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First experimental results

Limits for Lepton-Conserving and Lepton-Nonconserving
Double Beta Decay in Ca**f
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Enriched scintillators for 2 decay search

Year Scintillator Ref.

1966 48CaF,(Eu) (8=97%, m=22 g) [1]
40CaF,(Eu) (8=97%, m=22 g)

1987 — 2003 116CdWO, (3=83%, m=510 q) [2]

2009 - present | 1°°CdWO, (8=66%, m=231 g) [3] *

2010 — present | 11¢CdWO, (6=82%, m=1868 g) [4] *

2010 — present |4°Ca’°°MoO, (6=96% of 1°Mo, $=99.964% of | [5]
40Ca depleted on 48Ca, m=550 g)

2013 - 2014 Zn'°°MoO, Zn®*3Se [6,7]

1] E. der Mateosian, M. Goldhaber, Phys. Rev. 146 (1966) 810.
2] F.A. Danevich et al., JETP Lett. 49 (1989) 476; Phys. Rev. C 68 (2003) 035501.
3] P. Belli et al., Nucl. Instr. Meth. A615 (2010) 301; Phys. Rev. C 85 (2012) 044610.

[
[
[
[4] A.S. Barabash et al., J. Instrum. 6 (2011) PO8011.
[
[
[

5] S.J. Lee et al., Astropart. Phys. 34 (2011) 732; AMoRE project.
6] J.W. Beeman et al., Phys. Lett. B 710 (2012) 318.

7] F. Ferroni, Il Nuovo Cim. C 5 (2010) 27; LUCIFER project.
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Electromagnet of the SU20 separator
(5-floors building & 3000 ton magnet!)

Fig. 1. Electromagnet of the separator. (1) Housing:; {2) sepa-

ration 1ank (chamber) (3) ¢lectromagnet coils; (4) jon source

seats: (5) 1on receiver seats: {(6) diffusion pumps: (7) aobscrva-
tion oprmngs. V.N.Kornoukhov



SU20: Separation tank (2*2*5 = 20)

Receivers

Fig. 3. Locittion of jon beams in o separation tank, tvo jon sources operating (feed material i FeClyk: (1) liner; (2) magnet plage
profile; (3) graphite plates; (4-11) isotope beams: {(1) “Fe, (6 MFe™, () ¥ Fe* () WPt (8) ¢, 0 7, 0 e,
(1) *Fe' ) V.N.Kornoukhov



40Cal%Mo0O, single crystal before annealing
(m = 0,55 kg, D49 x 42 mm, L ;;; 4., = 53 mm

grown 11/09/2009)
V.N.Kornoukhov
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Past Neutrino-less double beta decay searches

Nucleus | Experiment | % Qg Enr |Technique [T, (y) <m, )
il 871 Elegant IV 0.19 | 4271 scintillator | >1.4x10%2 | 7-45
%Ge Heidelberg- |7.8 (2039 |87 ionization |>1.9x10%> |[.12-1

Moscow
6Ge IGEX 7.8 2039 (87 Ionization |>1.6x10%° |.14-1.2
6Ge Klapdoretal | 7.8 |2039 |87 ionization | 1.2x10% 44 12& kg
82Se NEMO 3 92 |2995 |97 tracking =1 xin: 1.8-4.9 ~1 kg
100Mo NEMO 3 9.6 |3034 |95-99 | tracking >4.6x102% |.7-2.8 ~7 kg
115Cd Solotvina 75 [3034 |33 scintillator |>1.7x10%* |1.7-?
1% 1e Bernatovitz | 34 2529 geochem >7.7 x 1024 | .1-4
130T e Cuoricino 33.8 | 2529 bolometric | >2.4x10%* |[.2-1.
136X e DAMA 89 |2476 |69 scintillator | >1.2x102¢ |1.1-2.9 |g5 kg LXe
150Nd Irvine 56 |3367 |91 tracking =] 2x10% |3 NEMO3

36.95¢



- The crown jewels of EXO

& Giorgio
Gratta

- 200 ko ot Xenon ennched to 80% 1n l’OXe

the most 1sotope 1 possesstombs~any B30V collaboration.




