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The NUCLEUS Experiment

NUCLEUS Collaboration:
* ~60 members (and counting) MAXPLANCICINSTITUT I I I I I

* ~9 institutions
e 4 countries

NUCLEUS Aim:
* Development new method for the detection of

reactor antineutrinos | N FN M
* Precision measurement of reactor CEVNS with

cryogenic detectors at lowest energies

NUCLEUS Location:

* Chooz-B nuclear power plant in the French
Ardennes (operated by EDF)
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NUCLEUS Location: The VNS

Verv Near Site 24 m? basement room (~3 m.w.e)
y T 2x4.25 GWy, nuclear reactors at the Chooz Power Plant

6":] ‘1 6’:} Baselines of 72 m and 102 m
|
\

At experimental site expected antineutrino flux of 1.7x1012 v/(s cm?)
l ' 102m ] 72m

Pros Cons
* Low reactorrelated <+ Extremely shallow
background overburden

* High neutrino flux = Complicated conditions
for installation and —
operation (industrial VNS floor reinforcement of VNS drawing of full setup

site) setup location

-

Excellent shielding and vetoing
systems are needed!
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The NUCLEUS cryogenic target detectors

Absorber crystals + Transition Edge Sensors (TES)

NUCLEUS-10g : : "
- Superconducting transition curve

Resistance

operating point

F" Multitarget approach: '

. | * AlOs: used to probe background 10 Temperature, mK

Two 3x3 matrices of target ., cawo,: similar background to Al,Os but higher

detectors AL NG rate T e e e e e e ———
CEVNS rate , .

I* Baseline Resolution well under |
Particl Ph Resist | L0ev ;
article ONON 5 TES heating —» oo @€ I Rise Time ~ 0.5 ms !
Interaction Production Change L. Decay Time ~ 15 ms _!
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The Inner and Outer Cryogenic Vetos

Inner Veto

* Instrumented holder for crystal arrays

* Veto against mechanical stress
events, surface contamination

* Sub-keV cryogenic detector with TES

readout

Flaps for

mechanical

~4 support of crystal
1 matrices

Point-like contact with absorber to
ensure low phonon dispersion

Outer Veto

* Active ionization detectors

* Reduction of external gamma

4 kg of 2.5 cm thickness in 6 HPGe
crystals with threshold <10 keV

4n coverage

Mock-up with Si cubes
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Muon Veto

Cryogenic
Muon Veto M?I/Oﬁ Veto
* 5 cm thick plastic scintillator plates Lead
* SiPMs & WLS-fiber readout
» High efficiency for muon detection Borated
 High uniformity in light collection Polyethylene

* Cryogenic continuation for 4nt coverage
of the set-up (>99% geometrical
efficiency)

expected p counting rate of ~325 Hz (induced
dead time on target detectors <10%)

Paper:_ -~ - ]
Development of a compact muon veto for the Nucl o ‘
eus experiment, V. Wagner et al 2022 JINST 17 T05 Muon Veto deployment
020 at TUM
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https://iopscience.iop.org/article/10.1088/1748-0221/17/05/T05020
https://iopscience.iop.org/article/10.1088/1748-0221/17/05/T05020
https://iopscience.iop.org/article/10.1088/1748-0221/17/05/T05020

Passive Shielding

i

Inner Shielding Muon Veto ]
« Aligned with external Active and Passive shield Lead
* Lead, Copper support (acting also as a thermal
contact), PE, B4C for neutron reduction Borated
* Thermalized at 800 mK Polyethylene
Cryogenic

Muon Veto

Copper

Lead Outer Shielding

r * Multilayer Passive Shield: Lead and Polyethylene
Polyethylene « Movable mechanical structure to allow easy
Boron opening/closing procedure
Carbide * Minimize p induced neutrons
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Cryostat

Cryostat
“Dry” dilution refrigerator is used to avoid handling of cryogenic Model: BlueFors LD400 cryogen-free dilution refrigerator
liquids. It has been commissioned in May 2020. The base Cooling Power: >500 pW at 100 mK

temperature <7mkK.

