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» Water-based (Cherenkov)

» Qil-based (Scintillation)

» (Water+Qil)-based (Cher.+Scin.)
» Noblediquid (Ar, Xe)
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Effect of wavelength shifters in Cherenkov

detectors
Scarbostyril 124 (CS124) and Alexa Fluor 350

(AF380); water-soluble
~x3 increase in light (from low-A Cherenkov),
however, might not be feasible due to optical for a

large detector

Dai et. al., Nucl.Instrum.Meth.A 589 (2008) 290-295
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Positron signal Neutron signal

* 90% neutron capture by
0.1%Gd (IBD)

* [n-situ circulation required

 SRN detection improvement

* Ongoing Gd-loading in SK
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Metal-doped Liquid Scintillator

for neutrino physics and other frontiers since 2000

' PROSPECT (6Li-LS),
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Medical, calibration, LSC, etc

Buck & Yeh, Metal-loaded organic scintillators for neutrino

physics, J. Phys. G: Nucl. Part. Phys, 43, 093001 (2016).




Metal-doped LS Technology

7/2+ 1857
B(GT) ~0.01; r
Q,=1362

1=23ps .., 7136
15|y (p,n)ﬂ_L 11/2
e, _ 100.8 (efly = 5,7)
o o | 1=4.76 us 2ipe 6128
R B(GT) =0.17;
o (Qbo Q,=114 (e/7). &y 115.6 (e/y 0.96)
PEERN =16
f o 9/2+ =

3/2+ 4973

. . 0 115 0,
Car bOX_yIIC acid T=6I2 ,59156?4?)\% r07.3
Beta-diketone Buna= 498.8

1/2+ O

Organic alcohol [[
Quantum dots e N

1937 -2011

LENS started with three Ovpp candidates, 176Yb, 160Gd and 82Se, with Q-values low enough allowing the detection
of pp-neutrinos via inverse -decay. Later focus on 118In (2000): metal-doped technology & lattice design.
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The SNO+ Purification

Strategy

Four chemical plants to treat the
various internal and external
media

 Improve sensitivity
through a high isotope
mass

Vigorous QA campaign:
hourly chemical analysis during
operations

« 130Te chosen as isotope

. High natural abundance -
expensive enrichment
unnecessary

. Q-value of 2.53 MeV

Recirculation and repurification
capabilities for internal and
external media

Detector Hardware: JINST 167P08059




Benjamin Tam — IOP 2024

Tellurium Loading of Scintillator

 Novel metal-loading technique to dope SNO+ LS with Te

« Achieved by diolising telluric acid (TeA), forming Tellurium Butanediol
(TeBD) that readily dissolves in LAB
« Additives introduced to scintillator to improve light yield and stability

 1,4-Bis(2-methylstyryl)benzene (Bis-MSB)
« Butylated Hydroxytoluene (BHT)
 N,n-dimethyldodecylamine (DDA)

Final Detector Medium Composition:
904,000 L LAB (first identified by SNO+)
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+ DDA
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Hybrid Cherenkov & Scintillation Detection

Material and Instrumentation Development
Angular distribution

Cherenkov

-

Scintillation

¢ e 16 30 time (rs)

#, Wavelength
seol

T.Kaptanoglu etal.

o - Phys. Rev. D 101, 072002 (2020)
Michi Wurm 30 o sop G O




Successful hybrid detection in experiments

1** hits of events / 0.2 cos o

2300~ —#— Phase-I data 1" hits: 19904 events
— Best fit: 10887 solar-v + background

2200 :— — Solar-v signal MC

-~ —— 3 background MC 1 T
2100

. R
20001 1

M= —aarma=

1800

1 208 =06 —04 =02 0 02 04 06 05
COS O

Borexino has achieved the statistical evidence
for solar neutrino directionality by using the first

detected photons in each event.