KamLAND-ZEN '36Xe (Japan - U.S.)

e  Ultilizes substantial investment and expertise in KamLAND :lgj,_éE
-

D kg el i iliisaabioh Al gl
mini-ballon of R=1.7m, 25 microns thick. 620 kg 800 ~ 1 ton

e Since recent result, with | [0Ag, working on purification

e Nov.2012 - fire in purification system area.

e Rebuilding plan is still unclear mostly due to an administrative procedure for the contract.
@

Earliest possibility was to restart purification in May, but likely there will be an additional
two month delay.

e |Longer term plan upgrade to 700 kg

10°
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B.A. Barabash, J. Phys. G: Nucl. Part. Phys. 39(2012)085103

Isotope enrichment Price Level

Criteria for the Best Ovpf Isotope
Isotope Enrichment OVBB
e (N?eljif) (S?I) 525515) Abundance : Price Project
(%) Method Level
130Te 2.533 1.70 6.8 33.8 > 95 GC 0.3 CUORE
136X e 2.462 1.81 8.9 - 90 GC 0.2 EXO
6Ge 2.039 0.24 15 7.8 = 90 GC 1 SEis
($80/g) MAJORANA
82Se 2.995 1.08 0.92 9.2 —> 90 GC 1.5 SuperNEMO
100Mo 3.034 1.75 0.07 9.6 — 90 GC 1 AMORE
HECel 2.802 1.89 0.28 7.5—90 GC 2.5
8Ca 4.274 2.44 0.44 0.187 — 25 EI%ISS 1<6é) CANDLES
150N d 3.667 8.00 0.08 5.6 = 90 EMIS 170
S 3.350 2.24 0.23 2.8 = 60 EMIS 400 -

Do-Young Jeong, KAERI



Method of isotopes separation

Electro-magnetic
method

Physical Chemical
(rectification,
chemical
exchange)

Gas
centrifuges

Optical methods
(AVLIS)
(MLIS)

Photochemistry

Plasma
ICR method




Actual production capability

USA:
Calutron production was stopped in 2004
Medium size ICR machine founded by DOE is installed at Theragenics
production is ariented to medicine application
<\Iew program for AVLIS founded at Livermore (very expensive)
it is unclear if this program will be completed

Russia:
Few labs are able to produce isotopes with Ultracentrifuges
Only elements that have gas compounds can be produced
Prices of enriched isotopes are favorable (today)

Europe and Japan:
There are some enrichment facilities based on Ultracentrifuges
Restart of an AVLIS machine in France is not yet established (*°°Nd)

Actually practically only Russian labs can produce stable isotopes

Aspera meeting on “R&D and Astroparticle Physics”, Lisbon 8 January 2008



Two facilities have

ECP, Zelenogorsk parse
Isotopes

RGP of Zelensmarel sumsl et Angar sk Eleptrolytic Chemical Combine
al| the isotope for |GEX aQﬂ (AEKhK) H]Irkuﬁﬂa http:(/www.aecc.ru
HM 75Ge DBD exper iments Urals Electrochemical Combine (Sverdlovsk—44)
- (UEKhK) in Novouralsk, http://www.ricon.e-burg.ru

¢ ﬁCE has quoged Ge gqiceslgqa Siberian Chemical Combine (Tomsk-7)
thSESBK and recently so © . (SKhK) in Seversk, http://www. atomsib. ru
v" Electrochemical Plant or ECP (Krasnoyarsk-45)

¢ Quote 2001: - (EKhZ) in Zelenogorsk http://www. ecp. ru
o+ $55/g at low volumes

+ Sale to GERDA 2004:

+ $51/g for “44kg (T2M$)
+ Sale to Majorana 2011:

+ $90/g at 42.5 kg (86%)

o ECP also developed shipping
and storage solutions

Chang-Hong Yu @ ORNL



ECP PARTICIPATION IN SCIENTIFIC RESEARCH EXPERIMENTS

Year

Is

1950-
1992

IGEX
(USA, Russia)

NEMO

1990s

(France, Russia)

XMASS
(Japan)

1990-
1994

EXO
(USA, Russia)

1995

GERDA

2001

(Germany,
Russia)

XENON
(USA, Haly)

2002-
2003

RAS INR,
RAS IMTPM
ACTC

2001,
2003

(Russia)

ITEP (Russia)

Baksan Neutrino

2004-
2005

Observatory INR
RAS (Russia)

WARP

2002

{Italy, Russia)

MAJORANA
(USA, Russia)

1 MAJORANA
(USA, Russia)

Neutrinoless
double beta
decay study

Neutrincless
double beta
decay study

Solar neutrino
registration

Neutrinoless
double beta
decay study

Neutrinoless
double beta
decay study

Neutrinoless
double beta
decay study

Neutrinoless
double beta
decay study

Neutrinoless
double beta
decay study

Search for Kr-78
2K-capture

Dark matter
search
expenment

Neutrinoless
double beta
decay study

Neutrinoless
double beta
decay study

1990 - 1992

1990 - 1994
1995

2001

2002 - 2003

2004 - 2005

2006 - 2007

2010
2011
July 2012 - plan

2010

Ge-76

Mo-100
Se-82

Xe —129
+Xe—-131

Xe - 136

Ge-76

Xenon with
displaced
Isotopic
composition

Mo - 100

Sn—112

>94%

2,5kg

50g

Purification of Kr-78>99.8% from Kr-85 -

Specific activity of Kr-85 in Kr-78 has been reduced by
more than 100 times and is now less than 0.1 Bg/I [S].

