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Anti-particle P

» Special relativity

— Light velocity: constant
— No information is faster

than light

— Any motion is relative

« Quantum mechanics

— Particle & Wave

— Uncertainty principle

Candles
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Relativistic quantum mechanics

- DIraC equatlon o Candles
» Relativity and quantum mechanics
E :\/p2 +m” Matrix

®

(E)=H=ap+Am joea’ .
* Predicts anti-particle "oud

Positron as an anti-particle of an Electron Dirac
E*=p°c’+m*c’ particle
Every fermion has its anti-particle. Klein-Gordon
equation X
. . S Di seveceeee
Pair creation or annihilation O'Criﬁps,if; by Anti-particle

Particle number is conserved Frmions
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Light cone.

Relatmty + uncertainty principley
5 —antiparticle

Candles

& ray

of ate

-uncertainty principle allows
Interaction between any points Iin
space-time (relativity forbids)
—a particle travelling backwards
In time = anti-particle
Carries inverse quantity

> (charge, spin(chirality))

Present

Distance

Feynman ﬁ

If physical quantity is reversed '

Particle < Anti-particle is possible
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Majorana neutrino

« Today, Majorana is particularly well known for his
Ideas about neutrinos. Bruno Pontecorvo, the
"father" of neutrino oscillations, recalls the origin of
Majorana neutrinos in the following way: Dirac
discovers his famous equation describing the
evolution of the electron; Majorana goes to Fermi to
point out a fundamental detail: " | have found a
representation where all Dirac y matrices are real. In
this representation it is possible to have a real spinor
that describes a particle identical to its antiparticle.”

Candles

CERN courier 2006
Majorana neutrino:

Dirac eq.
Another sol.




Universe is matter dominated '

' ' Candlas
* Big bang nucleosynthesis 0y
—“4He, D, °He, "Li L ET T ,°,°1.,,,,.?.??,,. o
— Baryon density > g:g;f | "B ™ = i
If particle number is conserved, = D
Particle:10,000,000,001 5 |
Anti-particle:10,000,000,000 £ 1o *He
Matter dominated Univ. =
—CP + particte # -
—Double Beta decay E|




Neutrino type )]

. type Dirac Weyl Majorana Candles
e components 4 2 4
* spin \l’L \IIR

~

%> Direction of %> %>m m
propagation L R

v oscillatior
\ T> m=0 m#O@ Am,

~50 meV

) ~9 meV

Anti- R {f b {7‘ _ -
particle ) V=V

<T , _ LWI’
CP Chirality

particle <




—a—hk)/IRE)
arXiv:1205.4018v4 [hep-ph] 24 Oct., 2012

Global status of neutrino oscillation parameters after Neutrino-2012 Candles
D. V. Forero, M. Tértola, and J. W. F. Valle

 Neutrinos have mass; Parameters

»

parameter best fit lo range 20 range 30 range
Am#; [107%eV?] 7.62 7.43-7 81 727-8.01 | 7.12-8.20
Am2,| [10-%V2 2.55 2.46 — 2.61 2.38 — 2.68 | 2.31 — 2.74
31 2.43 2.37 — 2.50 2.99 — 258 | 2.21 — 2.64
sin? 615 0.320 0.303-0.336 0.29-0.35 | 0.27-0.37
L2 0.613 (0.427)% | 0.400-0.461 & 0.573-0.635 | 0.38-0.66 | 0.36-0.68
23 -
0.600 0.569-0.626 0.39-0.65 | 0.37-0.67
b 0.0246 0.0218-0.0275 0.019-0.030 | /- oo
0.0250 0.0223-0.0276 0.020-0.030
5 i 0—2r 0—2r 0—2r
- 0.03n

Am,s2, Sin20,5, Sin?0,s, 8 [+ LEEDBFANEREE . T B AVt s B

Absolute neutrino mass?



OVZB deCay . - V o |

standard model

Majorana particle

particle<=anti-particle
*possible only for v
-matter dominated universe

Sum energy spectrum

a.u.

