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Outline

ÅBasics of hybrid optical detection
ÅBNL 1T
ÅBNL 30T
ÅEos
ÅNext steps (Theia)
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Why do we care?

ÅNormal vs Inverted 
Mass Ordering
ÅOscillations between 

three flavors
ÅCharge-Parity (CP) 

violation
ÅSterile Neutrinos
Å0’ɼɼ
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Fernandez, Pablo. (2017). 
Neutrino Physics in Present and 
Future Kamioka Water-
Cherenkov Detectors with 
Neutron Tagging. 
10.13140/RG.2.2.19649.56169. 



Optical Neutrino Detectors

ÅTarget materials
ÅWater
ÅLiquid Scintillator

ÅPhoton detectors
ÅPMTs
ÅSiPMs
ÅLAPPDs
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Image credits: Kamioka Observatory, 
ICRR, University of Tokyo

Karen Andeen and 

Matthias Plum for the 
IceCube Collaboration

G Ranucciet al2016J. 
Phys.: Conf. 
Ser.675012036



Pure Water (Cherenkov)
ÅPros
ÅDirectionality (cone)
ÅCheap
ÅOptically clear (big detectors)

ÅCons
ÅCherenkov energy threshold

ÅExamples
ÅSuper-K
ÅIceCube
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Liquid Scintillator

ÅPros
ÅNo energy threshold
ÅBetter vertex resolution

ÅCons
ÅNo directionality (isotropic)
ÅExpensive
ÅHigh attenuation (detector size limit)

ÅExamples
ÅDaya Bay
ÅBorexino
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Credit: Roy Kaltschmidt

H Backet 
al 2012JINST7 P10018



Water-based Liquid Scintillator (WbLS)
ÅBest of both worlds
ÅDirectionality
ÅLow energy
ÅCheap
ÅScalable
ÅTunable

ÅNeed to separate 
Cherenkov and Scintillation
ÅWavelength
ÅTime
ÅTopology
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X. Xiang, et al. 2024 
JINST 19 P06033

WbLS = water + 
solvent + fluor + 
surfactant



Water-based Liquid Scintillator (WbLS)
ÅBest of both worlds
ÅDirectionality
ÅLow energy
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ÅScalable
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ÅNeed to separate 
Cherenkov and 
Scintillation
ÅTime
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Time Wavelength Angle



WbLS ƽőċƣќƚШĤĲĲŰШĬŸŰĲе

ÅTabletop experiments
ÅCHESS (Liter scale)

ÅNeed to do mid scale (Ton-
scale) experiments
ÅBNL 1T & 30T (engineering)
ÅEos (physics)
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J. Caravaca, B. J. Land, M. Yeh, 
and G. D. Orebi Gann. 
Characterization of water-based 
liquid scintillator for Cherenkov 
and scintillation separation. Eur. 
Phys. J. C, 80(9):867, 2020.



WbLS ƽőċƣќƚШĤĲŔŰŊШĬŸŰĲе
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BNL 1T BNL 30T ANNIE (FNAL) Eos (LBNL) BUTTON (Boulby)

Ton-scale production, circulation, 
optical stability

Neutron detection 
+ high energy 

neutrinos

Event reconstruction, 
PID, WbLS 

performance

Underground, low 
background



WbLS ƽőċƣќƚШĤĲŔŰŊШĬŸŰĲе
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Neutron detection 
+ high energy 

neutrinos

Event reconstruction, 
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BNL 1T Design
ÅAcrylic tank
Å1.3m tall
Å1m diameter

Å58 PMTs
ÅΟΜШΞњШĬŔċůĲƣĲƖШƣƨĤĲƚШŸŰШĤŸƣƣŸů
ÅΞΥШΟњШĬŔċůĲƣĲƖШƣƨĤĲƚШŸŰШƚŔĬĲ

ÅDetector enclosed in dark hut
ÅScintillating paddles
Å2 on top
Å3 on bottom
ÅUsed to tag muons
Å8x8 hodoscopes on top/bottom
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BNL 1T Calibration

ÅAlpha Lightbulb
Å210Pb needle source inside 

plastic scintillator
ÅÑƖŔŊŊĲƖĲĬШĤǃШƚůċũũШыΜЮΡњШÂ~ÑьШ

next to scintillator
ÅEntire apparatus in acrylic 

tube
ÅLowered to center of detector

ÅUsed for calibration
ÅGain
ÅTiming
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Å210Pb needle source inside 

plastic scintillator
ÅÑƖŔŊŊĲƖĲĬШĤǃШƚůċũũШыΜЮΡњШÂ~ÑьШ

next to scintillator
ÅEntire apparatus in acrylic 

tube
ÅLowered to center of detector

ÅUsed for calibration
ÅGain
ÅTiming (Time of Flight)
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BNL 1T Data Acquisition (DAQ)

ÅCAEN Digitizers
ÅConvert analog voltages to digital 

signals
Å64 500 MHz channels
Å64 62.5 MHz channels

ÅTrigger
ÅDiscriminators
ÅLogic Gates
ÅPrescalers
ÅFan Ins/Outs
ÅSignal Converters (NIM <-> TTL)

ÅHV
ÅSupply all PMTs
ÅSupply paddles and hodoscopes
Å75 channels

Adam Baldoni - BNL seminar - May 29 2025 16



BNL 1T Data Acquisition (DAQ)

ÅCAEN Digitizers
ÅConvert analog voltages to digital 

signals
Å64 500 MHz channels
Å64 62.5 MHz channels

ÅTrigger
ÅDiscriminators
ÅLogic Gates
ÅPrescalers
ÅFan Ins/Outs
ÅSignal Converters (NIM <-> TTL)