BOREXINO Collaboration, Phys. Rev. Lett. 128 no. 9, (2022) 091803

Events / 0.1

4 _ SNO+ Preliminary
£ Partial Fill (365 1)

SNO+ has achieved the first event-by-event

directional reconstruction by using diluted
liquid scintillator (a.k.a. LSND & MiniBooNE)

SNO+ collaboration, arXiv:2309.06341




Slow Scintillator (fluor/WLS)
directionality & particle ID with good light yield

N
-

LAB

2
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O LAB+PPO
A [ AB+PPO+bis-MSB

------------------

--------

o
-

-

Decay time constant [ns]

0 3 6 9

Light yield [10° photons/MeV]

* Adjust conc. of flour and shifters (Guo et. al.,

j.astropartphys.2019.02.001)

12

« Utilize slow fluor and WLS (Biller et. al.,

J.nima.2020.164106)
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https://doi.org/10.1016/j.astropartphys.2019.02.001
https://doi.org/10.1016/j.nima.2020.164106

Energy (eV)

Energy transfer mechanism in solvent
Radiative vs. Nonradiative

Channel
500 1000

100000' P——
Blue-DIN (PPO 3g/L)
Molecule  chemical formula abs. max. em. max. 10000 Orange-DIN (butyl-PBD 3g/L)
Cascade Cascade PPO Ci15H11NO 303 nm 358 nm )
PBD CooH14N9O 302 nm 358 nm 1000 - \
T butyl-PBD  C94H99N50 302 nm 361 nm 3 ] ,
S BPO Co1H1sNO 320 nm 384 nm 100
st FRET i p-TP CisHyy 276 nm 338 nm 3
— =3 TBP CogHoo 347 nm 455 nm 10 :
r ! his-MSB CogHoo 345 nm 418 nm
E POPOP CosH1N90O9 360 nm 411 nm |
s - 2 gl ¢ PMP ('18HaoNs 205 nm 425 nm 1
2 21 £
£ =] ¢ Channel
2 F = E S 500 1000
| = 100000 1 e+
il S S Christian Buck and Minfang Yeh 2016 J. 10000 glue_LABLi\PBPZ gf/l L’L)) BD) 3/
0 . e Phys. G: Nucl. Part. Phys. 43 093001 range- utyr- g
0 - V E\N\/\» Y 4
Emission
Donor slow Acceptor 1000
L LAB PPO -
<
100
butyl-PBD could benefit LAB-based detectors, such as 10
SNO+ and JUNO 1

12



https://arxiv.org/abs/2403.10122
Water-based Quantum Dots Liquid Scintillator for Particle Physics

Semiconductor nano-crystal
- Emission spectrum is tunable (core type, size)
- Surface layers to change chemical properties

Water-based quantum dots (WbQD) liquid scintillator

- Hydrophilic layer to make water solution Ligand~20nm (colloidal)
- Use quantum dots as primary fluor Core~5nm

Hydrodynamic diameter of WbQD is ~70nm. WbQD is
moving by dragging many water molecules

(b) 14 - CdS QDs in: L o _
_ | Core size is preserved Emission spectrum is
12 toluene (TEM image) preserved
0. water Post-phase transfer
;;.-.‘ — R T R T R ¥ R T
E ' (C) 1.0 - water
S 8- Measurements: . toluene
. . 0.8 -
I Y T T G record 1 ‘g
2 g
——— record 2 £ 06+
4 - )
- - --record 3 5
' S 044
2 -
] ] — Q' r
Teppei Katori . _ 02
10° 10" 10° 10° 10° 0.0 -

1 v 1 v 1 " I B I
400 420 440 460 480 500 520 540

Size (Hm) Wavelength (nm)


https://arxiv.org/abs/2403.10122

https://arxiv.org/abs/2403.10122

Water-based Quantum Dots Liquid Scintillator for Particle Physics

Semiconductor nano-crystal

- Emission spectrum is tunable (core type, size)
- Surface layers to change chemical properties

Water-based quantum dots (WbQD) liquid scintillator

- Hydrophilic layer to make water solution
- Use quantum dots as primary fluor

moving by dragging many water molecules

(a)

muon

Low voltage
power supply

Tagger 1
Tagger 2

Discrimi-
nation

| Coinci-
| dence

dark box

37 PMT

Discrimi-
nation

Digitizer

« trigger
« chl

Teppei Katori

High voltage
power suppy

WbQD cosmic ray test
- First scintillation measurement by
gquantum dots with MIPs

Hydrodynamic diameter of WbQD is ~70nm. WbQD is - Pave the road for future quantum-

dots-based detector
- Future R&D includes neutron
tagging, beam test, etc
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https://arxiv.org/abs/2403.10122

