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AMORE Introduction

%Mo Light detector
v Q=3034keV > 208T] line (2615 keV) MMC/SQUID (Si)
v" Natural abundance : 9.7% for light
v Tin(2v) =7.1X10'%y: the largest B3 decay rate
40Cal%MoQ;, : enriched %Mo and depleted #3Ca Li-MoOx
: Selected for a pilot and AMoRE-1’ crystal
: High T, = 446 K, Large scintlation yield
Li,199Mo00Q,: Selected for AMoRE-II
: Moderate: Tp =316 K Light Pklllon(t)n
: Hygroscopic, Low scintlation yield reflector cotector
: : MMC/SQUID
MMC for heat and light detection PN
_— : : 10* ‘ ‘ ‘ :
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Low Temperature Thermal Calorimeters

“Thermal calorimetric measurement of heat signals at mK temperatures”

Energy absorption =» Temperature

o

eff

hermometer _ Trise

o

Absorber
Thermal link

Choice of thermometers for OvB[ searches
e Thermistors (NTD Ge) CUORE, CUPID
« MMC (Metallic Magnetic Calorimeter) AMoRE CANDLES-LT
 TES (Transition Edge Sensor) Light detector, mutli-phgnons
« KID (Kinetic Inductance Device) CALDER

e ¢fcC.




Simultaneous phonon-scintillation detection for Ovpp searches

v" Scintillating crystal as target material 3
=
S| ¥
5 8
Heat (Phonon) Light (Scintillation) % \'\%,/. 2.
sensor 2 sensor ‘S > . A
N /' | @g\%
® 7 Phonon
Scintillatofr 2.6MeV
L= —
LizMOO4 C&MOO4 < .
CdWO, ZnSe, CaF, etc. E _[}/Y signals
S
Scintillating crystal =» o signals .
. . . Ener
Active bkg. Rejection 2.6MeV sy
(Phonon)

using L/H ratio and PSD



Magnetic microcalorimeter (MMC)

(Metallic Magnetic Calorimeter)

Paramagnetic alloy in a magnetic field
Au:Er(300-1000 ppm), Ag:Er(300-1000 ppm)

—> Magnetization variation with temperature

Readout: SQUID

High resolution + High linearity + Wide dynamic range +

Absorber friendly + No bias heating + Relatively fast + MUX

More wires & materials needed for SQUIDs and MMCs

F Absort‘:‘

(Y
n=-1

Thermal link

Heat bath

to SQUID

fig. from SY Oh et al SuST 2017

target
crystal

—

!

MMC/ \/ Phonon collector
gold wires



500

Counts /0.2 keV

MMUC performance in a wide energy region

“Superior dynamic range with high resolution”
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AMORE Detector Progress

Yong-Hamb Kim

CMO (4g)

TMMC 216 g CMO Phonon collector
(2010) 2011 (high resolution)
2012

Single module
Heat+Light
2014

AMOoRE-Pilot
Ended 2018

+ 5 LMOs

Ended 2023

To begin 2024

D)) B) | BE | LY ((((

AMOoRE-II
Being prepared
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AMORE Pilot result

o 48deplCa100MoQy: 6 crystals 1.9 kg (0.9kg 199Mo)
 Proof of the AMoRE detection principle
» Understanding of the background components & their reductions
» Background level of ~0.5 ckky at 2.8-3.2 MeV
- n-induced y, Internal bkg, rock/air-radon y
- Internal background— arXiv:2107.07704
* 71, (0v) > 3.2X% 102 years at 90% CL.
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AMORE Pilot > AMoRE-I

6 Pilot CMOs

* 18 crystals: 13 48deplCal00MoQ, (4.58 kg) + 5 Li,'%%Mo0O, (1.61 kg)
» Total crystal mass 6.19 kg (3.0 kg 19°Mo)
* MMC sensor: Au:Er = Ag:Er
» Using same cryostat + two-stage temperature control: (AT) <1 puK
* Shielding enhancements:
- Outer Pb: 15 = 20 cm; neutron shields
- boric acid silicon + more PE / B-PE
- More muon counter coverage
- More supply of Rn-free air.
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800+

Days (live-days) since 09-Dec-'20

AMORE-I (Preliminary) Results

700+

600}

500}

400+

300+

100% Efficiency
—— All normal DAQ runs
—— Good physics runs
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Dilution refrigerator

temperature control

Recovery from power outage

=
o

Exposure (kgxmo - yr)

Jan 22 Apr'22 Jul '22 Oct '22 Jan '23 Apr '23
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Down
Test & others

Calibration
5
§Z Physics
o
<
g
>
(V)]
S Exposure
3 12 mK physics data
L Py (kgxmo°yr)
Total 10.16
- Bad channels/runs 8.76
- deadtime & anti-
coincidence 8.02