Ov mode
TAOZyr TR0 >0

2 v mode / O o :
_ 1% 1%
T ~1019 yr‘ — G | M NM | <mv> + .....
0.0 1.0 20 0 20 S0 Phase Nuclear Effective
Energy (keV) volume matrix mass

element 10



v has to be a Majorana particley

. L Candles
« Mass term (Dirac) Lp=—mpv) + h. c
. LT
« Mass term (Majorana) L, = —7( v )evp + h c.

— Only Left (right) handed
mass term can be made

— Left and right can have Chirality flip (relativity)

different mass Left handed — right

— We know only left-handed handed (anti-particle)
neutrino

— Heavy right-handed v o ——

(see-saw mechanism) ._a. > | —a a
— Violates lepton number
— Leptogeneysis \

’
W g Vi




Double beta decay nuclei B

Candles

* Nuclei A1

— 128Te 130Te 136Xe, 150Nd AZN

~

~

— Positron emitter AZ+N-2
 Ultra rare process
* Huge natural background sources

High sensitive detector
_ow background circumstance <~ Underground

ab.

12



Detector type

e Source = detector

7Semiconductor )
O4E coBRA

U/Iajorana
GERDA J

“ Bolometer

e T :
\ i
B
R T L,
\
=

~Scintillator
CANDLES
KamLAND h
AE \SNO+ O ¢

N

2

Candles

« Source X detector AE

-Time Projection, tracking
& Drift Chambers W

NEMO/Super-NEMO
DCBA Ob
EXO X &
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counts /20keV

counts /20keV

First Result of EXO-200

Nov. 2011: 136Xe 2vpp (Ackerman et al. PRL107, 212501)

o Typ=(2.11 £ 0.04 stat. = 0.21 syst.) X 10%! year

July 2012: Ovpp (M. Auger et al., PRL109, 032505)

o TOWP>16X10% year (90% CL.), <{my,> < 140-380 meV (90% C.L.)

Multi-side
Compton scat.

A}

232Th

Single-side
0,2 vp

BG from
222Rn

2600
energy (keV)

2800 3000 3200

o 136X€
o Live time: 120.7 days
o Active 136Xe mass: 79.4 kg
o Exposure: 26.2 kg-yr
(ref. 89.5 forKamLAND-Zen)

222Rn in cryostat air-gap +0.2 29 203
238 in LXe Vessel 0.9 +0.2 13 %03
232Th in LXe Vessel 0.9 +0.1 29 03
214Bj on Cathode 0.2 +0.01 0.3 £0.02
All Others ~0.2 ~0.2

Total 03 75 105
Observed 1 5

Background index b (kg-'yr'keV-") 1.5103+0.1 1.4:10°+ 0.1

Kamland-Zen gives similar limit




Why 48Ca »

Highest Q value (4.27 MeV, 15Nd: 3.3 MeVj*
— Large phase space factor
— Little BG (y: 2.6 MeV, 3: 3.3 MeV)

Natural abundance — 0.187%
— Isotope separation — expensive (no Gas)
Next generation
—M, ~ T-V2 ~ M~ (no BG)
~ M+ (BG limited)
—48Ca (no BG so far)

If we want to sense normal hierarchy region,
only 48Ca + enrichment has a chance.

16



Our strategy 0

@ background limited Candles
100 r &
Bigger detector% Q)@ T1/20C\[—
S / \66 [ rax Our research
= s e
2 A S Other researches
E -
O - .
2 35 A q Achieve BG freg
: 28 &£ measurement
N 5o &
| T D& 2. Scale up
oo % S S Enrichment
0.01 (48Ca) | i \Q
' \_ Improve SIN )
(1 ; V,"
background free ; Q \Q@
TicM i CAN IV S £
- (“8Ca) S 60
|

0.1 1 10 100 1000
Mass of double beta decay nuclei (Mol)



