5% FWHM at 4.27 MeV)
ØMethods to achieve μBq/kg-level radiopurity
Ø48Ca enrichment technology (natural abundance: 0.187%)

• At the University of Osaka, we are developing ⁴⁸Ca enrichment using laser 
deflection.
ØWe achieved 40% ⁴⁸Ca enrichment. Removing water was crucial.
ØThe amount of enriched ⁴⁸Ca obtained so far is estimated at ~4 ng.
ØWe are working toward producing 1 mg.



Back up

22



Design of the new crucible 
• We are currently requesting a quotation from C&A Co.

Design of the new crucible
• Size : 0.3 Liter
• Graphite heater 
• Materials

− Graphite crucible 
− Carbon radiation shield
− Quartz spacer

20

Main chamber

Crucible chamber