Water-based Liquid Scintillator
Oil- vs. H,O-like WbLS for d/fferent detection concepts

180

Ch>erenkov

—_ —_

TN

S S
| |

N

No

-
|

; Loading vs.
H,0-like WbLS light-yield vs.
(<10%) ' optical model

[

N o -

- - -
| | |

Mean Absorption Length (m)
N
=

N9
-
|

Scintillator

-

100 1000 10000
Photon/MeV

Yeh et. al., A new water-based liquid scintillator and potential applications, j.nima.2011.08.040. 15
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Deuterated liquid detectors NS
A D,O-based Liquid Scintillator (HbLS)

Interaction channel for neutrons from SNS Neutrino flux from SNS
+ + Cross section| - E""
m —HU +@ Interaction Channel [-Q(MeV)|E, = 10 MeV 30'0452 """ ' ' -
(cm?) —0.040F
v+d—oav+n+p NC 2.224 1.10 x 10~ ><0.035f
IJ+ —>e+ @ @ v+d—v+n+p NC 2.224 1.05 x 107* ..,—20_030;
Ved+d—e +p+p CC 1.442 2.69 x 10~ ** Q4 025E
Ue+d—e" +n+n|CC (DIBD)| 4.028 1.23 x 10~** 'Eo.uzu 3
* Free neutrinos from Spallation vete Dvete | | g X | Bo.oisE
Neutron Sources (COHERENT) Do +e =T +e ES 0. 164x 10 | <0.010F
UV, +e =T, +e” ES 0. 1.320 x 10~*4 0.005f _
»  Measure three neutrinos from pion Vetp—e +n |CC(UBD)| 18 | 67x1077 coonp T
decay-at-rest Chauhan et. al., JCAP, 11:005, 2021 Neutrino energy (Me V)
 Measure sterile neutrinos Wavelength (nm) Channel
0 10 20
: C : 200 400 600 800 1000
* Triple coincidence reducing 0 gy 1000000 5 '
background towards a near oo ; 100000 1
surface detector (IBD) & cleaner Y R 0000 E
Cherenkov region (>450nm) c 0011
© )
. _ 2 5015 1 2 1000
» Afew liters of HbLS fabricated o ] 00
for evaluation (pub. in prep.) 2 0027
< E 10
0.025 }
(?‘ Brookhaven ] 1
National Laboratory -0.03 Compton Scattering (137C896

10-cm UV (WbBLS vs HbLS)



A highly scattered LS

Inducing light to a point; departure from

80

conventional LS approach

&) g0

LiqudiO— photo’s “random walk” (self-confinement)
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NoWaSH

NoWaSH: wax-based opaque-white liquid scintillator
— e.g. 98 wt.% solvent + 2 wt.% wax + primary and secondary wavelength shifters
— opaqueness through scattering without absorption (Mie scattering)
— particle-dependent morphology of confined light blobs:

x [em] x [cm] x [cm] X[cm] X[cm]
s0—=0 0 S0 =30 0 S — 50 — 40 20 20 ~2b 0 40
- e* lonization 1 MeV positron, S|mulat|on 1 cm.f|bep|tch :E":? E 2 MeV partlcles 5|mulat|on 1cm flbre pltch
E D . F:_‘j ?J . 50 e - g . 5, -
=
Annihilation y 1:Annihilation v 2 E‘ :
-50 o electron
s = -40
E,ﬂl{}- RN | Jeio ¥k -'3.‘;-*Lj."-:;:x_'_j'-'f'.-'*_‘:,.i- i.,r-;.- Hits per Fibre
O, 50+ Hits per Fibre - on RGBSR 0 e 50
~ 0 e b LA SN M T L 100 800 | gg
[ 50 1 10 100 A AT B Ty, ,
;[ [{:m]D 50 ™y [cm] Opaque Medium Transparent Medium Opaque Medium Opaque Medium
— several options for solvents and waxes:
fluid ViSCous solid
name CAS number [D | wax type - CAS number transparent translucent opaque
LAB 67TT74-T4-T (G | non-polar PE | 9002-88-4
DIN 32640-62-9 H | EBS 1 10-30-5
o-PXE | 6196-95-8 O | oxidised PE | 68441-17-8
PC 05-63-6 () | paraflin 8002-74-2
xvlene | 1330-20-7 U | FT 8002-74-2
toluene | 108-88-3 X | EBS 1 10-30-5

X wt.% paraffin wax @ 30°C

— high metal loading possible



Properties of NoWaSH

LAB, U-wax
LAB, Q-wax
DIN, G-wax
DIN, U-wax
DIN, Q-wax

2
F A

.............................................................................................................................................................................................