BPAIZRED N

2 Phase Space FGCTOP o Ndf 63 W approximate
o Q5F(z) S0r @® this work
o 1°0Nd ~ Large

o QfE A
o HARR DBackgroundii I ) PRES(2012)

Tt

Sm

o 2.6(v), 3.3(P)MeV L D:E TR T PR PR TR R
o 48C(1, 150Nd, %7r 3.3MeVLlL I Mass Number
S¢ «—298T} Q-value (5.0 MeV)
o EIUMFLELL/ il 5
o WHEO W, NI K
o 10Te 34% E 35:— 150Nd
ol o0 214Ri O-
o 136Xg @ iz bl % 3396& . <—2Bi Q-Vyalue (3.3 MeV)
100 82, 76(Ge 116(d - > a2se
9 N\O, 56, Ge, Cd; o 2.5;_ b . 130Te ¢ 208 v (2.6 MeV)
=3:10] 4 :
2:_124Sn.. .110Pd
r 76Ge
LS;' Lig icilias gl i logs il i

0 10 20 30 40 50
natural abundance (%) 18



o HHEGIAETIVELEL

ZA 15152538 (NME)

o A ~afew F (rate THIHAHNFHS)
o BT IIMAE
o 2VPPHIEED LIWHINIE > TF il EOZ 4?2 (k)

2> EROBETOHIEAR

X

| Ge | | ® IBM-2 |
sp ’ A QRPA-Tii
; ‘%s: v %; v QRPA-Jy |
| S B Mo ¥ N .. | QRPA—def
¥ % 13" g&*:ﬁ Wy s '
3b .o (‘d L « EDF
| & Y Ng8', |s PHFB |
2k %E % v 0’%»+Iq8' !g :
| : 2 ¢ ;
X & ¥
g i a
¢

40 60 30 100 120

Neutron number

J. Barea, et al,
PRC 87 (2013) 014315

IBM

Interacting Boson Model
BCa TR E 72

19



Nuclear matrix element

»

Candles

2vp[ decay q,~0 PHEF DWi-EF Ow
n, P, q,~0 ERERERLH~RSL?
¥t ¥ _
., J [dre, ¥,
OVBB decay g, +q1~0 thiEF R DMEXHEE)
().~ —[5FME &
n, / e p. q, -q,~any i5F E DR xHEEN
Y. i ) V. jdrei(ql_qz)(rl_rZ)‘Pf NG
n, \\\e D, 1/r~A-113

P ~300MeV/c

—a—k) /X
2 FHEXHEE £



BREIR DT E = D

Candles
s FEFSIEF  TAVREVRFERF
« JII)LZER S, =s,+5,=0

jdr\}f_fzf. dri¥ TW, TAYVREV ZiLeT
; J ' T=T IAS (BT - EFAE)

* AET-T7—(CT)E® S =5 +s.=1

TAVAREY A&
J drqlfzau  XICRpEREA

48Ca—48Ti, AT=2: GT &
FA#% Tl NME=0: lowest order

21
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Candles

Nuclear Matrix element

Ov SA ’ M?-"‘, 0 Ov
. 1':(1%) fl=—a-+Mer +Mr (i
l.—s' \’A

GT: usually considered
Fermi: none if isospin holds
Tensor: small

e 48Cg ADb initio cal. (shell model)

— lowest order = 0 e/ \i GT(AT=1)
* GT: n(f;,) — p(f52) no GS =

* Fermi: n(f;,,) — p(f;,) IAS ds/,
— In reality : 2vRRER ;A
RIERETEIIHFES p n

f7/0
Fermi(AT=0)




