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Liquid Scintillator Detectors
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S. Hans et. al., Light-yield quenching and remediation in
liquid scintillator detectors, 2020 JINST 15 P12020

* Serve neutrino community since Reines and Cowan 1n 1950s

» Stokes shift, photon-yield, timing structure, and C/H density determine responses
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Liquid Scintillators

Table 1: Density, flash point and the wavelengths of the optical absorption/emission peaks

(dissolved in cyclohexane) for several solvent candidates are shown.

C. Buck and M. Yeh, J. Phys. G: Nucl. Part. Phys. 43 093001 (2016)

Molecule chemical formula density |kg/l] flash point abs. max. em. max.
PC CQH12 0.88 48°C 207 nm 290 nm
toluene C-Hg 0.87 4°C 262 nm 290 nm
anisole C7HgO 0.99 43°C 271 nm 293 nm
LAB — 0.87 ~ 140°C 260 nm 284 nm
DIN C16Hao 0.96 > 140°C 279 nm 338 nm
o-PXE Ci6H1s 0.99 167°C 269 nm 290 nm
n-dodecane 012H26 0.75 71°C — —

mineral oil - 0.82 — 0.88 > 130°C - -

CHs

H3C
CHj

CHj

Di-isopropylnaphthalene (DIN)
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1-phenyl-1-xylyl-ethane (PXE)

Linear alkylbenzene (LAB)

New scintillator
materials provide
better compatibility
and less chemical
hazard

Cyclohexylbenzene (PCH)

I

1,2,4-trimethylbenzene (PC)



Primary Fluors and Secondary Shifter

C. Buck and M. Yeh, J. Phys. G: Nucl. Part. Phys. 43 093001 (2016)

Table 2: The wavelengths of the optical absorption and emission peak maxima for primary
and secondary fluor molecules diluted in cyclohexane are listed.

‘ solvent

primary WLS
. _ secondary WLS
Molecule chemical formula abs. max. em. max. _ —
PPO CI5H11NO 303 nm 358 nm Absorption _
PBD CooH14N20O 302 nm 358 nm - | _ -
bUtYl-PBD CQ4H22NQO 302 nm 361 nm primary WLS S
BPO CQlHlE}NO 320 nm 384 nm Emission secondary WLS
p—TP ClgHM 276 nm 338 nm 240 280 320 360 400 440 480
TBP CQSHQQ 347 nm 455 nm wavelength [nm]
bis- M5B = Co Ha, sdsnm - 418 nm Fiqure 2: The plot shows for each scintillat ¢ th length region for which
wgure 2: e plot shows for each scintillator component the wavelength region for whic
gf\)/{l;@f) gQ4E16§202 ggg tHil j;é H its own absorbance s dominating in the liquid. In addition the typical wavelength ranges
1811201N2 nm nim

for scintillator emaission is shown for the case of just a primary or including a secondary

National Laboratory
M. Yeh for NuFACT
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wavelength shifter.

Redshift scintillation light to match sensible region of photodetectors



Metal-doped (Water-based) LS

for neutrlno physics and other frontiers
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Periodic Table of the Elements

(€ www.elementsdatabase. com
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Challenges and Developments
Next-generation Liquid Scintillator
Detectors

* Metal-doped techniques

* Scintillator directionality
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Challenge-I: addition of the inorganic metallic
salt to the organic scintillator solvents

* Conventional isotope loading techniques

* A mediator with high solubility for inorganic salt compounds as alcohols
(Chooz)

* Organometallic complex, which 1s soluble 1n the LS.

» Carboxylates (Savannah River, LENS, Palo Verde, Daya Bay, RENO)
* Diketone or phosphor-organic ligands (LENS, Double Chooz)

* New isotope-loading techniques
* New organocomplex
* (Quantum dot

* Metal-doped WDLS

I k? Brookhaven
National Laboratory
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New Organocomplexing Ligands

* A method developed from OvBp (SNO+) for

X TeBD1 + DDA, 2g/L PPO
OTeBD2, 2g/L PPO

higher loading of tellurtum into liquad

. . 0.9 O
scintillator. - .12 |3 Ll
* An organocomplex using butanediol in g i x 8 e
conjunction with N,N-dimethyldodecylamine = . % 2 .
(DDA), which acts as a stabilisation agent. o ° o
% 0.5 5
* Stability of the loading has been demonstrated 2 .4 ! o9
to be at least on the timescale of years; a T 03 g
highly scalable and economical approach. % . x
* Further advances 1n purification techniques iy
could provide a practical path to realising 0
sensitivity to the non-degenerate normal mass o ’ |
orderin g. Percent Loading (by weight)
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@ Exciton
(electron-hole pair) ps://www.nanowerk.com/what are quantum dots.php

7N
|.‘C ]
-'} o (b) Band gap

Quantum Dots L2 L«

@
] " (C) energy of the excited

d electron
opoof e

* Introduced from semiconducting nanocrystals in which the optical and electrical properties of
the quantum dots are directly proportional to their size through resonance process (tunable
emission).

