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● Antineutrinos and the Inverse Beta Decay
→ for coherent scattering see next talk

● Reactor Neutrinos

● Geoneutrinos

● Summary

Outline
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Neutrino Sources
Rev. Mod. Phys. 92 (2020) 45006
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Neutrino Elastic Scattering
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Inverse Beta Decay
only works for electron antineutrinos (energy threshold due to rest mass of partner lepton and nucleon)
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IBD Detection
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IBD Detection

7

Example from Double Chooz 
Gd analysis
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Reactor Neutrinos
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Reactor Neutrinos

http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578
http://www.prisma.uni-mainz.de/facilities/prisma-detector-lab/
http://www.uni-mainz.de/


Detection of Antineutrinos from Nuclear Reactors and Geological SourcesDetection of Antineutrinos from Nuclear Reactors and Geological Sources 1010/36/36Stefan SchoppmannStefan Schoppmann          

Reactor Neutrinos

3 MeV reactor antineutrino flux worldwide:

Antineutrino Global Map 2015, Sci.Rep. 5 (2015) 13945

http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578
http://www.prisma.uni-mainz.de/facilities/prisma-detector-lab/
http://www.uni-mainz.de/


Detection of Antineutrinos from Nuclear Reactors and Geological SourcesDetection of Antineutrinos from Nuclear Reactors and Geological Sources 1111/36/36Stefan SchoppmannStefan Schoppmann          

Reactor Neutrinos
T. Nishimura et al., AIP 769, 1702 (2005) T. Nishimura et al., AIP 769, 1702 (2005) T. Nishimura et al., AIP 769, 1702 (2005)

Reactor spectra:
→ dominated by anti-neutrinos from decay chains of neutron-rich fission products (FP)
→ small contributions from secondary (anti-)neutrinos from constituents of reactor vessel/structures
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Double Chooz / RENO / Daya Bay
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Typical Backgrounds to IBD

13
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Sterile Reactor Neutrino Experiments

Lithium: 
alpha+tritium 
upon neutron 
capture
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Gamma Cascade

zenodo.2653786 arXiv:1905.11967
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● Improved model of gamma cascade after neutron capture by Gd via dedicated 
nuclear simulation tool FIFRELIN

● Of special importance in smaller detectors with less containment of gammas

● FIFRELIN tool models de-excitation of Gd-nuclei using all available experimental 
data plus nuclear models (RIPL-3, CGCM, CTM, FGM)

● FIFRELIN yields gammas of higher energy compared to Geant4-based GLG4sim 
simulation

→ also including conversion electrons 
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New Ideas on Reactor Neutrinos
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Cherenkov / Scintillation Separation
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Direction
→ PMT granularity

Timing
→ fast electronics
→ LAPPD 

→ TTS ~60ps
→ EPJC 82(2022)169

Spectral sorting
→ Dichroicons

→ wavelength filter
→ PRD 101(2020)072002
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Added benefits:
→ directionality

→ Cherenkov-cone
→ particle ID

→ particle-dependent
ratio of Cherenkov
and scintillation light

JI
N

S
T

 1
8(

2
02

3)
P

02
00

4

http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578
http://www.prisma.uni-mainz.de/facilities/prisma-detector-lab/
http://www.uni-mainz.de/


Detection of Antineutrinos from Nuclear Reactors and Geological SourcesDetection of Antineutrinos from Nuclear Reactors and Geological Sources 1818/36/36Stefan SchoppmannStefan Schoppmann          

Hybrid Scintillator – Cherenkov/Scintillation

CHESS-Setup
5% LS-loading
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Water-based scintillator:
→ organic micelles

suspended in water
with surfactant interface

→ 1 – 10% scintillator loading
→ keep directional information

from Cherenkov light
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Slow scintillator:
→ slow fluorophores / slow solvents
→ high light yield scintillators (>10000 ph/MeV)

→ intrinsically slow scintillation pulse form
→ τ = >10 ns
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CHESS
→ spatial separation of 
Cherenkov and 
scintillation light
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Upcoming Hybrid Detectors
BUTTON
→ at Boulby
→ 30 tonnes WbLS
→ reactor detection

Eos
→ at Berkeley
→ 4 tonnes WbLS
→ technology 
demonstrator

Other projects:
→ ANNIE
→ Brookhaven 
Demonstrator
→ NuDot
→ NuDoubt++
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Energy depositions happen on smaller scale
→ opaque medium confines lights to its point of creation
→ light-readout via grid of wavelength-shifting fibres
→ particle-ID through vertex resolution at cm-scale 
→ e.g. electron/gamma discrimination of 1000/1 possible