#1751 E 3 (NME) D

Candles
=+
o BXIEHY

— 2E A% (doubly closed shell) TIZNMEI[Z0AV5
HEL/INEB, BE%(open shel) TIENMEAXKZE
H., LML, 2vBRAERIEMDMNMEIZ(E. Z5L O3 8|
MEAVEELY,
— T ERBER L N\TA—2—FEE T
¢ TOHDIEE
—~BIVZONMEGTEIZIIER AN E FBEZ LT
HEETILDREMNRZ S, (BELLES. EH2--)
¢ BCaHTNZYIZKEZLV GHREEILIS)
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Oto Cosm
Observato

ot

andles

A tunnel constructed for a railroad but
never used. It 1s 60km south from Osaka

KD REREF

T2 >1.4x102 year (90% C.L.)
(m,)<72~447¢eV (90% C.L)

<—845n NPA 730 ’04, 215

P & EPATR

\
‘ =B
Eia e

ELEGANT VI

/

5039.5 m \
-3 N[

A Y
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48Ca double beta decay by }!
ELEGANT VI PRC78 058501('08) (o dles

~ QBB of “BCa

N
TT T

COUNTS(/40keV)
'—\
o

10
CaF,(Eu)
1 i
CaF,(pure) = _15
10
_2:”” R ....
CaF,(Eu) 103000 3250 3500 3750 4000 4250 4500 4750 5000
CaF,(pure) =744 Energy(keV)
n=l4n T >5.8x10% year (90% C.L.)
(m,)<3.5~22eV (90% C.L)
X Not limited by backgrounds
Silicon oil Optical grease

n=1.40 n=147 But only 6.4g of 48Ca 2



How to sense m =1~10-2eV D
* Big detector

— Huge amount of materials

* Low radioactive background

— Active shield

— Passive shield

— Low background material

— BG rejection by signal processing
* High resolution

— Backgrounds from 2v[3 decay

e CANDLES is our solution

Candles

26



CANDLES by

CAlcium fluoride for studies of Neutrino and Dark matrtegs_
by Low Energy Spectrometer

(Veto Counter)
EEEENEEEEN

E BN EEEENEN
I BB NN EEENN
I S S SN EEEEN
S SN EEEN
E BB ENEEENEMN
EI S SN EEEN
EODO DO EENEMN
EN S SN EEEEN

IS EEEENEN
CaF,(Pure)

Buffer Oil

Large PMT

% CaF,(Pure)
200kg, 300kg, 3t,100t
*Ca (Qps=4.27MeV)
& Liquid Scintillator
Wave Length Shifter
4 1t Active Shield
Passive shield
% Photomultiplier
energy resolution

27



CANDLES |

Background rejection
POP(Proof of Principle)

ADC(faSt) lig. scint. : mineral oil

PMT(5") X 4

dles

liguid Scmtlnlator

ADC(total) ~+DPO  (3g/)

CaF2(pure)
+ Bis-MSB (0.3 g/l)
1 IEDNTREES 18973;
0.9 Ex- 0.00 49.0 0.00
E 0.00 0.190E+06 0.00
0.00 0.00 0.00

Liquid Scintillator

ADC1 —f— -

gate
0.2 1
1
CaF i
04 2 ADC2 ——
gate
- % B 21 4 e A Pt . 2
0 L PR S v PP S e, (560" il i i T N T s P i ]
0 1000 2000 3000 4000 5000 6000 7000

| 40 nsec !
e

sum1 vs ratio




Pulse Height

Rejection of LS Events c?

* Rejection by using Pulse shape information by
500 MHz Flash ADC

— Typical Pulse Shapes

= 250¢ — = 250——
= | |CaF+ = L|qU|d Scmtlllator
5 L|qU|d Scmtlllator TR
E 150_ | I SRR S v _
100:_ ......................................................................................... :_
50:_ ................................................................. 50 _ ST e
,‘ ..... R I G O-'-u- 'lﬂ o , & L) Aw
............................................................
100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
Time(2ns) Time(2ns) Time(2ns)

charge in partial gate
charge in full gate

Charge Ratio =



Background @ Q value region | ()

* No natural BG @ ~4 MeV Candles

— Maximum energy
¢ y~ 2.6 MeV, ~3.3 MeV, a(max)~2.5 MeV(quench)