@ Zero point vibrational
energy of the hole

* The most commonly used quantum dot cores are binary alloys such as CdS, CdSe, CdTe, and
/nS.

* neutron-enhanced isotopes (113Cd) and (106,116Cd) and Se, Te, and Zn, which are present
in common quantum dot cores, 0V candidates.
* C(Colloidal suspension instead of homogeneous mixing, which could cause aggregation in the
concentrated solutions over long time scales.
* Mitigated by incorporating with chelating agents or WbLS surface active agents?

* limitations 1n use for particle physics detectors are probably cost and availability 1n large
quantity (ton).
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Metal -doped Water-based Liquid Scintillator

A simpler approach to add the metal in aqueous solutions directly into liquid scintillators derived
from WDbLS principle

* User cases: L1, Gd, Te, K, Fe, W 1n several frontiers for neutrinos, nonproliferation, Ov[3[3,
calibration, calorimetry

* A transformative technique for LSC cocktail (environmental and sateguard)

PROSPECT L1 doped LS Li-doped Plastics
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Challenge-11: Directionality

* Separation of Cherenkov from scintillation allows directional cut for particle 5 oos ——=
ID to select/reject events £ o0E o Gl
* Next generation LS detector development — directionality : 00_
* Slow Scintillator: Timing separation of slow scintillation from fast 004~
Cherenkov 003"
* LiquidO: Stochastic light confinement; lossless scattering zzl:
* Water-based Liquid Scintillator: Cherenkov and scintillation detection o e

40 50
Time residual (ns)

electrons
% E E:_' ? —
& 0.06 LSND rejects neutrons by a factor of 100 = F o = 012—
I at Y% Cherenkov & % Scintillation light - > 'F 5% 5 =3 Prompt Cherenkov peak
0.05 | ! NIM A388, 149, 1997). 2 5;- . L : 08% LL contour = 01
;‘ FCerenkov 1s <5% of scintillation > -
0.04 "W B 0.08
. % E -
:; 41_ * 0.06|—
0.03 E 3:_ :
neutrons S - C :
0.02 5 oE 0.04 - delayed scintillation tail
15_ Soeren Jetter 0.02
0.01 - Daya Bay B
= | 1 | I | 1 | I | 1 ] | | | 1 | 1 | 1 | 1 | 1 | 1 | 1 | —
% E 10 12 14 16 18 20 0— | | | | | | | |
e Birks constant kg [1{}'3 x cm/MeV] 1580 1600 1620 1640 1660 1680 1700 1720 1740
Time [ns]
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Slow Scintillator

* The properties of slow fluors or wavelength shifters to provide a means to separate Cherenkov light in time
from the scintillation signal which allows for directional and particle ID information while also maintaining

good energy resolution.

* Readily applied to existing and planned large-scale liquid scintillator instruments without the need of
additional hardware development and 1nstallation.

—————————————————————

g e ':h“;“"“" i ' 1 Similar spectra are shown for pyrene (left),
- i = ‘“ml = . - . . ) 350 . v T v v .
S - f #,;J./‘_ ) .' used as a primary fluor w1?h a concentration 2 o W " 3
£ | Z Y \J (] I| : of 4g/L in LAB; 9,10-diphenylanthracene o : £ 2|
o) ‘ NN 1) (DPA) (lower left) used as a secondary fluor S e . g =~ 2]
| ‘ P";:w e at 30mg/L together with 2g/L of PPO in LAB; < [ g ;|
| =352 1.0 s and 1,6-diphenylhexatriene (DPH) (lower ‘UE) S
of || oo =526+ 10n5 | right) as a secondary fluor at 10mg/L together 5 ; 5 Z
; ) '-;--‘.,r,g;‘-mﬁf‘hﬂ with 2 g/L of PPO in LAB. s S T & Acenaphthene 5. | &
T " scintillation iEo L (primary fluor: 4g/L) iy
Time [ns] : Lise = =2.14%0.19 ns E
" s - i
100 { { tay = 45.4 £ 0.3 ns <
o 20— T —— gy [ i L ER i B ol 1 ¥ Id & IL.1 -
— : foer ' | § - Cherenhnv : T & Ik } P T i T I A:".f.':i'"!-" "-. LF 3 R ol g
E- ‘Cherenkov L4 ..;"' (bil 4 "i. I q = = 50 T R SR E i ol -' 18 Y g N
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8 &#: | i B ) 14 _, 8 15‘_:': l ECIHtl""Itlﬂn y'] :’ 0 5 10 15 20
100 / i 8 - = Iy P, Time (ns)
50 i Q . =3374032 ns ] 51:}: Ii LHTHEJEVW ,J\j i m‘* FIG. 1: Zoomed in time spectrum for 4 g/I. acenapththene in LAB with clear Cherenkov peak.
PR 5 -] L. =222+0. ]'h ns .
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It You always do what you always did, you Will