2 MeV electron/gamma, 1 cm fibre pitch, simulation
Communication Physics 4, 273 (2021)

Particle ID through Opacity

2.8 MeV total energy, simulation, 1 cm fibre pitch,
2 mm scattering length, arXiv:2407.05999

gamma-ray

Transparent liquid scintillator:
energy depositions converted into scintillation light in >20cm 
conversion zone

electron

single positron double positron

annihilation
gamma-rays
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@ 23°C
Red: 1cm path
Blue: 2mm path

wax-based opaque scintillator (NoWaSH, JINST 14 (2019) P11007):

→ e.g. 90% LAB + 10% wax + PPO as fluor

→ opaqueness through scattering without absorption (Mie scattering, scattering length of millimetres)

→ scattering length tunable via
→ wax type
→ wax concentration
→ temperature (in some NoWaSH formulations)

→ high isotope loading possible
→ relaxed requirement on absorption length
→ proof of principle via boron / TBB

Opaque Scintillator

fluid
transparent

viscous
translucent

solid
opaque

X wt.% paraffin wax @ 30°C
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Upcoming Opaque AntiMatter-OTech/CLOUD
Chooz B nuclear reactor site in France
4.2 GW thermal power (single core)

AntiMatter-OTech (innovation project):
→ reactor monitoring

spent fuel pool

detector

reactor pool

preliminary design

CLOUD (fundamental physics extension to AntiMatter-OTech)
→ phase I: reactor physics
→ phase II: solar neutrinos
→ phase III: geo-neutrinos
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AntiMatter-OTech/CLOUD

Preliminary design:
Inner detector: ~8 tonnes fiducial opaque scintillator / ~10000 fibres / >200 PE/MeV
Outer detector: transparent scintillator / ~180 PMTs / >400 PE/MeV
Shielding: concrete+iron / ~3 m.w.e.
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Combined Hybrid Opaque Scintillator

gamma-ray

→ better insights into event topology via Cherenkov/scintillation ratio

electron

single positron double positron

annihilation
gamma-rays

2.8 MeV total energy, simulation, 1 cm fibre pitch, 2 mm scattering length, arXiv:2407.05999
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Geological Neutrinos
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Earth Models

http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578
http://www.prisma.uni-mainz.de/facilities/prisma-detector-lab/
http://www.uni-mainz.de/


Detection of Antineutrinos from Nuclear Reactors and Geological SourcesDetection of Antineutrinos from Nuclear Reactors and Geological Sources 2727/36/36Stefan SchoppmannStefan Schoppmann          

Earth Models

Geoneutrinos are antineutrinos
→ flux on surface: 106 /cm2 /sec
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Measuring Geoneutrinos
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Measuring Geoneutrinos

After removal of expected reactor anti-neutrino flux and subtraction of backgrounds:
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Experiments
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Results
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Results

PHYSICAL REVIEW D 101, 012009 (2020)
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KamLAND + Borexino

CoolingCore/Mantle  / HeatLithosphere/Mantle

Layer just at 
CMB

Homogenous 
distribution

G. Bellini et al., La Rivista del Nuovo Cimento 45 (2022) 1–105

http://orcid.org/0000-0002-7208-0578
http://orcid.org/0000-0002-7208-0578
http://www.prisma.uni-mainz.de/facilities/prisma-detector-lab/
http://www.uni-mainz.de/


Detection of Antineutrinos from Nuclear Reactors and Geological SourcesDetection of Antineutrinos from Nuclear Reactors and Geological Sources 3434/36/36Stefan SchoppmannStefan Schoppmann          

Future Experiments

30-40

400

Future/current locations and reactor background:
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Detecting Geoneutrinos from Potassium
→ detect geoneutrions via inverse beta decay (IBD)

→ load scintillator with isotope to lower energy threshold 
for IBD, e.g. copper/cadmium

→ large amounts of metal-loading possible in opaque 
medium due to relaxed requirement on transparency

→ LiquidO: arXiv:2308.04154
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Summary
Anti-neutrinos:

→ effective detection through inverse beta decay with high cross-section

Reactors:

→ strong source of anti-neutrinos

→ layered / segmented detectors allow near surface detection

→ new ideas for background discrimination (opaque / hybrid) might allow to go on surface/give 
directional resolution

Geoneutrinos:

→ unique probe that allows to determine sources of radiogenic heat from mantle

→ testing bulk silicate earth models

→ first experimental results in agreement with most models

→ upcoming experiments allow to probe Earth at different locations
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