— However, B+o
Ernax=D-2MeV(Th)
5.9MeV(V)
Th chain Q; = 2.25MeV CaF,(pure) decay time: ~1us
212pg Pulse shape measurement
oo
64% | Tz =0.3usec
Q, = 8.95MeV \
. a
36%
= 6.09MeV
Qs c 208T] |%+g§ 208p},
Ty2= 3.1min stable
212Bi 208T|(Ty/,=3 min) . .. . = 4.99MeV

pre-a signal
Position and low BG. 30



Rejection of Double Pulse 1y

Qp = 3.27MeV Q, = 7.83MeV Candles

2121 B . Bo o 208
= 64ﬁ[n,2=0.299useg ﬂ#[ Pb

BTV Q,=8.95Mev

Typical Pulse Shape(1OOMHz FADC)

\
/

8 T T T T

| ﬂ}L

3An~>
, ......... Delayed ............ ........... y r‘—H» ]

e I SN S OO NS S S i Lk | RS W S AL S R -
vl iL ir ;i \ /Time(lOnsec
: : : eyl o E E N : : L : i H

Iglll T T T

Pules Height(CH/10mV/MeV)

Pules Height(CH/10mV/MeV)
3

N
o
T T

| - H H H H il L H H
huyir e A IR sl ST e
0 50 100 150 200 250 300 350 400 On__AB0__100—256=—200 250 300, 350 400

Prompt Time(10nsec) Time(10nsec)

" Reduction R

100MHz FADC AT >30ns(3ch); ~3%

500MHz FADC (under preparation) ... AT >5ns; ~1%
\_ J




Pulse Shape Discrimination | ()

Difference in decay time
between o and y rays

« PSD (Event by Event)

— FADC (100MHz)
— A /A, (Fast and slow component)

5

~PSD between y and o rays——CarmcHess

v-ray Event o-ray Event

( AJA, =05(;-ray)  AJA, = l.O(oc-ray))
J

--:',l . Eﬂergy ..........
- [\ 19005 2400keV

Ratio Af/ A

'ypvents :
s ; Enero‘y PRSP, (R

l000~,17;)0§key J ] l

ot events olievents: | oo

Yevents -

34

7

atio

= TV PRV PUIVS PRVIR P PPN POON |
1008 1500 2000 2500 S066™" 5500 SIIRIIERY
LY

Energy( keV)

003 0d " 06 0.8 T
R

Discrimination between o and y(B) Events

Background Reduction ~ 0.3%
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208T| (pre- 212Bi signal)

& 212Rj—>208T| —208ph
Th chain

A m 2128:

100

Counts

ol 208T] =
212R; - =B:; =
% ©0 367% (Tyz= 3.0min == T

Q,=6.2MeV | Q. = 50MeV
(Ee=1.7MeV) "

E/nox=D.0MeV
212Bj 208T|(Ty/2=3 min.) . ..
same crystal

QO i-ffi- -

a0l
| e || B
206 ~E

10

w¥wrllllllllllllllllllllt 80

Pre sugnal - oN] |

gofff o - HN L~
oo A accnden’rlal — R\
N D sof DG
B T T

30}

20—

-35.51Mey H

Halfllfe = 188+5ésec
2 components

= fe— -

- O"““‘ Lo | T L
00 1200 1400 1600 1800 2000 2200 2400 2600 2800, 3000 0O 200 400 600 800 1000 1200 1400 1600 1800 2000

Energy(keV)

TifE{sEL)

. 212R;
- rejection 50(56)%. acceptance85(74)%.
- dead-fime free DAQ system
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CANDLES#t &=l 2

