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f@% Summary plot of discovery sensitivities of curigamd nextgeneration
Rt OA i -decay experiments (from NSAC LRP White Paper)
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From: Fundamental Symmetries, Neutrons, and Neutrinos (FSNN):
Whitepaper for the 2023 Nuclear Science Advisory Committee Long Range
Plan: arXiv:2304.03451iv:2304.03451
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End point of 238U End point of 23?Th End point of 238U
y radioactivity v radioactivity [ radioactivity
2448 keV 2615 keV 3270 keV

Compton edge of
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ij%; Selection: Golden and Silver Isotopes (large/&lue)

QA& UKS ONMYzOAFf FI @B 2 NY t KI
Background> 2,615 MeV and > 3,27 MeV

Q-value [MeV]

5
a4 = ® Natural y radioactivity limit Golden
isptopes
3
2.6 MeV 2 ¥ P
2087 ¥ L
= |
- Silver

fb{...e ,.hlh-&a &) “-ﬁ' »‘:1"3"'} #@ Lt‘ "‘F"nﬁ"{-e'{._.ﬁ@-\t’ isotopes

Adopted from Andrea Giuliani, GDR Neutrino meeting, Mag@22017
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QUALITY CER[TIIF|ICATIE
clalpltlueulxalr KAYWECT B A

Manufacturer: Performer of analysis:

JSC“PRODUCTION ASSOCIATION r ‘ JSC “PA ELE(TROCH("‘CALOPk¢gI{V
“ELECTROCHEMICAL PLANT" CENTRAL PLANT LABOR

> DG Wcnomwwmens anani3os:
A Z e

0AD “NpowasopcTeeniioe O6ueguHenne

i “TI0 “InexTpoxHMECKI 33000"
e ot ——— 0A0 1o

CERTIFICATE Ne 53/2671

CEPTUOUKAT N

Name of Product:

HaumeHoBanue npoayKTa

Contract Ne 49/62283-4 1

Cneuyndurayus Ne 2

Rorosop
Lot Ne 2804 Vials (Bottles) Ne 1234
Naprua Ne Ynakomkn N

CHARACTERISTICS OF ISOTOPE - ENRICHED PRODUCT
XAPAKTEPMCTUKW U3OTOMHO - OBOTAWEHHOO MPOAYKTA

1.  Weight of Isotope - Enriched Product Mo0,

Bec H30TONHO - 06OralenHOro NPoAYKTa

Compound weight
Nuratypuui sec

1924.730 g. Element weight 1300.000 g.

InemenTHuR BEC

2. Isotopic content Mo

M3ovonuuit cocras

. . nt _"Me_dY“amnpnAachy a m

— o
i g % % 9 % 97 98 Y100

(ont_ent
fatomic parcent) 0.14 0.09 0.16 0.17 0.11 2.29 ‘ 97.04

Conepxanme
(aTomusie npouenTsl)

3. Chemical admixtures  Mo0O,

Xumnueckue npumecu

Elements " ¢ ¢
SRENENT AL | Co| Cr|Cu | Fe|Mg|[Mn|Naj| Ni |Si |Sn|Ti|W]|Zn
Abundance
(parts per million, ppm) | <70 | <10 | <10 | <10 | <10 | <10 | <10 | <10 | <10 | 10 | <10 | <10 | <10 | <10
Copepxanne
(%3cTed w3 wuARMoN, ppm)
4, Remark: Weight percent of Molybdenum Oxide in material >99.986 %
np ne: C oKeHpa 8 BeujecToe
Bottle Ne / Ynakosxa 1 2 3 4

Gross Weight / Bec 6pyrro 1048.399 1104.380 8.344 14.183
Vials (Bottles) weight / Bec ynakosku 118,510 113.876 6.288  6.183
Compound weight / Nuratypusii sec 927,591 988.255 1481  7.403
Element weight/ Inementhui sec 626.513 667.487 1.000  5.000
Seal and Label weight/ Bec sruxerxu n nnombu - 2:249

[P RT R T)

Date 21.06.2012 JSC "PA ECP” Acting Chief Eng}
Aara 0AO "0 3X3" K. 0. MnasHoro Mk

“PA"7 i 7 i k region, Russia
SC “PA “Electrochemical plant”, The First Promyshlennayastr., 1, 663690, Zelenogorsk, Krasnoyarsk region