* Vibration decoupling system under

\ L '

development E =5 Iilllm ‘-9
* Custom cryostat vessels H y é \ I ‘
modifications ! ~ 4

* |Installation of read-out electronics I

IS = S )
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LED Detector Calibration System

Calibration

* Shine with monochromatic LED from room temperature to detector with optical fibers §

* Fit energy distribution using photon-statistics hypothesis to measure calibration
constant

» Constant energy monitoring of detector during operation

* Demonstrated on single CaWO, cube

Mirror Wafer

* To calibrate both TES matrices mirror wafers are used to split the
light coming from the optical fibers

* Mirror wafers consist of a prism shaped cut in a wafer with the vertex
aligned with the incoming optical fiber

Calibration Fit

LED Calibration Gaussians

®
=3

Calibration
Constant

_Q+€

20 40 60 80 100 120 140 0 ‘“;O 4‘0 66 SBaseIlne 12‘0 MO : :
Amplitude [mV] Hmv] Resolutlon Mil‘ror Wafer Prototype
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Experiment Preparations - Ongoing Efforts

Detectors and Vetos Commissioning Electronics and Computing

* Cryogenic target detectors optimization and e Multi-channel and multi-detector acquisition
long-term stability checks system (VDAQ 3 and more)

* Target detector operation inside inner veto * VDAQ 3 joint effort between CRESST, Cosinus

and NUCLEUS

e Outer veto assembly and tests

* Muon veto measurements
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Experiment Preparations - Ongoing Efforts

Simulation

* Setup optimization for background
reduction with Geant4 simulations

* Background studies and measurements
at VNS:

a) Atmospheric Neutrons: Reduction factor in VNS
building for E.>10 MeV measured with a Bonner

Sphere detector: R ~ 5 (R> 4 at 95% CL) Background contribution cawo, array
. Rates i td (Prelimii - 100 e eV—1ke eV — 10 ke

b) Atmospheric Muons: 30% reduction is expected in et el s N P

VNS room (~3 m.w.e.) Ambient gammas 0.5193 4.1%17 92+7
¢) Ambient Gammas: Spectrum in VNS room Atmospheric muons 1.2X03 27113 9.3+1.9

measured with portable HPGe detector (total flux Atmospheric neutrons ~9 ~ 24 ~ 90

&,(E,>80 keV) = 4.7 y/cm?/s) Total ~11 ~30 ~190

CEvVNS signal = 30 =9 =
Expected Signal/Background in ROI ~ 3 Background Evaluation without EXCESS contribution
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Experiment Preparations - Ongoing Efforts

Analysis 07 - Data
- S0 —- K fit
104 = | ~ Baseline
. . . .. . % - 2102? --- Gauss fit
* Noise Reduction: low SNR pulse shape discrimination, S 109k 3wl
denoising algorithms implementation, etc ... N
S 102 40 20 0 2
§ Energy E (eV)
* Interplay of vetoing systems with target detector 10 &
H H H 1; | Lo v b v v b v b v v b
* Methodologies cross-check and implementation o 1 =2 3 4 5 6 7 8
Energy E (keV)
< m
* Detector Characterizations: Non-linearities, work-point % sl
optimization =L
7700
* Detector Calibrations: LED system, gamma sources, s
nuclear recoils (CRAB, see next slide) -
7900 —
o v b b b b b b b b b

P T T T T T T T B S I
0 002 004 006 0.08 0.1 0.12 014 016 018 02
Time (s)
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Nuclear Recoil Calibration — CRAB

Calibrated nuclear Recoils for Accurate
Bolometry (CRAB)

* Use thermal neutron capture to probe nuclear recoils at
100 eV scale

CRAB — Results
* First result with CaWO4 NUCLEUS cube exposed to 252Cf

* Peak observed with 3o significance (statistics limited)

* Continued ~6¢€V resolution detector operation

Recent paper:
2211.03631.pdf in review by PRL
SEE: Gabrielle Soum-Sidikov’s talk

Borated
Prototype lead  PE
copper PE
spring
Detector Graphite
Copper
box
\ 252Cfin
: PE Box
| N\ 5 ,:f")
/‘>iii 7
IIIIII i) neutron source
i) detector setup configuration
CaWO0. cube held with copper
clamps as sapphire spheres
| [ Data
40 [ Background (scaled)
ii‘ —— Exp1 + Exp2
‘l —— Exp1 + Exp2 + Gauss

Counts / (4 eV)

100 150 200 250 300
Energy E (eV)
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https://arxiv.org/pdf/2211.03631.pdf

Conclusion

The Road so far

VNS laboratory prepared

Simulations and preliminary background predictions at VNS in finalization
Cryostat modifications in final phase

External shieldings under commissioning at TUM

Calibration setup and optimization in progress

Germanium Cryogenic Outer Veto under assembly

Target detector stable operation at nominal performances

The Road ahead

COMMISSIONING OF FULL EXPERIMENT AT TUM THIS YEAR
First background measurement at TUM'’s underground laboratory
EXCESS mitigation
Move to Chooz in 2024!
First data with reactor antineutrinos

... and much more ...
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Thank you for your attentionil!
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