(= live exposure)

in 1Mo 3.88 (kgiso'yr)
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count /5 keV

AMOoRE-I backgrounds (Preliminary)

I I I I
All precut x PSD/LH [l x Anti-coincidences
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 All crystal excluding one LMO (for very poor f/a discrimination power)

* 13 CMO + 4 LMO: exposure = 8.02 kgxmoo, yr = 3.88 kg100mo-yr.
* Anti-coincidence cuts reject events:

 coincident at multiple crystals within 2 ms (& ~ 99.8%),
» within 10 ms after a muon counter event (¢ ~ 99.8%),

« within 20 minutes after a !’Bi a-decay event candidate (¢ ~ 98%).

Live exposure

Total (8.02 kgxmoo, yr) 0.032£0.003
CMO (6.19 kgxmoo, yr) 0.031%0.003
LMO (1.83 kgxmoo, yr) 0.037£0.006
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100Mo Ovpp limit from AMoRE-I

1 L
2 r%'<2.010years @ 90% C.L.
508} ST -
o :
Q
o
a 0.6
8 :

=0v 24

N o4l ;r1/2>3.4x10 years
© . :
§ :
)
= 0.2

o

0 0.2 0.4 0.6 0.8 1
%1024 years

ROI = |E — Qﬁﬁ| < 2.5 AEFWHM: &containment ~ 81%.
Background = 0.032 = 0.003 counts/keV/kg/year, from ROI side-band.

Unbinned likelihood for 'Y (=1n2 /T /2) for each crystal, with signal shape and background rate
constrained from calibration and sideband data, respectively.

T1)» > 3.4x10%** years at 90% C.L. for Mo-100

13
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AMORE-II in preparation at Yemilab

* In a new underground lab (Yemilab) ‘e

» With new cryostat and new shields

<)

,Hngheon A
. Pyeongchang

stainless steel water tank

Rn clean room 1

« Detector room

« ID : 7.5(W)x12(L)x4.2(H) m3

« 9 changes/day with Rn free air
» Class 100

8” PMTs

700mm thick
water

Map data ©2023 TMap Mobility, G¢
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Yong-Hamb Kim

AMOoRE-II Cryogenics

Three PTRs (PT420 RM)
Dilution refrigerator

- 6 mK base temperature w.o. wirings
- 7uW at 10 mK

Spring Suspended Still with Eddy Current Damper
Independent holding structure for detector tower

15t Stage: 9X10 Modules
~ 24 kg crystal mass

N7
10 'towers,

90 crystals
in Stage'1
2nd Stage: +9X% 32 Modules

~ 160 kg crystal mass

+32 towers,
270 crystals
®for Stage 2@

76'towers x ~(12 crystals/tower
uftimate maximum

15
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Vibration damping systems

~~~~~~

__.» Air dampers—<«====-"""""""""
,,,,,,,,,,,,,,, + Long holding rods
for the detector tower

——————————————————

~~~~~~~

S

Soft contact

for PTR sta Spring Suspended Still

with Eddy current damper

Detector tower (Pb+Cu+LMO): ~ 3.4 ton
Independent support of Kevlar strings + STS rods from room temp.

Cooling method: IVC exchange gas + soft copper foils
16



AMOoRE-II Shielding

* Pb 26 cm over the crystal towers, below the mixing
chamber plate in IVC.

5% 5m?
* Bottom: boric acid rubber 1 cm < Cu 2 cm
< Pb 25 ¢cm < boric acid rubber 1 cm

< polyethylene 70 cm
< Plastic scint. p-counter

Electronics room

5 3 7 ‘ ¢ Top: boric acid rubber 1 cm
5 = < water Cherenkov p-counter 70-80 cm.
* Muon rate ~ 107 cm2 s°1,

* Radon-free air supply.
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30 cm space for H-beam

6 cm thickness Plastic Scintillator
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Crystal preparation

Mo-100 enrichment = 95%.
Purification of MoO3 and Li,CO; powder at CUP.
Crystals produced at CUP/IBS and NIIC

~ 360 ea (~ 157 kg) of crystals (including AMoRE-I CMOs) will be ready by mid-2025.