Candles
« SFHEIL CANDLES ITIFR# R0 Ry E 5 %
— CANDLES A ézzig_Z‘ﬁ‘ﬁ%%%lilOOqu/kguT
131 7LLBCI/ kg © 171'23 S N R I]IIIIIIIII]II]IIIIIIIIﬁﬁjﬁﬁIﬁﬁﬁIIIIIIII]II]IIIIfﬁﬁ]II]IIIIIIIIIIII]IIIIIEIIIII]II]IIIIIIIII]II]Iﬁl
- SHEI—HIER 55 | 2HBi(*9 5 R F)
. .I.J:\BJJL) = 7% ZZORH(I*U"?A;F‘:W
o°H 2 5E - | ......................... | ........................ |
% 20 40 60 80 100 120

o [R¥LETE:CAN I
- [RFEFE. BiES

Radioactivity(uBag/kg)

=SfEE? =SHEL
i RIEFE
y CaF WRE =
CGCOJ%I*I{lF i ] ':>[ )% —]':>[ ARk CaF, } ':>[ CaF, #as ]
JR R % B

R DIER
BHELAREEML. $BYOKE,




Two Phase System 0

-- Energy resolution -- Candles

« Conversion Phase
— Large conversion eff.
— good transparency for UV

[S—

— Large light output with
aromatic solvent (absorb UV)

| CaF, Emission (-2850m) - UV light

g

Conversion by WLS(350~400nm) | \/|Sible ||g ht

1L propagate High resolution and
PMT High veto efficiency ss




Energy resolution

Standard y Source

Side View

CaF,(pure)

Liquid Scintillator
CANDLES I with (WLS phase)

10 cm? CaF,(pure)

/Energy Resolution: h

9.1%(FWHM) at 662keV

=3.4% (FWHM) at 4.27MeV

KReq. for CANDLES III ; 4.0% )

9 1500

c
>

Q 1250 1~
O L

1000

750 [ B ]
500 [/ wl L

3000

2500 |-

0

o &

I A S S . o
= : : : : ] .
L : : ; : ] I
: : : : ] “‘
r : : : : ] /
r : : : : -~ < g

] 9.14%(FWHM)
-, (662jke\/) |.__Candles

0 200 400 600 800 1000

Energy (keV)

|, 9Co (1333keV)

WHM)

\\\\i\\\\i\\\\i\\\\i\\\\i\\\\: o
0 250 500 750 1000 1250 1500 1750

Energy (keV) 36



CANDLES 111 (UG) 3’

&% Kamioka Experimental hall D

% CANDLES IlI(UG)
% 3m ¢ x4m h

Super
Kamioka

% : lr’,\ Lo
A ‘



Light pipe

% Light collection
% Increase PMTs solid angle
@ Reflection film:
"'930/9 @ 420nm
CANDLES top view;

. 7.4

o

S g
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Current energy spectrum

% Commissioning run

% :27days. 26

Preliminary energy spectra
L B B B B L L L

crystals

ﬁ VO T T T T T T
% 106E - j | |
) F = °H
1 f | expanded
s : ]ur |
of \
i Qg value
5 i :
‘ | j | | g U Irly
15"‘ ‘V‘V eE— 7‘7‘7‘7‘7;‘ — U_“ ‘I_I-L_IJ-‘ H OE\-LLE-\‘\ I BRI B :
0 1000 2000 3000 4001 5000 6000 7000
Energy(keV) 0 1000 2000 3000 4000 5000 éig%?gy(kg\(}?o

— Cut condition
*%p<1.5(90%)
--30<SI<15(84%)
-208T]| red. (<720sec)
-Bi-Po (<10nsec)

- =Pure crystals 26

Remained events

crystals

4.19-4.42MeV (Q v.)

4-5MeV (212Bi, 208TI)
~ 5.5-6.5MeV

26 (<10uBqg/kg)
1 /0.23MeV
7 /MeV

6 /MeV

I

Further study
IS underway.