éAO “no ?nexmoxnnuwecxu':‘« 3asop” 663690, r. 3enevoropck, yn. Mepsas MpombiuwneHas, 4. 1, Kpacospckuit kpai, Poccona
tel:(+739169)3-38-46,fax:(+7 39169)9-42-43,e-mail: market@ecp.kts.ru, http://www.ecp.ru

ORIGINAL
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Total quantity of 1°°MoO,
produced for R&D
40Cal®®MoO,:

In 20082009: 2,5 kg

In 2012-2013: 575 kg

AMORE-II: Mo-1 00 ( Btsdzj J

IE = 97,04%

Impurities (ICP MS measurements):
U 0,10pb
ThO 0, 1

44 tlsd W d HPGe d2O

226Ra < 2,3 mBq/kg, ??8Ac < 3,8 mBq/kg

ppb
11{d RC

Chemistry is OK!
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Fig. 1. Electromuagnet of the separator. {1} Housing; {2) sepa-

ration 1ank {chamber): (3) ¢lectromagnet coils; (4) ion source

seats: (5) 1on receiver seats: {(6) diffusion pumps: (7) obscrva-
tion opraings.
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Abstract

Low temperature calorimetry for rare decay

o ~

*  (E.Fiorinj T.ONiikovski NIM, Vol. 224Iss 1-2 (1984) pp.88B4)
Sw™m

Therecentdevelopmentsn undergroundlow-counting experimentsgive limits to rare decayswhich
are hard to improve sincescalingthe sizeand the resolutionof the combinedsourcedetector is
difficult with the existingtechniquesWe exploreherethe possibilityof low-temperature calorimetry
to improvethe limitson processesuchasneutrinolessloublebeta decayand electrondecay
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ﬂ?%}s Low temperature calorimetry for rare decay
e (E.Fiorinj T.ONiikovski NIM, Vol. 224lss 1-2 (1984) pp.8dB4)

Energy absorption - Temperature difference

llil"hermometer

Thermal link

C : Heat capacity
G : Thermal conductance

Small C : better energy resolution
: faster decay time
A Large G : faster decay time

Various types of low temperature detectors T
® Thermistors (Doped Ge, S1)
® TES (Transition Edge Sensor) T-Ty= %
® MMC (Metallic Magnetic Calorimeter)
® ctc.
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Bolometer
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Scintillating Bolometer
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- . Sensitivity
U I to surface
) alphas / betas
ROI
< 2615 keV l
TeO, | Luke effect
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' -‘l Cherenkov |
CUORE — { MKID
TeQ \
\ 4 1 wmmc
= - N
\ k-‘ Sensitivity to
" [ZnMo0 ‘ . bulk / surface
I NOTeO, \! ' U:M‘L * Scintillation alphas
ROI I /
>2615 keV [\ cdwo, )
I 1 Enrichment
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"!dem [87] 17.6 0.19

Zn™MoO, [68] 077 0.15 oF = La
Zn2Se [54] 6.4 4.6 LYsn
[, M0, [89] 07 0.23
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Crystal Density, Emission |Decay time, mks (a- | Light output, (relative
g/cm?® peak,nm | particle excitation) to CaWo, at 9K)°
295K 9K 295K 9K
Cawo, 6.06 420 9 360 99 100
MgWo, 9.66 480 36 90 30 40
Inwo, 181 490 24 110 60 120
cdwo, 190 480 14 180 80 145
CaMo0, 439 940 16 380 30 95
CdMo0, 6.07 990 460 80
Bi,Ge,0,, 113 480 043 138 45 190
CaF, 3.18 280 1 930 19 60
MoF, 3.1 380 8900 10
ALO,-Ti 3.98 290:430;14 | 0.19:..;3 19 30
0
InSe .42 640 8 120
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Luminescence intensity of different
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(HongJoKim, KNY
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2.0x10" CaMoO4_NOVO
- (nm) —— Na2M0207
CaMoO, 538 AMORE-1, II | s
(@) —— LMo

3 { ——Na2Mo04013
ZnMoO, 614 20-50 437 | 0436 | LUMINEU S o
Li,MoO, 533 5 303 | 0562 | LUMINEU .
AMORE-II(?)  * sodo'-
PbMoO, ~10 695 \ 0.269 '
Na,Mo,0, 663 ~40 362 \0558/ AMORE-II(?) R
0.0 4

300 400 500 600 700 800 900 1000
Wavelength (nm)

"!CdWO4 [87] 17.6 0.19

b LY

Zn"™MoO, [88] 0.77 0.15 =Ty
Zn**Se [54] 6.4 4.6

L™ Mo0, [89] 0.7 0.23
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1. Phase diagram : If exists, check whether or not it
is congruent melting and no phase transition.