400
MoO;3 powder - 333 il 37
e sl 370 3
o\ Purified Number of crystals (ea) e
Activity (uBq/kg) 200 Nowzss o
20 oz
Ac-228 260 + 50 £07 ¥
200 pl
183
Th-228 210 + 50 <16 150 T8
100 109
Ra-226 260+50 | 110+ 30 ] <
" BT a0 o 3. g5 2
K-40 8500 + 1400 | 1700 + 340 TR o i et SADS- S 5 e v Rl S S = W S AL
Yeon H., et al. Front. Phys. 11, 1142136 (2023) g:> fﬂ"y ,;QQ'J yax 0&9,)“@9, c”'?’ >;9/ R & é’/ g;;,/ r/ ;g/ 39} c”’/ pr, y,p',’ %&9, rj@op, ,/ y{j/ ’ % ; @g
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AMORE-II Background budgets

Stainless steel can -

G10 fiberglass tubes -

Cu plate under inner lead -
SC lead shield 1

Heater -

Kapton PCB -

Araldite +—

Teflon clamps -

Stycast 1266 -

Pb-Sn solder -

Post -

Cu bolts -

Vikuiti reflector

Photon Cu frame -
Phonon Cu frame -

Lead shield(Boliden) -
Lead shield(Hackgwang)
Boric acid powder

Boric acid rubber -
Rn-free air -

LMO internal |

2vBL random coincidence
Rock gamma

Muon -

Neutron -

Total -

s AMORE-Il Goal

IR

1077

10-° 10~ 10~ 10-3
Background level in ROI (count/keV/kg/yr)
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Unresolved pileups of 1Mo 2vpBp signals

* 1kg!%Mo - ~20 mBq of 2vBf3 T, (2vBp 199Mo): ~7.1X10!8 year
e Timing resolution for pileup rejection:

: ~40 ps for 10~ ckky in a @50 %50 LMO (in most conservative way)
: ~ 100 ps goal for AMoRE-II

With heat-signal rise-time only. . .
120 ps at 10 mK, 60 ps at 40 mK Light signals: Ty, fast ~ 200 ps
, . . > ~ 100 ps rejection possibility

e T - & . - SONOOOCOBROOOAGHO00
L BR P P P
A Rl S-Sl pa | T 2™ 2.6 MeV {1 Scintillation |
> T . o : —-2-8 —— ]y Convolution fit |
5 : 5. L |—-37 0.87 5.4 MeV « Scintillation
;g B 2 o™ —~4:6 —qz N a Convolution fit
£ opoococd S R e WU 206 N
= F---- OO0 ----- H =t
§ é 0.4} \\\
(0]
2 0.2 N\\”‘“\»«-NM ]
0 ‘ ‘ ‘ ]
. . , 0 5 10 15 20
0 100 200 300 400 Time (ms)

Time differences (us)

Astroparticle Phys. 91:105 (2017)

* Likelihood pileup rejections or machine learning should be implemented.

20
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AMOoRE-II goals

Yong-Hamb Kim

Discovery sensivity for
TPP(100Mo) at 30 CL (year)

10?7 5

1026 5

1025

1024 5

AMoORE-I
T12 > 3.4 x 10%% yrs (90% CL)

AMORE-Pilot
| T12>3.2% 1023 yrs (90% CL)

107!

10° 10! 107 103

Exposure (kgiso - yr)

Mee (€V)

100 5

1071 5

AMORE-I

ent best
pper limit

e D
AMORE-II
1072 -
1 NnO
1073 5
104 1073 1072 1071 100
Miight (€V)

(By KamLAND-Zen
Phys. Rev. Lett. 130 (2023) 051801)

 AMORE-II for 7> ~5X% 1026 years by 100 kg of 190Mo X 5 years running.

* Reduction of background level down below 10-# ckky.

21



R&D challenges

(for future projects)
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SWOT for LT Detectors in 0vBp search

Strengths Weaknesses

v" High energy resolution :; %urfacel efffCt.l
v Particle ID nresolved pileups

v Bkg from copper
v" Number of channels

v" Proven technology

Q Ortunities AMORE-II

Threats
v" Use of Cherenkov light ‘/— .
v' New crystal targets Isotope production

v" Single-site selection j gr}’_sf'fal Loy
v Multiplexing urification
v Possible collaboration

1s secure from these.

Any project after AMoRE-II
1s NOT.

23



Technical tasks and challenges for future "'Mo projects

v" Unresolved pileups for Mo-100.
v' Single-site event selection.
v" Resolve position dependence for fast sensors.

v Multiplexing capability.

24



R&D proposal to multi-site event rejection

fast light signals
In ol

single

fast phonon signals

Fast heat & light signals.

R&D result for fast heat signals

Metallic contacts
between gold film and
MMC

Drawing for @7cm X 7cm (IBS)
3 Heat + 1 Light

Easy to replace
the target crystals

Li2M004
Can
TCOz

Etc

Finite phonon speed: ~10° cm/s
Correlated PSD can be studied.

R&D setup (Heidelberg)
for fast phonon-photon signals:
30 us rise time

« o <
< ° >y
) G o
2

s
s 4

oo
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Stay tuned for AMoORE & “