91
13
32

23
39



INVITSURDREIR

- famNBG --

©BRHY
& LEaL—LavED

AET—H  212Bi(Sim)

261 : 4.19-4.42MeV (QfE) 1 /0.23MeV 0.04
261E : 4-5MeV (%12Bi. 208Tl) 7 /MeV 0.15
261# : 5.5-6.5MeV 6 /MeV 0

OUE : 4.19-4.42MeV (QfE) 13 /0.23MeV 0.59
OUE : 4-5MeV (212Bi, 208T]) 32 /MeV 1.99

O11El : 5.5-6 . 5MeV 23 /MeV 0
(SRRSO REEED/ Y TS5V R )
I XASFAICBVWTIEEFFTEREDDORERK
Ny 555> RIgEahRE
. DAQEEIL
- NILFYA LEBROFE )

o

Candles

208T|(Sim)
0.2-0.3
0.7-0.9

0

3.3-4.2
8.9-12.5

0



Improve energy resolution D

& CGFZ
% Light yield increase at low temperature
% Test experiment

c
© 1.02f o .
2 - 2r * ADCIENS R Ftht DR R o 5, 20.45°C 4 $
Q. . 3;%)L;;::-_':ﬁz;‘ﬁﬁmalzm;k:m; QO 1015 Run003 Run004;, K
> SEL-F O EmE = E % oA [ty
s L8 A A SO0 Ny L :
e 5 ' ®© = ® ccen
A=) Q 1.005-— e & t
— S e = T S L 1R 'l"'+
! ~, A &5 1B EIRE Ko A BN
o by EEORM - i aan NS\ . N
TrRY 5 0.995 — S S e
B : : : L : — I1%% %.'?
- | i Pt i - T IY')
) ] PSSR SR S— S M — 0.99 | RACH AR .,
B : : : o & e A Il e ;. .
S T I I AN b W PR :gain .o
It ; ] O 098:—:;!? 5 /KA 18.70°C - g
I i E E i i : = 1 1 1 J" | 1 1 J 1 | 1 | 1 1 1 ! 1 1 1 I 1 1 |
L 0 20 40 60 80 100 120

8072010010 20 30 Run Number
temperature Observed: 2%/deg. increae

Cool CANDLES Il from 20 to 0 degrees.
40% increase: This year

Water temperature



Mile stone D

ELEGANTS VI candles
— Best 48Ca 0vp limit

CANDLES [, I

CANDLES I+ HI(UG)
— 100 x10cm? CaF, (~30 uBqg/kg) ~0.5 eV

— Now running with minor improvement
Current status

CANDLES |V
— 600 x10cm? CaF, (~3 uBg/kg) ~0.1 eV

CANDLES V
— Enrichment and ~100kg of 4¢Ca (~10meV) i



-- Enrichment of 48Ca -- Ko |

First experimental results Candles

Limits for Lepton-Conserving and Lepton-Nonconserving
Double Beta Decay in Ca*®f

E. pEr MatEosiaAN AND M. GOLDHARER

PHYSICAL REVIEW 146 (1966) 810

14" STEEL SHIELOING—</ /) /s

40
PLASTIC SCINTILLATOR :Z::’z Ca " F,CRYSTAL
ANTICOINCIDENCE SHIELD 2
~

1L L inutl

/3 Ca® F CRYSTAL =
Ca*® F, CRYSTAL /7 Y

4BCOF2(EU), 11.4 g |o’E
— T;,,% >2x1020 yr “

[ T

Lol

COUNTS / 4 DAYS

96.59 % enriched #8Ca
Isotope Separation Department
Oak Ridge National Laboratory

]
Lol o r il

100 200 300 400
CHANNEL NUMBER



Isotope enrichment Price Level »

