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t. CANDLES is the proje
t to sear
h for double beta de
ay (DBD) of 48Ca by usingCaF2 s
intillators. The Q-value of 48Ca, whi
h is the highest (4.27 MeV) among potential DBDnu
lei, is far above energies of 
-rays from natural radioa
tivities (maximum 2.615 MeV from208Tl de
ay), therefore we 
an naturally expe
t small ba
kgrounds in the energy region we areinterested in. We have 
onstru
ted the prototype dete
tor, CANDLES III in our laboratory(Osaka U.) at sea level and studied the basi
 performan
e of the system, in
luding the light
olle
tion, position re
onstru
tion and ba
kground reje
tion. After R&D study we moved thedete
tor system to new experimental room at Kamioka underground laboratory. Herein theexpe
ted performan
es and 
urrent status of the CANDLES system are des
ribed.1. Introdu
tionThe observations of neutrino os
illations have demonstrated that neutrinos have mass, and theexisten
e of neutrino mass opens the possibility that neutrinos 
ould be Majorana parti
les. AsMajorana parti
les, their mass term would violate lepton number 
onservation. A neutrinolessdouble beta de
ay is the most feasible way to demonstrate that neutrinos are Majorana parti
lesand they violate lepton number 
onservation.We have been studying the double beta de
ay of 48Ca. 48Ca has the highest Q�� value (4.27MeV) among all double beta de
ay nu
lei, ensuring a large phase spa
e fa
tor for the de
ayrate. In addition, its de
ay is above the energies from the natural radioa
tivities of �- (max3.27 MeV from 214Bi) and 
-rays (max 2.6 MeV from 208Tl). Therefore, the ba
kground fromnatural radioa
tivity is limited in the Q��-value region. This advantage should be of parti
ularimportan
e for future studies in whi
h vast quantities of the target nu
lei are employed. Wegave the best lower limit for the half-life of the neutrinoless double beta de
ay of 48Ca using a
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CaF2(Eu) dete
tor system[1, 2℄. However to rea
h the mass region of interest, the system mustbe further developed.2. CANDLES III at Osaka UniversityThe CANDLES (CAl
ium 
uoride for the study of Neutrinos and Dark matters by LowEnergy Spe
trometer) proje
t sear
hes for the double beta de
ay of 48Ca using undoped CaF2(CaF2(pure)) s
intillators[3℄. We have 
onstru
ted the CANDLES III dete
tor at a sea-levellaboratory, OULNS (Osaka University Laboratory for Nu
lear Studies). The CANDLES IIIdete
tor 
onsists of CaF2 modules, a liquid s
intillator, water bu�er, and PMTs. The CaF2modules are immersed in the liquid s
intillator, whi
h a
ts as an a
tive veto (veto phase) byutilizing the di�eren
e in the de
ay time for CaF2 (� 1�se
) and the liquid s
intillator (� 10nse
) signals. Both CaF2(pure) and the liquid s
intillator have long attenuation lengths (�10m).The CaF2 module 
onsists of a CaF2(pure) 
rystal, whi
h is a 10 
m 
ube (3.18 kg), a5 mm thi
k mineral oil layer (
onversion phase), and a 3 mm thi
k a
ryli
 
ontainer. Wehave developed highly pure CaF2 
rystals and 
on�rmed their measured levels of radioa
tive
ontaminations (36(ave.), 14 � 5(best) �Bq/kg for uranium and 28(ave.), 6 � 1(best) �Bq/kgfor thorium). The 
onversion phase 
ontains a wavelength shifter (Bis-MSB; 0.1 g/`) to 
onvertthe emission light of CaF2(pure), whi
h has a peak in the UV region, to the visible region wherethe quantum eÆ
ien
y of the PMTs is suÆ
ient (maximum at � 400 nm) and materials in theopti
al path have good transparen
ies[5℄. The 60 CaF2 modules are suspended by wires fromthe 
eiling of the liquid s
intillator measuring 1 m in diameter and 1 m high.The outside of the liquid s
intillator vessel is �lled with pure water (water bu�er), whi
halso a
ts as a passive shield against the ba
kgrounds from PMTs and outside the dete
tor.S
intillation lights from both the CaF2 modules and the liquid s
intillator are viewed by 40large PMTs (32 � 13" and 8� 15" tubes).2.1. Ba
kground reje
tionBa
kground events originating outside the CaF2 module that have a high probability of �ringthe liquid s
intillator are e�e
tively reje
ted by the 4� a
tive veto system. Figure 1 showstypi
al pulse shapes of events that �re CaF2 and/or the liquid s
intillator. Pulse shape analysisreje
ts ba
kground events that �re the liquid s
intillator (�gures 2 and 3). The position 
ut toreje
t the events o