Purification of argon from Ar-39 is improved by more

than 50 times, and from Kr-85 by no less than 100
times as compared with the natural content

Ge-76

Te-130

> 86%

92 %

10kg
20kg
20 kg —plan

10ka

yration

Jmenia)

EXO
A, Russia)

mce Berkley
al Laboratory
(USA)

JERDA
vany, Russia)

an Neutrino

Russia)




for Ca Technologies for isotope production
Find a cost-effective & efficient way of enrichment!!!

Separation technology Field of use Production Cost
per year
Electromagnetic (mass-spectroscopy universal tens orO ;
effect) grams ®
C““-"_"!C""_& phys. processes ° ° 1light elements tons low
(rectification, chem. exchange etc)\
: . elements forming gas thousands of :
Gas diffusion X compounds tons middle
Gas centrifuge x elements forming gas thousands of low
compounds tons
i . ° © )| elements having isotope - O 1
Laser (optical) separation /| shift of spectrum lines Kilograms lp _Mniddle
Plasma |on-cyc_lotron effect _ universal h_undred dle
(under developing — the USA, Russia) kilogram ~

eLiquid centrifuge? (mobility/viscosity with CaCl, solution & almina;
oGel electrophoresis (CaCl, & HCI)

eElectro-migration
B.A. Barabash, J. Phys. G: Nucl. Part. Phys. 39(2012)085103



Crown Ether Beaot & O
Resm Di-cvch“\f_ \j)ﬁ
Microchip crypend22)

Q S ¢a e e @ 0
o O -O0—C
\; H,C CH,

A OO :O
R

/

(‘\

Dicydg@gno 18- eHeld by electrostatic attraction between
“Crown-6 negatively charged O™ of the C-O dipoles & cation
(Ca®)
DC18C eHow well the cation fits into the crown ring

Total # of atgn% In the ring eLiquid(ag-salt)-liquid(org-crown)/solid(resin)
# of oxygen atoms in the ring| extraction in isotopic equilibrium




9391-Fl|| 12-Crown-4 14-Crown—4 15-Crown—5 18—-Crown—6 21-Crown-7
(ZeqL32) || (~124) (1.2~15A) (1.7~224A) (26~32A) (34~43A)
Fe™ NiZ* Co® Mn?
VIaWla (128) (1.33 (148) (1.60)
Ti3+ V:i-v-
VeVa ik aze)| a4
L® vo¥| Uu* Th* ce® La*
Wa (1.86) (1.88) (2.02. (2.12) (2.20) (2.30)
M gz Gaz+ Srb Bab
Ia % RE) (1.98) (2.26 (2.70)
Lt Na' 4 Rb* cs"
lalk (1.20) (1.90 (2.66 (2.96) (3.34)
¢ ] l‘ ' — ! } I I $ l ' I ; l ] I l I } ; ; |
(A) 10 2.0 25 3.0 3.5 40
/:] 4 A!_-l Jo
¥]
I'b }E \I Ad4) (1.92) (252) (2.74)
Zn® Hg' cdf' Hg®
Ib i (1.48) (1.52) (1.9% (2.20)
3+ +
Al TI
b }E (1.00) (2.88)
Bi** N d 3+ Pb%*
WVaVb i& (1.82) (2.40)

Ca
Isotope

40Ca

42Ca

43Ca

44Ca

46Ca

48Ca

abunda
nce (%)

96.94

0.65

0.135

2.09

0.004

0.187
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l¢

Fig. 4. Distribution coefficient of calcium between benzo-18-crown-6 resin
and HCI agueous solution.

12 T ———
o 10 /' ) Run (3)
/ 0.25
5 ° 7
/
£ * 6 0.00211
- /
Y PO N S S R 15 | 0.00026375
0 1 2 3 4 5 B 7 8 2! 10
Concentration of HCI {mulfdm3}
2 -3.5788

HCI aqueous solution: €~1.003
X ~37?