B.A. Barabash, J. Phys. G: Nucl. Part. Phys. 39(2012)08516"5”““es

Criteria for the Best OvBp I[sotope
- Ovpp
I [sotope Enrichment
SOtODe QBB GOV TszBl/Z . Project
(MeV) (y™D (1020 y) Abundance Method Price
(%) Level
130Te 2.533 1.70 6.8 33.8 — 95 GC 0.3 CUORE
136X e 2LNE 1.81 8.9 — 90 GC 0.2 EXO
1 GERDA
6Ge 2.039 0.24 15 7.8 > 90 GC
($80/g) MAJORANA
82Se 2.995 1L 0% 0.92 9.2 - 90 GC 1.5 SuperNEMO
100Mo 3.034 1.75 0.07 9.6 — 90 GC 1 AMORE
16Cd 2.802 1.89 0.28 7.5 = 90 GC 2.5
48 EMIS 160
Ca 4.274 2.44 0.44 0.187 = 25 | A7 g[S <r CANDLES
150Nd e 8.00 0.08 5.6 = 90 EMIS 170
9%Zr 3.350 2.24 0.23 2.8 - 60 EMIS 400 E

48Ca needs orders-of-magnitude cost-effective method
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LISOP of Ca—48

B AVLIS

o

Hard to separate by AVLIS
due to small IS Candles

— Multistep photoionization process : isotope selectivity and ionization (trade—off)

B LISOP (laser isotope separation based—on optical pumping)

— ISOP (isotope selective optical pumping) provides excellent isotope selectivity.

— Non—selective ionization process provides good efficiency.

Autoionization

mipmE
of fiE] fif e !
%Eﬁ e *

<{3-step photoionization>

Autoionization (or to continuum)

<ISOP followed by photoionization>

I Natural
I Optical Pumping

0.1

0.01

Abundance

1E-4

1E-5
Ca-40 Ca-42 Ca-43 Ca-44 Ca-46 Ca-48

Ca Isotopes
Simulation of Optical Pumping Process

Do-Young Jeong, KAERI



Deflection of 48Ca by Radiation Pressure i

Ca Atomic beam

2 .Collimator

an

e

Vacuum chamber
Atomic Photon
[mton momentum wt
. ¢
Absorption

/Atomic

momentum

Emission Random direction

UNIVERSITY OF

FUKUI

(il i )
272.2 [nm] - | 671.7 [nm]
2.7 %X10°[s1] | 1.2 %107 [s1]
422.7[nm] 1 2180 [s7] |
2.2x108[s1] |
p
0,1,2
| 457.0 [nm]
1S |40 [s1]
. | b
Energy levels and Transition
Probabilities

1p, — 1S, transition

* Large transition probability
* Quasi Two-Level System

CR@EHK




48Ca enrichment in CANDLESD

 Enrichment of 48Ca
— Natural abundance: 0.2 %

— room to improve 500 times

* (BB decay nuclei
 S/IN

* Crown ether
— Light Ca ion: absorbs more

— Separation coefficient
e~ (3.5+0.5)x103
— Crown ether resin

4 Yo

\
< a
° 'C—C'

Dicyclohexano
18-crown-6

DC18C6

Candles

48



Experiment

« Breakthrough l . column g
method
(migration) m I I l
2. Ca solution Pur=np
0.09M CaCl,+9M HCI distance: 1m
0.34ml/min l ' 3m
20m

5. measure abundance |« put resin

ﬂ COI U m n
8mmoP

4. measure concentration 100cmheight

[ ]l

A 3. Fraction collector [(water35°Cj




CANDLES IV:48Caj=fs D
» FBRLARZIR Candles
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ZVﬁBI*)LﬂF ARINL (D
FILF— EREE -- Candles
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CANDLES V : bolometer D

% Once enrichment is realized:;

““ Energy resolution better than 1% — bolometer
% Previous study

% CaF,(Eu) as a bolometer

_ Temperature rise vs light yield Energy spectrum

= ’ cC | 299y ]
R Vﬁ‘?i 8 T ]
2y G{f’? O o]
% ‘L:-.‘ e/ . o y 8 ‘ :I
PR S = = o | ]
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02 03 04 0.5 06 07 o

Calcium Fluoride (mV) [Heat|

temperature Energy (temperature)

CGFZ
energy resolution ~ 0.5% @ 5.5 MeV