...............................................................................................................................................................................................

................................................................................................................................................................................................................................................................

scattering length in mm

=
o
o

temperature in °C

— only ~ 2 wt.% wax loading required

— same properties as transparent scintillator with respect to:

— absorption length
— emission spectrum
— refractive index
— density

— scattering length of O(1mm)

— NoWaSH formulations with temperature dependent

scattering length in mm

and independent scattering length available

— low and high viscosity NoWaSH formulations
available

103 : :

DIN Q-wax 25°C
-+ DIN Q-wax 24°C

(-
o
MJ

i |
|

I

— z ;
DIN Q_wax 270(: ......................................... ............................................ ......... R e S —————

-+ DIN Q-wax 21°C

DIN Q-wax 16°C ..
DIN

=
o
=

................................................................................................................................

lllllllllll

...................................................................................................................................................

.......................................................................................................

10°

600

400 450 500 550

wavelength in nm

— C. Buck, B. Gramlich, S. Schoppmann, Novel Opaque Scintillator
for Neutrino Detection, JINST 14 (2019) P11007

— S. Schoppmann, Improved Opaque Scintillator

for Neutrino Detection, Symmetry (2024) to be published
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i i Andrew Wilhelm
IMVI | NUCLEAR ENGINEERING & RADIOLOGICAL SCIENCES nght Confinement of oWDbLS U. Michigan

An opaque WbBLS (oil-like) with high
light-yield for self-imaging

% 30 _ ........................................ ........................................ ......................................... ........................................ OWbLS2
S -
= - oWbLS3
2, —_ ........................................
2 25¢ X
- B R
< -
= == AR o
“c.;) 20— & N e
S < 3
. developed for near surface 2 - REMFF 2L " . = CS137
p £ 15 T | |
deployment within 3 T Al 10000 = oWbLS (BNL)
LIQUIO’O/CLOUD - 1000 é_
consortium (UM, PSU, and 10— o o S SR S—. — < i
BNL) - : 2 100 §
«  Capablility of loading - s 3 101
" " | 11 1 l ] ] ] | | | I ] | | I I | | ] 1 1 1 | L1 | | | | I O | [ | | | ]
metallic ions demonstrated 5 > 50 20 3D = == = ah

PO S S Ty |

o

at a few 7% (w) level Summed pulse integrals (p.e.) 0 500 1000

Channel
20



A large-scale (10s of tons) neutrino detector
cost vs. safety vs. performance

Isotope-loading (Gd, Li
tested)

Tunable excitation and
emission range and
timing structure (fast
vS. Slow)

Well-characterized at
different scales

Attenuation Coefficient (cm)

10

1

0.1

0.01

0.001

0.0001

0.00001

0.000001
» GAWDLS base

240

Wavelength (nm)

340 440 540

1 i I_I_I_.I_

1%GdWDbLS
* Long absorption length but
dominated by Rayleigh
scattering

- GAWbLS full - Pope & Fry

Counts
=10°

L

hn
—
=

Cad g3 g on

n =

= =
rIFIIrII'IIPII

L
=
=

.
Cn
=

n
=
L] I LI L

-

] =30

Excitation Wavelength (nm)

300 350 400 430 500 230 60

- A0
] I 1000
i

Emission Wavelength (nm)

-1 1%GAWBLS — caweis

— Gd+WbLS E

~100 photon/MeV — Ga+WeLs G

— Gd+WbLS H
— Gd+WbLS 1

Deployed & planning demonstrators: ANNIE, Eos, BNL1T&30T and BUTTON =



WbLS deployment in ANNIE (2023)

edeployed SANDI acrylic
vessel filled with 365 kg
of WbLS

o \WbLS produced by BNL:
“thin®, 1.e. 1% organics
-> expect scintillation light
output cf. Cherenkov yield

et0OK data for two months
- few 1000 events

electronics
racks
Front Veto
SANDI Muon Range
Detector
4 / MRD _
gl | | WRD) removed in May after
. 1 taking 2 months worth
hiwiosaneoid 3 1 of beam data
g } []LaeeD
e,