Increase Ca content = ¢ doesn’t change

FH-type

0.088

0.0034

0.000425

-3.3716

e(oy*)= ? ? ? by pure organic solvent

=1.008 by water-alchohol mixture
Jepson & DeWitt, J. Inorg.nucl.Chem38(1976)1175 (Chloroform-methanol)



BIE~DCalk fRDM L

0.05
E 0.04
g 0.03 |
o
O 002 } +<HBr 8.8 M E AN - - %6 M, )
S ool HCI 9.0 M 12" CI <Br 75 v
0 \
300 350 400 450 500 550
0.05 Effluent Volume / cm3
Z 0.0 ("“‘—' %ge*’x — 1 2+
‘é 0.03 4 [77'7/ — Ca = 2X ]
O 0.02 +<HBr 8.8 M — j_\ ﬁ ,{KT‘
S +HBr 6.6 M 7"" v b\— +
001 ! #HBr4.4 M
:  SE M
150 250 350 450 550 650
Effluent Volume /cm3
0.05
= 0.04
~N
20-03 ‘E‘ r':ﬁ\)‘{&‘/ \bi" ﬁ§j‘%l]\
S ~<HBr 8.8 M 40°C Y >l = 9
g 002 <-HBr 8.8 M 25°C
0.01 | 1 4#-HBr 8.8 M 5°C
0 b

400 450 5(;0 5;0 G(l)o 6;0 700 {Eﬁ‘ &i@igxﬁ &ﬁﬁ@ilx
Effluent Volume / cm3 ﬁ%ﬁ%32013ﬂ53ﬁ



Prospect for Mass production

Lig./Liq. Extraction

LLE by Microchannel/reactor

o Fast & Highest
conversion synthesis

+ Aqueous-organic multi-
phase flow & process

/40Ca2+(aq)+48CaL2+(O rg}

Solid/Ligq.

Column chromatography using
crown ether resins

**Ca*(aq)+*CaL>*(org) ,

CaCl, aqueous pha}lg(e: .

40Ca1
Crown-chloroform
organic

o Multi—-stage process
o Slow & low conversion

Ca solution: Analyte(mobile phase)

Packed column
SuperLigst g (stationﬁry phase)

Figure 1
4,4'(5")-di-t-butylcyclohexano
18-aown-6

N

O

o~ 0 0. s

/ \[ T Y \
St 0/\/

O o 2

Diluent: 1-octanol
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Conventional
Chemical
Process

u TAS
(Micro Total
Analysis System)
&
Synthetic chemis

mistry

extraction

t

Microchemical
Process

mixi
reacti




[Lia./Liqg. extracion =2 two kevwords

S

pecific interfacial area
(surface to volume ratio:S/V)

— : -200‘%
Diffusior
11002
T= W /D
(D:].O'9 m2/s 0 100 200 300 400 500

typical # for molecular in water) w/um

_ _ Fig. 2 (a) Nllustration of a model of a liquid-liquid
\ W—loo Hm 9 T—lOS ! J interface between the aqueous and organic phases, (b)
_ Specific interface area and diffusion time dependence

(10um - T=0.1s!)

on the microchannel width




Isotopic Analysis by Reaction-cell ICP@JAMSTEC

48Ca/*0Ca
=2 X

44Ca/4OCa

o

O
-
<t
N
©
O
<
<

0.0224—F

o=

1. 007 0. |
Ratio=0. 02154+0. 00011 .

| ’,"bpen: |2 C
Filled:

002

@)

0.0222—

0.0220—

0.0218—

a~1. 012
~1.014

[ =0. 02157

DC18C6

&
P
#
&

STD

Low temp. 2 C| .~

R()f) — RU : G.’X

R,=%Ca/*Ca -

DC18C6
Room temp. 20 C

a=1./006=*=0. 002

Ratio=0. 02150=%0. 00011

LLE iteration



Comparison

48\ — .
o(0,48)=1.003 *E&(%o")=1.014:batch

¢200m & 10 days X 2(1.008 by Jepson)

J. Inorg.nucl.Chem38(1976)1175

> 48C3%X1.34 ¢ =2 X1.34requires~20

¢ Absorption of Ca LLE (~2days)

depends on ¢ wide variety/option
concentration of .
hydrochloric ¢ Ca concentration

acid (OM HCI) one order improve!
with ~1/6 time:13min
by microreactor



)

(- BrQIX}2104
KAER' {orea Atomic Energy Research Institute

KAERI,
Daejeong, Korea
@May, 2008

Int. Conf. on
Laser Application in Nucl. Eng.
April 23 — 25, 2013@ Yokohama

< 70W optical power of 528nm laser >



LISOP Of Ca_48 Hard to separate by AVLIS

due to small IS

[ |
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Do-Young Jeong, KAERI



Application to Ca-48

* Optical Pumping is effective for
Ca.
— Optical Pumping of Ca-48
to >90%
— Final enrichment higher than -
10 % feasible