2. Thermal analysis : DSC (Differential Scanning
Calorimetry), DTA (Differential Thermal Analysis) and
TGA (ThermoGravimetric Analysis) to check phase if
no phase diagram exists.

3. Chemical synthesis, melting temperature
use XRD for proper chemical synthesis

4. Crystal growing : Choose proper method

5. Luminescence : Use RT Photo-luminescence, laser
luminescence and X-ray luminescence. Also check
luminescence with temperature change from 4K - RT.
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Low temperature setup (10KdyungPoolational Univ.; © h

<

Oscilloscope |, < HV || Luminescence
for Decay time PMT » ¥
Spectrometer PC
PC | Counter Light guide
e Quartz light guide
Vacuum >
For TL measurement
Crystal > LASER
we have to replace
Heater >

counter instead of Copperplate

Oscilloscope
Refrigerator | ¢—— Temperature
. i 1 controller

Schematic diagram of low temperature setup

Low temperature setup
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(NH)sMo0-0,, + 7CqHCOO) 8 NHOHIH
b7 CaMoQ+ 14 NH(HCOO) + 4.9
A1”h~ et ho ~ee”™ " 'y mt
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*Temperature gradients less 1.0 deg/cm.

*The faceted interface develops and layered
growth mechanism prevails

0000000000000
O000000000000

+ High temperature gradient (710-100 K/cm) ‘ |
+ Perfect cleavage of CWO, NMO, .......

thermoelastic stress destroy crystal
« High local superheating of melt up to 200 K

« Evaporation and decomposition of CWO melt
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KT )

AL is melting enthalpy

» Characteristic energy of molecular chains
« Anisotropy of the energy of molecular chains

* The tendency to crystal faceting
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Software package CGSim was used for = ‘2

mathematical modeling of heat coms
transfer in the growth furnace.
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Net
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€0 70 SO0 900 1000 10
TC

Heat conditions can be characterized experimentally by the curves of temperature
distribution along the crucible

B.H. lWWnerenb. Jloknagbl gna AMoRE
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~1 litre max

laboratory instrument
HX620

production unit

HX780
B.H. lWWnerenb. Jloknagbl gna AMoRE
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MnatuHoBbIY TUTenb D 80 mm

Crystal Utilization factor | Losses %: | @ crucible/crystal mm
106CdWQO, 87 % 0,7 40/27
M8CdWO 87,3 % 0,5 70/45
Zn'"MoO, 80 % 1,5 80/45
Li,'"MoO, 83 % 1,0 70/45
Li,1%MoO, 85 % 1,0 80/63

B.H. lWWnerenb. Jloknagbl gna AMoRE
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Jun

TP

d 4 ea (5 cm D) delivered in 2019 and installed at AMoRE-IL.

A 14 ea (5 cm D) delivered in 2020. 13 ea out of 44 ea (5 cm D) delivered in May 26, 2021.
O Remaining 31 ea (5 cm D) +9 ea (6 cm D) LMOs delivered on June 20, 2022

 Total of 58 ea (5 ecm D) +9 ea (6 cm D) LMOs for AMoRE-II stage-1 are ready.
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https://newpiezo.com/products/scintillation elements/
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AMORE-I CMO, II Mo-100, II R&D, Moo Hyun Lee 2017-08-25
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x TEt * ot . h **"a oh - em Y4 00, o