SANDI vessel &

JAPRE / support frame
FERP AN inserted in Jan

Insertion of vessel
inside ANNIE tank
In March

22



First Neutrinos Detected with WbLS
visible energy distributions ecomparison of pure water (orange)
I R Y and SANDI WbLS data (blue)
S o) — Soses1s S e additional population of SANDI events
“E-m_ b w0 with higher light output
S ) ebest visible in upstream (“back®) PMTs
g o0’ that see mostly scintillation photons
B 3000- o cffective scintillation light ouput ~80% of
= Cherenkov (from Michel electrons)
@ 2500
Q.
20003 T 1500 2000 2500 What‘s neXt?
p.e. in upstream PMTs e 2"d SANDI deployment
701 ¢ WithSANDI with Gd-loaded WbLS
. o wesaor (end of this year)
A eprepare to deploy )
o full-volume (8t WbLS)
# nylon vessel Jid
- full event reco "
-> hadronic recoils &
-> neutron ranging <l
0- j:f}__ A

N
!

500 750 1000 1250 1500 1750 2000 2250 2500
cluster charge (p.e.)

£
-
S
B

{
g
u#‘%

JINST 19 (2024) 05, PO5070 [arXiv:2312.09335] — Poster 518




First Neutrinos Detected with LAPPDs at ANNIE

BACK FRONT

waterproof connectors Trigger Board

ANNIE sees beam neutrinos with 3 Large Area
Picosecond Photodetectors (LAPPDs) with custom
readout electronics and housing

LVHV board

LAPPDs are commercially available (Incom,
Inc.) microchannel plate-based photosensors

0.02 -

rﬁ ~— ] LAPPD 64
il | APPD 58
-1 Beam Neutrinos!! _APPD 39

_ ~_ [

Normalized Event / 125 ns

0.00

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

Elapsed time since Booster Neutrino Beam signal At (us)

24
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National Nuclear Security Administration

~f Eos: performance demonstrator

Approach: design, construct and operate an integrated
testbed to demonstrate the performance of novel
technology

Novelty / technology:

® Novel scintillating liguids — water-based scintillator, slow
scintillator

® Ultra-fast photon detectors — novel 8” PMTs (200 8” PMTs:
R14688-100, 900ps FWHM)

® “Quantum chromatic sorting”: dichroicons for spectrally
sensitive photon detection

® Al/ML-based analysis techniques

® Deployable sources for studies of vertex, energy, direction
reconstruction & PID

® 36-fiber 4-wavelength picosecond laser light injection system | |

Engineering (NE) department

Designed for flexible upgrade paths & to be redeployed at a neutrino

source > demonstrate viability of future applications EOs concept paper published: JINST 18 P02009 (2023),

https://doi.org/10.1088/1748-0221/18/02/P02009 .






~f  EOs status

Detector performance currently being
evaluated with water target

|Germany |

Plan to inject first WbLS this summer el @ D) ¢
BERKELEY LAB [N, - " -~ Vi GUTENBERG

UNIUL RSITAT ™

B Lawrence Livermore
National Laboratory c PRiSMAT

g E m UNIVERSIDADE B

Hope to fully explore WbLS phase space, and
pure LS, in following years

Evaluate energy / vertex / direction

reconstruction = T COIMBRA
Nﬂﬁ}?ﬂﬁﬁ,ﬁ,ﬁ Fermllab MUNCHEN Finland
gp RUTGERS I0WAR

a
NYVASKYLAN YLIOPISTO
I UNIVERSITY OF [YVASKYLA
e T .' - I _\_- )

Canada

BARTOSZEK M
ENGINEERING

SCHOOL OF MINES
& TECHNOLOGY

University of leﬂradm
Boulder ggSiars
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National Nuclear Security Administration

Scale-up Program
avallable to support collaborative research

N 5

Demonstrator

N

i

* 1-ton Testbed to develop deployment scheme and
measure 1ntrinsic property (universitas and other labs)
* 30-ton demonstrator to prove the feasibility of kiloton-
scale hybrid optical detectors (universitas and other labs)
p * ton-scale production facility capable of scale-up (Wb)LS
L;-- ankha{,~ fabrication 1n use for benchtop, prototype, and experiment.