ÅHV
ÅSupply all PMTs
ÅSupply paddles and hodoscopes
Å75 channels

Adam Baldoni - BNL seminar - May 29 2025 17



BNL 1T Data Acquisition (DAQ)

ÅCAEN Digitizers
ÅConvert analog voltages to digital 

signals
Å64 500 MHz channels
Å64 62.5 MHz channels

ÅTrigger
ÅDiscriminators
ÅLogic Gates
ÅPrescalers
ÅFan Ins/Outs
ÅSignal Converters (NIM <-> TTL)

ÅHV
ÅSupply all PMTs
ÅSupply paddles and hodoscopes
Å75 channels
ÅSome CAEN, some LeCroy
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Simulation
ÅGeant4-based Markov 

Chain Monte Carlo (MCMC)
ÅPhysics process simulator
ÅPhoton propagation
Åљ ƚШ~ŔĦƖŸƓőǃƚŔĦċũШċƚШ
ÅĲċƚŸŰċĤũǃШ ĦőŔĲƻċĤũĲњ

ÅModel detector geometry
ÅTanks
ÅPMTs
ÅTarget material
ÅOptical coupling

ÅInput detector parameters
ÅPMT specs
ÅMaterial properties

ÅParticle generators
ÅSources
ÅBackgrounds

BNL 1T Eos
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RatPac2

ÅNew version compatible with latest Geant4 and ROOT
ÅUsed as a base for different experiments
ÅExperiments add their own geometry/properties/generators/data 

structure
ÅEos, BNL 1T & 30T, BUTTON, LiquidO, ANNIE, SNO+, MiniCLEAN, nuDOT, 

LLNL Testbed, Theia, JSNS, DEAP, XLZD (considering)
ÅVery active development
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1T Results

ÅLight yield increase from water to 1% 
WbLS
ÅLight yield stabilized in 20 minutes 

after injection

Pre-injection 
light level
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X. Xiang, et al. 2024 
JINST 19 P06033



WbLS stability

Å1% WbLS light yield is stable 
within a few percent over 
weeks
ÅA multi-month stability test 

is ongoing

X. Xiang, et al. 
2024 JINST 19 
P06033

Side 
PMTs

Bottom 
PMTs
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1T recent results

ÅCurrent 1T run 
starting in April 
2024
ÅVarious water fills
ÅEmpty
Å¼ fill
Å½ fill
ÅFull

ÅIncreasing WbLS 
concentrations
Å0.1% increments 

from 0.35% to 
0.75%
ÅCurrently at 1%
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Full waterEmpty ¼ 
water

½  
water 0.35%

0.45%
0.55%

0.65%
0.75%

1%

WbLS

Side 
PMTs

Bottom 
PMTs



BNL 30T Design
ÅBigger version of 1T
ÅPMTs are submerged
ÅStainless steel tank
Å3m tall
Å3.3m diameter

ÅΟΣШΝΜњШÂ~Ñƚ
Å16 scintillating paddles
Å8 on top
Å8 on bottom

ÅSimilar alpha lightbulb
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BNL 30T more pictures
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30T fill plan
ÅStarted with pure water
ÅInjected 0.35% WbLS April 1
ÅInjected 0.7% WbLS April 23
ÅInjected 1% WbLS May 7
ÅPlan to dope with Gd
ÅNeutron capture
ÅPerformance and stability of 

nanofiltration
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30T Results
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Side

Bottom

Side

Bottom

Water, 0.35%, 0.7%, 1%

Lose one 
bottom PMT

water 0.35% WbLS 0.7% WbLS 1% WbLS

PRELIMINARY

PRELIMINARY PRELIMINARY

PRELIMINARY



Eos Design (UCB & LBNL)

ÅStainless steel outer 
tank
ÅAcrylic inner tank
Å4 Ton volume

Å200+ PMTs
Å[ċƚƣШΥњШƣƨĤĲƚ
ÅΝΞњШƣƨĤĲƚ
ÅΝΜњШƣƨĤĲƚШ

ÅMuon paddles
ÅSurround all sides of 

detector
ÅUsed to veto muons
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Eos Dichroicons
ÅCherenkov/Scintillation 

separation
ÅUse wavelength

ÅLong pass & short pass 
filters
ÅShort wavelength scintillation
ÅLong wavelength Cherenkov

ÅTwo PMTs
ÅCherenkov PMT in front
ÅScintillation PMT behind

Cherenkov 
light reflected

Scintillation 
light 

transmitted
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Tanner Kaptanoglu, Meng Luo, 
Benjamin Land, Amanda 
Bacon, and Joshua R. Klein
Phys. Rev. D101 , 
072002 (2020).



Eos Dichroicons
ÅCherenkov/Scintillation 

separation
ÅUse wavelength

ÅLong pass & short pass 
filters
ÅShort wavelength scintillation
ÅLong wavelength Cherenkov

ÅTwo PMTs
ÅCherenkov PMT in front
ÅScintillation PMT behind

Adam Baldoni - BNL seminar - May 29 2025 31



ÅLaser ball
ÅFiber optic connected to Teflon 

ball
ÅUsed for timing & gain calibration

ÅBarrel lasers
ÅUsed for attenuation 

measurement
ÅUsed for timing calibration

ÅDeployment
ÅSource Container
ÅDeployment tower

ÅDirectional source
ÅCollimated beta source
ÅTriggered using scintillating fiber 

gate and SiPMs
ÅOther radioactive sources
ÅVariety of high and low energy 

gamma sources

Eos calibration 
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