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Double—-Beta Decay

It 1s a very rare nuclear decay:
(A, Z) = (A, Z+2)+2e™+ (2Ve)

2VEp

Second order SM weak process

Rarest decay ever observed: T ~10%% -10%1 y

Ovpp

Not allowed by the Standard Model (AL=2)

Decay never observed: T >1022 -1023 y

Possible only 1f neutrinos are Majorana particles
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isotope: 525e , 1Mo , 118Cd

material: ZnSe , ZnMoQ, , CdWO,
technique: scintillating bulma'rﬁr
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UNDERGROUND
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array of 36+44 enriched [95%) Zn®2Se crystals = ﬁa&?
total 22Se nuclei: (7.1+8.9) 102 -""q

expected background in the ROI (2995 keV): (3+6)103 cfke‘h!,l’kgf‘y -~ a" ’
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Working principle of scintillating bolometers

Bolometer

Scintillating Bolometer

First measurement of light and heat in a
bolometer made in 1992 at INFN Milano

A. Alessandrello et al., “Development of a
thermal scintillating detector for double
beta decay of “Ca ” Nucl. Phys. B -
Proceedings Supplements 1992 Vol: 28.



Typical mounting & scatter plot for ZnSe crystal
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Requirements
to raw material for ZnSe crystal production

High performance of ZnSe crystals as scintillating bolometer strongly depends on:

* High perfection of crystalline structure (FWHM & Signal amplitude in Heat channel)

* High Light Yield (FWHM & Signal amplitude in Light channel, particle discrimination)

Chemical purity
K, Ti, V, Cr, Mn, Fe, Co, Ni < 1x10° g/g
Mg, Bi, Pb, Sn, Al, Cu, Cd < 5x10° g/g
U, Th << 1x10° g/g

Radiopurity
A(*°K, U/Th& daughters) < mBqg/kg
no 13/Cs, 90Sr, ...
minimization of cosmogenic nuclides activity



Examination scheme of samples for ZnSe crystal
production
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Chemical purity of Zn, Se & ZnSe powder samples
(concentration present in unit of 107 g/g)
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<102
<3380
< 17000
< 34000
<7
<33.8
<68
<337.9
<6.8
<34
<27
<3400
<34
<1351
500
6.8
743
10
574
<338
17
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<0.14
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< 15000
< 15000
<3
4.6
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<3
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<15
3
500
<15
382
<15
20
15
184
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11
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14
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<0.014
<0.06



Chemical purity of Zn, Se & ZnSe powder samples
(concentration present in unit of 107 g/g)

| Na | <102 <46 <42 for ZnSe synthesis
“ <3380 <1530 <1390

“ < 17000 < 15000 4200

“ < 34000 < 15000 < 14000

<338 4.6 1.1

“ <68 <31 <28

“ <337.9 <152.9 139

<6.8 <3 <2.8

“ <34 <15 <7

<27 153 63

[ A | <3400 <31 <1400 Reduction during
<34 <15 <14 ZnSe synthesis
“ <1351 3 <883

500 500 700

[ sb | 6.8 <15 2.8

743 382 695

[ w 10 <15 7

T >74 20 e Traces from
<338 15 14

B o 184 )8 CdTe, CdZnTe,

[ B 3.4 15 0.3 CdHgTe production
<0.14 <0.015 <0.014

“ <0.14 <0.06 <0.06



Radiopurity of natural Zn, Se & ZnSe powder samples
(activity present in unit of mBq/kg)

232Th T % <0.67 <0.65
B am <0.56 <0.81
L]

S8 ke <0.51 <0.42
I e <27 <36
- 234mpg <14 <19
L]

s = <0.99 <0.48
]

o <14 <10
]

N v <0.2 <0.082
L]

I wigs 0.50.2 <050
]

I se 8.2%0.7

]

I s . <0.28
]

B o - 0.33+0.14
]

N s : 0.43%0.16
L]

N ez : 7.6£1.0



Radiopurity of natural Zn, Se & ZnSe powder samples
(activity present in unit of mBq/kg)

232Th | 2%a <0.67 <0.65 <23
[ I <0.56 <0.81 <21
s *ra <0.51 <0.42 <38
B <27 <36 <120

234mpg <14 <19 <140 . . .
= Contamination during
T Y e P <20 ZnSe synthesis
B <14 <10 <22 /
- 60 0.55 Reduction in

Co <0.2 < 0.082 <0. .
| accordance with Se
1 o)

I wigs 0.5£0.2 <050 3.4£1.0 mass fraction (54.7%)
I sse 8.20.7 . 4.5%1.0
] Reduction/not
B s*min - <0.28 - enough statistics
B seco . 0.33%0.14
N s : 0.43£0.16 - More reduction than
[ ] expected based on