MNational Laboratory 28
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National Nuclear Security Administration

: Image taken with UV light
WbLS (1%) deployment in 1-ton Testbed (2023) (BNL twitter)

L’F“ Brookhaven

National Laboratory




1-ton Testbed deployment NYSE

gy (e e &9,
demonstrated mixing feasibility and stability ol e

Tagged crossing muons in water Tagged crossing muons in WbLS (1%)
107 1 u=54.1£0.9 PE 19% LS 10° 1 n=153.4+0.8 PE Side PMIS
: u=289.4+1.4 PE .. : : Bottom PMTs
Injection ) 1=358.9+3.9 PE All PMTs
. u=343.1+1.9 PE L
3 2 1=506.5+2.3 PE
) u
§ 10" 1 . § 10" 1
G ) Gl .
O ﬂ Lo | O
. ‘ l]] Side PMTs | j” .
| Bottom PMTs ' | J '
T 1 i | | |
“}ﬂ : : : | | III i IIIII 1l : IUD | , : : :
0 100 200 300 400 500 600 700 300 0 100 200 300 400 500 600 700 800
Npe o NPE: 10 Cherenkov + Scintillation Stability
* Much enhanced light production from the tagged crossing 0. &
muons with only 1% LS in water i g =
* Successful demonstration of transforming a water 5 T g
Cherenkov detector to a WbLS detector by sequential -
o1 : ; : ; : ; 1 —
mixing technology " e since mectonminl
Datetime
arXiv:2403.13231 (JINST) Homogeneity observed 20mins Stability of 1% WDbLS

u» Brookhaven after injection observed

Mational Laboratory




30-ton Demonstrator
to demonstrate scale-up stability and feasibility

1/100 x 1%WDBLS

WDbLS after N

(>99% separation)

200

National Laboratory

250

300

350

400

450

500

IN &5

National Nuclear Security Administration

30-ton SS tank & 107 PMTs

WbLS deployment (in-situ sequential
mixing) system

In-situ purification systems

* Nanofiltration system

* Gd-water system
* Sequential Exchange Array (SEA)

Slow control (PLC)
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O-ton Demonstrator
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30-ton Demonstrator Status AN A <"y

v’ Commissioned in 06/2024

v’ Started phase-0 operation (water target) ‘

* Plan to inject LS & in-situ circulation in 2024 | phase-0 circulation'System (508PM),
« Full deployment with different detector configurations Z%TZXZCIZS?A%T installa . and polishing -

in following years

i '“a«,\l\ ’, W 15}
s> Onsite Team

-
<

first paddle-triggered muon =
events in water (06/05/24) |

National Laborsz

L?' Brookha




A large-scale (10s of tons) neutrino detector

Cherenkov Photon Trajectaries

741
o8

electronics ANNIE: 365 kg

acks ) Eos: 20 ton
Front Veto High-energy event £ - ]
reconstruction, ow-energy event
whbLS vessel . .
gMuon Range | neutrino detection 0 reconstrL{ctlo.n,
)~ WrD) L CE R I model validation
'F""‘""‘b's'é”é‘f"ré" . Building on a broad program of
? _____ I bench-top scale development ’ \
g LAPPD Z

,,,,,

|

5
(N
l : f‘
%
.\

o’

A

'BNL: 1-and 30- Theia-25 o
Deployment, "
purification,
recirculation, NuDot: 1 ton

L transparency

. Isotope loading,
|_ NLDBDtopoIogy___l
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Summary

 Liquid technology can cater to specific needs in different physics
areas
* Transparent vs. Opaque vs. Isotope-loading

» A cost-effective large-scale hybrid detector with tunable light level,
timing, and emission property
» allows staging deployment (loading) to extract different physics frontiers to fully
exploit the investment

* Diverse R&D program & Scale-up facility available for community
* encourage collaboration in detector and material development

¢ Brookhaven
National Laboratory 35
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