_ < * * < < x L3 o €
- ot o ota o m’ h *m
O T Lad * < E Y *)
SE-1 SE-2 [SE-3 SE-4 SE-5 SE-6 SE-7
o AMORE-1 |un YYVyYy RT Cl\f/I\O-II RT CI\ﬁO-II RT CI\AO-II RT CI\AO-II RT CI\f/I\O-II
0ot o ¢ .C Yan Yanc CUP/IBS (0] _0 (o] (0] _O (0] 0 _0 (0] (o] _0 (o] (0] _0 (0]
c
co T g i (YangYang) (YangYang] (YangYang)| (YangYang] (YangYang
a_X_Ka__'_x_k_a'_x_K_a_X_K_a_x_K_a_x_K_a_x_K
Bi-214 Po-214
. <100 <18 60,2 6,0 10 +/-3 10 +/- 3 100+/-10 30+/-5
(U-238 chain)
Rn-220 Po-21
. < <14 25, . 40 +/- 10 +/- 70+/-1 +/-1
(Th-232 chain 50 5,8 35.0 0+/-6 0+/-3 0+/-10 65+/-10
Bi-211 Po-215
. < 500 83 103 35,0 30 +/-6 40 +/- 6 35+/-6 80+/-10
(U-235 chain)
Total Alpha-
activity U&Th | XX Mn 46mMBgkglH Z T 2@ [XHyK_a X | KZH 2@ FXK H 2 K_ K__
chains
Po-210 1,6 mBqg/kg
M>ZT @
U-238 670
()
https://newpiezo.com/products/scintillation elements/
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AMoRHI requirements

Background level foAMoRE-II : 10 keV, 200kg, 5 years, 5x10° ckky in total.
Al nternal 0 s houilckky fReugh)ess than ~2x10

A ?Ra<24— (65 0/MRgA 5.4X10°ckky)

A 228Th < 1.2— (¢ 50° 6 /g A 8.3X10%ckky)
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AMORE-II crystals, powder punfication M H. Lee, 24th AMoRE Collaboration meeting at Highl
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Acceptor Ge (21%) + n— "Ge + v 3.43+0.17 1.5
"Gee — "Ga+ 7 11.4 d
Donor | ™Ge (36%)+ n — ™Ge + v 0.51+0.08 | 1.0+0.2
“Ge — PAs+e 4+ 1, 83 min
Double | "Ge (7.4%) + n — ""Ge + ~ 0.160+0.014 | 2.00+0.35
Donor "Ge — "As + e + 7, 11.33 h
TAs —s "Se + e~ + 77, 38.8 h

Margherita Tenconi. Development of luminescent bolometers and light detectors for Neutrinoless beta decay search.
Thesis 2015. University Paris-Sud.

26.05.2023 .0 heox 20, ¢, ¢ O [6)) Ye, oee . _h oomt ("‘a *"é.”‘ h "1 @ o”‘ae<4gph* e ”



NTD Gen . e m o CUPIEMOY

<

Temperature [mik]

00 70 50 40 T 20 15
1a+08
39C1_nov2011-1-14mK-160mK
+| L 4
le+07 gamma fixed at0 5
TO K] = 4.228
= 1806 r Ro[Ohm] = 1029 3
=
= R wire [Ohm] = 0
S 100000 + Ftrangs[K] 4
@ Tmin = 0014
=2 Tmax = 0180
10000 ]
1000 ]
0 0.05 a.1 0.15 0. 100 ! ! ! ! ! !
T K] 3 4 5 & 7 8

Temperature [mk] Vsart(TIK])

MargheritaTenconi Development of luminescent bolometers and light detectord\feutrinolesseta decay search. Thesis 2015.
University ParisSud.
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Figure 5: Simplified model of a thermal detector (a) and schematic read-out of a resistive thermometer
(b)

AT(t) = gexp (—é) r=C/G

MargheritaTenconi Development of luminescent bolometers and light detectord\feutrinolesseta decay search. Thesis 2015.
University PariSud.
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Figure 2.12: Principle of a superconducting phase transition thermometer (W-
SPT). The detector can be stabilized at the operating point by means of the heater
structure on the W-SPT. A small temperature rise of the detector AT causes a
measurable rise AR of the resistance of the W-SPT.
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ﬁg 3) MMC (Metallic Magnetic Calorimeter):

%, o t a c h * t x he . m e mo h e ome o

< <

m ¢ “"Y(AUu’E) + SQUID
Energy CMCk(9 Mt S Y LIS NI (i dzNBa!l d yBAfAD @ K Ay S & aOMmF X (diEl :

.. . : paramagnetic sensor:
Principle of operation 7..{_ AwEr
1. Energy absorption m CMO crystal. '

it

2. Phonon & Photon generation.

3. Temperature increase (gold film).

4. Magnetization of MMC decrease.

5. SQUID pickup the change.

Advantage of MMC Light sensor

= Fastrising signal : ~0.5 ms (critical to  Sior Ge. MMC
reduce 2vBP random coincidence) ' '

= Fairly easy to attach to absorber.