65 _ .
] Zn 7.6£1.0 2.0£1.0 7n mass fraction

(45.3% - 3.5 mBqg/kg)



ZnSe #1 crystal, which was produced from
analyzed ZnSe powder
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Transmittance of ZnSe #1 crystal

and ZnSe «Huge» (the best crystal) in comparison
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Relative units
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Emission spectra @ excitation 480 nm
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Chemical purity of HP Zn & 32Se metal samples
(concentration present in unit of 107 g/g)

EE
HP Zn grains
conv. 38

“ <1860 <850
“ <186 <38
“ <9090 < 8000
s | 163600 <9000
18 <90
“ <37 <90
“ <91 <180
<2 <10
“ <91 <90
<93 110
“ <91 <10
<3 <15
| Mo 4
4300
“ <4 <4
840 <90
[ w | 21 <10
[ Hg | <4 <2
<40 180
“ <9 290
“ <1 <2
<0.9 <0.2
“ <0.9 <0.2



Chemical purity of HP Zn & 32Se metal samples

(concentration present in unit of 107 g/g)
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<186
<9090
163600
<4
18
<37
<91
<2
<91
<93
<91
<3
9
9
<4
840
21
<4
<40
<9
<1
<0.9
<0.9

conv. 38

< 850
<38
< 8000
<9000
<9
<90
<90
<180
<10
<90
110
<10
<15
4
4300
<4
<90
<10
<2

180

290
<2
<0.2
<0.2

Contamination during 82Se
conversion from 82SeF, gas

Il Further purification by
annealing in H, flow before

crystal growth Y,

Residue in Zn due to similar
chemical properties
A (*3Cd) = 8 uBa/kg

Residue in Se due to similar
chemical properties

Residue due to
instrumentation memory
effect
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Radiopurity of HP Zn & 82Se metal samples
(activity present in unit of mBq/kg)

cvan | cide | segns | tommgms
I 228Ra <0.082 <0.095
B = <0.27 <0.036
]

Eo 226R3 <03 <0.066
I 234Th <6.9 <6.2
B = <53 <47
L ]

By 235y <0.17 <0.091
L ]

e oK <11 <038
L ]

I 50Co <81 <0.036
]

B e <60 <0.033
L ]

] 75Se 0.19:0.06

]

I s - 0.110.02
L ]

] 56Co - 0.08+0.02
]

e 57Co 0.2040.09
]

e o - 0.220.04
L ]

] 55Zn - 5.20.6
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Radiopurity of HP Zn & 82Se metal samples
(activity present in unit of mBq/kg)

Chain

228Ra
228Th

226Ra

234Th
234m Pa

235U

40K

SOCO

137Cs

7SSe

54Mn

56Co

57co

58c°

SSZn

<0.082
<0.27

<0.3

<6.9

<53

<0.17

<11

<81

<60

0.1910.06

<0.095
<0.036

<0.066

<6.2

<47

<0.091

<0.38

<0.036

<0.033

0.1110.02

0.08+0.02

0.20+0.09

0.2210.04

5.210.6

\

4

Significant reduction

of activities
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Deca value
mode

56C0

57CO
58C0

6SZn

755e

B'
EC
EC
EC

EC
EC

Cosmogenic nuclides

1377.1
697.1

4566.0
836.0

2307.4
381.6

1351.9
863.6

Half-life,

days
312.3

77.27
271.79

70.82

244.26
119.8

Activity (mBg/kg) in

0.3(2)

0.4(2)

7.6(1.0)
8.2(7)

“Natural” | “Enriched”
materials materials

0.11(2)

0.08(2)
0.20(9)

0.22(4)

5.2(6)
0.19(6)

Less activated
due to using
raw material
with known
history, land

transportation

& storage
underground
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Cosmogenic nuclides

Activity (mBg/kg) in

Decay | Q value, Half-life, | “Natural” | “Enriched”
Isotope
mode days materials | materials

1377.1

S0 B— STl 3123 03  0.11(2)
sco  EC 45660  77.27  03(2)  0.08(2)
o EC 8360  271.79 : 0.20(9)
S8Co EC 2338017.64 7082  04(2)  0.22(4)
s7zn  EC  1351.9 24426  7.6(1.0)  5.2(6)
se | EC 8636 1198  82(7) | 0.19(6)
U ¥

Should be activated by factor 2 less
(according to depleting in isotopic mixture)
... and even more
because of land transportation & storage underground



Isotopic composition of Zinc

Recommended :
Isotope value Zn grains
®47n 48.6% 47.25%
®67Zn 27.9% 28.27%
577n 4.1% 4.24%
587n 18.8% 19.54%
0Zn 0.6% 0.70%