urring at lo
ations besides the CaF2 
rystals is also applied based on eventre
onstru
tion using the 
harge information of ea
h PMT. Additionally, the event position 
anbe used to redu
e the ba
kgrounds from � + 
-de
ays of 208Tl (Q� = 5:0 MeV, T1=2 = 3 min.)by identifying the pre
eding � de
ay of 212Bi in Th-
hain.Be
ause theQ�� value is higher than the typi
al energies of natural radiations, the ba
kgroundin theQ�� value region is due to only the su

essive de
ays of radioa
tive nu
lei in the CaF2(pure)
rystal. The 
andidates other than 208Tl � + 
-de
ays are pile-up `Bi-Po' events in U- and Th-
hains. 214Bi �����������!Q� = 3:27 MeV 214Po(T1=2 = 164:3 �se
) �����������!Q� = 7:83 MeV 210Pb;212Bi �����������!Q� = 2:25 MeV 212Po(T1=2 = 0:299 �se
) �����������!Q� = 8:95 MeV 208Pb:The maximum energies deposited are above the Q��-value of 48Ca where the quen
hing fa
torof the CaF2 s
intillator for an � parti
le is about 0.3.We measured the pulse shape of events from the CaF2(pure) s
intillator using a 100 MHz
ash ADC to demonstrate that the events in sequential de
ays 
an be dis
riminated if the timelag is longer than two 
hannels. Figure 3(a) shows the typi
al pulse shape of the pile-up events.Additionally, the de
ays times for the signals between � and �=
 de
ays di�er. Figure 3(b)
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Time(nsec)Figure 1. Typi
al pulse shapes of events. (a) Only the CaF2 s
intillator �res. (b) Both theCaF2 and the liquid s
intillator �res. (
) Only the liquid s
intillator �res. The events in (b) and(
) are ba
kgrounds to be reje
ted.shows the results of `shape indi
ator' analysis[6℄ using pulse shape information. In the Q��region, we 
an dis
riminate the pile-up ba
kground event, whi
h is mainly from � parti
les.
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Figure 2. Typi
al pulse shape ofsequential de
ay events.
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Figure 3. S
attered plot for the pulses 
orrespond-ing to �-, pile-up and �(
)-events with `shape indi-
ator' analysis. Solid lines show the �1� region forea
h events.3. CANDLES III(U.G.) at KamiokaWe have moved the dete
tor system to experimental hall-D at the Kamioka UndergroundLaboratory (2700 m.w.e.), while simultaneously in
reasing the dete
tor size (CANDLESIII(U.G.;UnderGround)). A total 96 CaF2 modules (six layers where ea
h layer is 
omposed of 16modules) 
ontaining 350 g of 48Ca are immersed in the liquid s
intillator (�gure 4). Additionally,we in
reased the sizes of the liquid s
intillator vessel and the water tank to 1.4 m (diameter) �1.4 m (height) and 3 m (diameter) � 4 m (height), respe
tively. Moreover, there are 62 PMTs(48� 13" at side wall of the tank and 14� 17" tubes at top and bottom of the tank).Along with the liquid s
intillator storage tanks, a water tank and a puri�
ation system ofthe liquid s
intillator are installed in hall D. The puri�
ation system of the liquid s
intillatorremoves radioa
tive impurities, espe
ially U and Th, via water-extra
tion and N2 gas purgete
hniques. The liquid s
intillator vessel, whi
h 
ontains 96 CaF2 modules, and the top PMTsare suspended from the top 
over of the water tank. We also installed a 
alibration system forenergy and timing using radioa
tive isotope(s) and pulsed LED for ea
h CaF2 module.
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CaF2 Figure 4. S
hemati
 drawing of CANDLES III.A DAQ system to re
ord the pulse shapes from 62 PMTs are installed in the DAQ room.The system is based on a fast (500 MHz) 
ash ADC and an intelligent trigger using FPGAwhi
h sele
ts CaF2 events e�e
tively. Both the DAQ and safety systems 
an be monitoredthrough the network to safely and 
ontinuously operate CANDLES III(U.G.). After �nishingthe 
ommissioning runs whi
h have started in fall 2011, the CANDLES III(U.G.) will begin
olle
ting data.4. R&D study for enri
hment of 48CaTo explore the mass region of �m2� � 10�(2�3), enri
hment of 48Ca is 
ru
ial. Sin
e there isno gaseous 
ompound of Ca at room temperature, we 
an not use 
entrifugal method. Insteadof it, 
hemi
al methods (
hromatography and liquid-liquid extra
tion) using 
rown ether andlaser isotope separation (LIS) are now under study. The 
rown ether whi
h 
onsists of a ring
ontaining several ether elements, has been known to strongly bind a 
ation lo
ated at theinterior of the ring. In the 
ase of 
al
ium, a light 
ation (40Ca) is preferentially bound, thus
hemi
al pro
ess exhibit isotopi
 e�e
ts. In the tabletop experiments[4℄, we su

eeded to enri
h48Ca.Based on our experien
es in CANDLES III and R&D study of enri
hment, we plan to s
aleup to several tons of 
al
ium to a
hieve the sensitivity in the mass region of interest.Referen
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