» Excellent Energy resolution CaMoO,

Ephonons

SQUIBsuperconducting quantum interference deviceMMC Phonon sensor

26.05.2023 .0 h e o x O'Oenek e q): C/D\A'YC* o e e . ) h ) m.et (’“a’t’%.’“ h_’” '|_q) B ¢) "o’“aQ(thF)*L]..e -



T e M
\\?“w “rey,

L
g}" MEPhI ‘?fai

i% 3) MMC Metallic MagneticCalorimeter):.
pgy a c h * t x h e m e mo h

< < L < e " o fAa:E) + SQUIL

¢ .7 T (kepph ac hkKGxH @~ e c(keas MhMm teE t e . (kK as Mytoh Yy
'He h'** Auc ~ e

<

< —_—

M A
at ~mKtemperature
48deplCal00MoO4
[dicaons @““%ﬁ;orber\
4 MME Er? >
. \tqé 10p 1000 ppm T
— to SQUID loop J=15/2
52 ¢ MbTh mPiS
Thermal link 1 'HFb gen, h ohoto
\ _ 1g=6.8 -
Heat bath g B ] MMC_h o ee . m_em
E " | U Paramagnetic material
ot @ 1 Metallic host (Au or Ag) + Magnetic ions3(Er
. M;;netic FEi?d {G]1m u I\/Iagnetization M) very sensitive t@

h<*aX"'|\</||WC'[:H"'

= u  MMC implemented with superconducting
Voxo.mth .o oco A0 mm (het 7 ecqrrent () loop to provideB-field

V © TY me 2K ime"x 'y e . g mo _.c " " e " .

V Ut~ ceo e b T qilﬂdycequyﬂ\/l as a function obT

" 7" 7T “SQUID measurad as a signaV/
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~ e t " a a ™ t hAu:Er’“* m e m

gold (fec)

Rare earth ions in metals

* 41 - shell partially filled

l

47-electrons (Er) angular momentum & magnetic moment
Er3t:  J=16/2 — 16 levels

E
100 K + crystal field splitting
16K I
' —_—
B‘.‘-

26.05.2023 .0 h e o x ODeMC* e q): (0)) 'YC* oee . h ) m.et (”‘a *"é.”‘ h_”“ '|_q) Bl¢) o”‘a(:5<6tch* e



=/ (XlooMoO) + MMC + SQUID +ICQ a -
MMG sensor  Light channel side
XMoQ, crystal o supports = e Wiref Gold fim  MMC + SQUID
Light absorber Au film
Scintillation I ] l[ \Ge Wafer

1]

Scintillating

Molybdate particl

Crystal Interagtion Reflector

Phonon film
Vikuiti film

Au film o - ] reflector
Cu supports  e——g— Au wires
LMO crystals = MMCsensor . . Gold film + MMC + SQUID
eat channel side
D 5x5cm (~3009) Stabilization
D 6 x 6 cm (~ 500 g) heater

- Fast signal timing: a few millisecond ri#®me for phonon signals ahK.
- Low random coincidence background.
- Energy resolution ~ IkeVFWHM at 2.6 MeV.
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f"{;%a ] ot tohe . AMOGRE ~ X T E
Nie=/ 48depCaL°0MoO4 ()<1°0M004)+ MMC + SQUID + frame

40 0 Goldfim  MMC + SQUID
Cd"™oQ, = 2
MMC
=
Light detector {
- """ Ge Wafer Ge Wafer
SCL’::;!?;:"Q Reselor Reflector
Heat detector < film film
P
— Gold film
L o COld wires
MMC

Gold film + MMC + SQUID

Photon i Germanium wafer
detector
MMC for photon sensor
Enriched crystal
Crystal =
MMC for phonon sensor
(at the back)
Phonon _|
detector
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57 a” X m ¢t h o th* mAM@Rth*
MMC + SQUID'+_ h * = t TE

<

%,

—%nsor Complete MMCs in a-31ch wafer

SQUID at CUP/IBS
gold absorber
2.5 % 2.5 % 0.063 mm’

\

gold stems

9777

/

Nb pickup coil I mm’
AuwEr

—l oo n

gold wires
@25 um x1.2 mm

collimator

: radioactive source
/\

gold wires
gold stems

1 mm?
Au:Er

Nb coil

Copper holder GE varnish

glass epoxy substrate
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