Deviation is about 1%



Isotopic composition of Selenium

Isotope Reco\rgrlrl:eended Se grains
74Se 0.87% 0.73%
76Se 9.36% 8.78%
77Se 7.63% 7.35%
8Se 23.78% 23.08%
80Se 49.61% 50.53%
82Se 8.73% 9.52%

Deviation is about 1%



Isotopic composition of enriched Selenium

Isotope Recommended 82Se grains
value (conv. 38)
"Se 0.87% <0.01%
"*Se 9.36% <0.01%
""Se 7.63% <0.01%
"Se 23.78% <0.01%
Se 49.61% 1.46%
"Se 8.73% 95.52%




Current situation

15 kg of HP Zn are stored deep underground @LNGS
6 kg of 82Se and ready to production of ZnSe charge

A few days are required for 1 kg of Zn®2Se charge synthesis
(3 synthesis cycles/day + annealing in H, flow within 2 days)

Almost one year is required for whole amount of Zn82Se crystal production
(1 furnace * 3 crystals/mounth x 12 mounths = 36 Zn®’Se crystals)



Summary (1)

Chemical and Radiopurity of HP Zn & 3%2Se metals comply with all
requirements for high quality low background ZnSe crystal production

R&D for natural ZnSe crystal production should be finished late
January, 2015

First enriched Zn®2Se crystal is planned to be grown late February, 2015

Cosmogenic activation of detector materials currently became an
dominant component of internal background, and should be minimized

in any possible way (by using materials with well known history, by storage
deep underground, by land transportation in shielded container, by minimization
of production time, by depletion Zn metal on %*Zn isotope, etc.)

Small deviation in isotopic composition of Zn and Se metal allows to
determine the source of raw materials and control the whole ZnSe
crystal production chain on every step



nevertheless...
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What we have?...

“natural” Zn-749.2 g “natural” Se-500.0 g
HP Zn-10080 g 826e - 2500.5 g

- i.a.in “natural” | i.a. in “enriched” Decay Y
sotope , ke
- samples, % samples, % mode Bp

47.25(5) 47.25(5) ef*/2e 1095.7(0.7)

707 0.7017(6) 0.7017(6) 2p 998.5(2.2)
7450 0. 7255(17) <0.01 eB*/2e 1209.169(49)
805 50.53(9) 4.46 2p 133.9

9.532(11) 95.52 2p 2995.8



What we have?...

“natural” Zn-749.2 g “natural” Se-500.0 g
HP Zn-10080 g 826e - 2500.5 g

i.a.in “natural” | i.a. in “enriched” Decay
Isotope Qg keV
samples, % samples, % mode

47.25(5) 47.25(5) ef*/2e 1095.7(0.7)

707n 2p 998.5(2.2)
7450 0. 7255(17) eB*/2e 1209.169(49)
805 2p 133.9

9.532(11) 95.52 2p 2995.8



2EC/¢f* decay of ®4Zn isotope

Decay Level of Experimental limit T,,,, yr at 68% C.L.
Transition daughter E, keV

W EL .
nucleus “natural” Zn HP Zn Previous results

>9.4x10%0 for 2v [1]

84Zn—%Ni  gf*(0v+2v) g.s. 511 > 2.7x10% > 3.2x10%2 > 8.5x10% for Ov [1]
2KOv g.S. 1079.0 >2.2x10%1 > 1.3x10%2 >3.2x10%° [1]
KLOv g.S. 1086.4 >2.2x10% > 1.3x1022 >3.2x10%° [1]
2L0v g.S. 1093.7 >2.2x10%1 > 1.3x10%2 >3.2x10%0 [1]

[1] P Bellietal., arXiv:1110.3923v1 [nucl-ex] 18 Oct 2011.
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23(0v+ 2v) decay of 32Se to excited levels

Level of
daughter
nucleus

Decay
Transition channel

Best experimental limit T, ,, y at 68(90)% C.L.

“natural” Se 82G6e Previous results

> 2.8x1021 [1]

82Ge —y 82Ky 2B- 776.52 > 3.1x10% > 8.7(6.0)x102
> 1.4x1021 [2]
1474.9 > 7.5%10% > 4.8(3.3)x102! > 1.6x1021 [2]
2171.7 > 6.2x102 >3.0x1021 [2]

[1] Arnold et al., NP A 636 (1998) 2089.
[2] J. Suhonen, et al., Z. Phys. A 358 (1997) 297.
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Summary (2)

The low background measurements performed
by HP Ge detector with “natural” and “enriched” HP Zn & 32Se samples
were used to set the best limits on different modes
of 2Bdecay of ®4Zn and 82Se isotopes
to excited level of daughter nuclei at the level ~ 10%°-10%? y
(first experimental results of LUCIFER project)
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