0.01

Abundance

[
s
@

i
I
A

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



Pilot System

@ Fiber-based laser
@ Productivity : 1 kg/yr for 20%-enriched “Ca

<Laser> <Separation Chamber>

200kH
1osenm |l <R [ 400W

Tail Collector

200kH
1070nm 2= S et 7TOW

Beam delivery

- ——uumnnmn-—>|

500kH 10W

Do-Young Jeong, KAERI



Fiber-based Laser Development

Requirements

Current status

Remarks

Optical pumping

* 15 ns, 500 kHz
s 10 W

* 15 ns, 500 kHz
*5W

Being improved

(272 nm)
e Av < 250 MHz e Av < 250 MHz
o * 15ns, 150kHz * 15ns, 150kHz
Excitation
s 20W « 20 W Completed
(535 nm)
* Av < 5 GHz * Av < 5 GHz
o * 15ns, 150kHz * 15ns, 150kHz
[onization .
e 200 W « 120 W Being improved
(528 nm)
* Av < 5 GHz * Av < 5 GHz

Do-Young Jeong, KAERI




Deflection of 48Ca by Radiation Pressure i

Ca Atomic beam

~ ® = Collimator

Vacuum chamber

Atomic Photon
Photon 8Ca momentum &
MWre — N
%a
Absorption

/ Atomic

momentum

Emission Random direction

272.2 [nm]

2.7%10° [s1] -

1P1

| 6717 [hnm]
1.2 %107 [s1]

UNIVERSITY OF

FUKUI

.4 2180 [s1]

422.7[nm]
2.2 x108%[s1] I\

3
Pﬂ,l,z

“~.._ | 457.0 [nm]
40 [s1]

15!]

Energy levels and Transition
Probabilities

1p; — 155 transition

* Large transition probability
* Quasi Two-Level System

Prof. Niki @Univ. of Fukul




Calculated Trajectories of Ca Isotope oy

Intensity [arb.unit]

[

o
L=

|

0Cy

[

(=]
[Fa]
1

MNaser = 422.7[nm]

Isotopic shift [GHz]
Absorption spectrum of Ca

Z(Atomic beam) [mm]

4-ﬂca

5
X(Laser beam) [mm]

10

Z( Atomic beam) [mm]

Z( Atomic beam) [mm]

50
-‘-lﬂca
0
0 5 10
X (Laser beam) [mm]
20T
I|
|(;
-I’-'IECE
0
0 5 10

X (Laser beam) [mm]

50

Z (Atomic beam) [mm]

Z (Atomic beam) [mm]

RATNIY DRl 0 0

FUKLU

0

5
X (Laser beam) [mm]

10

¥X(Laser beam) [mm]

Prof. Niki @Univ. of Fukul




Isotope enrichment

R&D in KAERI (Korea) for

Nucleus Existing method R&D SCx ericHmaNELY aser
4Ca Laser separation, " ‘
gazeous diffusion

8Ge Centrifugation
825e Centrifugation
5%y Laser separation
10010 Centrifugation
+H5Ca Centrifugation _

R&D in Russiafor R&D in France for
130Te Centrifugation 150Nd enrichment 159Nd enrichment

: : by centrifugation by laser

136Xe Centrifugation
150Nd Centrifugation, Laser {—| &

F. Piquemal, Neutrino 2012 @Kyoto

All DBD isotopes produced in Russia up to now



Menphls (Menelas separator) facility

Egog}uctlon of 200 kg of enriched U at Pierrelatte, France
o

About 2000 kg natural U evaporatee

Evaporator

Dye laser chain
Yag laser

Copper vapor laser

Design : 2001
Building : 2002

15t test : early 2003

15t full scale exp. : june 2003
. International collab. 1Nd’ created : 2007 SNO+, SuperNEMO



> It has begun looking into the implementation of
the technology on a commercial scale in 20 yrs
To get a producation level of kg/hour:
high power electron gun & high laser power

» CEA wasted money by keeping research on AVLISE
going after the technology's lack of feasibility
had become apparent

> Nd has been enriched in 1°°Nd at 60% with a

production yield of 40mg/h > ~100 yr for 40kg!
(Kurchatov Institute QE 35(10), 879 (2005)

H. Park et al.(KAERI) : enriched 175Yb at > 97% with about 6mag/h

Productivity will be an issuel? J-<oreanPhys.Soc. 49(2006)382
Some plants are not flexible(MENPHIS can produce only'*°Nd)