130

always get what you al WaYS got. -Al l%’rt Einstein

M. Yeh et. al., A new Water based liquid scintillator and potential appllcatlons NIMA 660, 51 (2011)
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Water-based Liquid Scintillator

* anovel low-energy detection medium, o quenching and remadiation m iauid scntlator detectors, JNST 15 (2020} P12020
bridging scintillator and water, to explore < 100 7 R
physics below Cherenkov threshold =] " Lot

* tunable scintillation light from ~pure water % R
to ~organic. L

* a directional scintillator detector capable of 0 ! e
Cherenkov and scintillation detections 01 1 10 100

. Viable to loa d 9 Varie ty 0 £ me tallic iSO tOp@S . | Scintillator (LAB-based) Concentration in Dodecane (%)
for varied physics applications 1"\ Adaptod rom the SK collaboration, NIMA 501 (2003) 418462; NIMATS7(2014)

* e¢nabling a rich physics program spanning T o
topics 1n nuclear, high-energy, and g 006 1\ /' kecet o
astrophysics, and across a dynamic range Eooa b\ _SKeabs ¢
from hundreds of keV to many GeV % 0o 1 Koo
(ANNIE, WATCHMAN, THEIA25/100) © , ______ o o

k? Br_ookhaven“ OZOOI B I3(I)OI B I4(I)OI B I5(I)OI B I6(I)OI B I7(I)OI_I_I_I=8_OO
by Wavsiength (o) I




Theia: multlpurpose neutrino detector
T Desugn options >

solar neutrinos
(CNO, 8B)

geoneutrinos

iffuse supernova
eutrinos (DSNB)

upernova burst
neutrinos

(,‘ Brookhaven

National Laboratory
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Theia-25

20m

Large scale, multipurpose
detector

* Baseline: 25ktonne (17kt FV)
°|deal: 100 ktonne (70kt FV)
Scintillator fraction tunable

depending on the physics goal |

->staged approach

THEIA: An advanced optical neutrino detector Eur. Phys. J. C 80, 416

neutrino mass
ordering

neutrino CP-
violating phase §

neutrinoless
double beta decay

nucleon decay

10 countries
38 Institutes

« 80+ collaborators
19
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Steps toward a WbLS detector at
10s ktons scale

* High-energy Cherenkov + Low-energy Scintillation

e Reduced chemical hazards, not combustible

* [ncreased affordability
y ﬁ m @BrookhavenLab



WDLL.S fundamentals

------ WbLS attenuation (high purity)

—— WbLS attenuation (this study)
I Cerenkov Spectrum
—— WbLS Spectrum
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Principle proven with characterizations

Scintillator Yield, C/S Separation, Timing Structure, optical (absorption

and scattering),....etc.

200 1 L] L] n I T T T I n n n I

100 -x --------

70 F

* Principal demonstrated in laboratory

J. Cumming, S. Hans, and M. Yeh,
Improving Light Yield Measurements

LS Samples Tyise [DS] 7, [ns] f1 [%] 7, [ns] f> [%] 7; [ns] | f3 [%]
0.5 g/L PPO |[[ 0.98 + 0.04 7.0+ 0.6 61 16. + 1. 34 80 £ 5 4.4
1 g/L PPO 0.92 + 0.07 5.5 + 0.3 72 13.7 + 0.9 25 84 + 2 3.7
2 g/L PPO 0.88 4+ 0.05 4.3 4+0.2 82 13.4 4+ 0.8 15 86 + 1 3.7
3 g/L PPO 0.83 4+ 0.06 3.6 +0.1 84 13.4 4+ 0.9 12 83 + 2 4.0
5 g/1. PPO 0.69 + 0.03 || 2.81 + 0.07 84 13.0 + 0.8 12 80 + 2 4.4
10 g/L PPO 0.49 + 0.03 || 2.06 + 0.04 77 11.2 4+ 0.4 18 72 4+ 2 5.1
30 g/L PPO 0.33 4+ 0.12 || 1.15 + 0.02 55 9.9 + 0.5 38 64 + 4 7.0
70 g/L PPO 0.26 + 0.03 || 0.58 + 0.02 38 10.5 4+ 0.4 55 69 + 4 7.1
90 g/L PPO 0.24 + 0.02 || 0.48 +0.01 35 11.1 + 0.1 58 72 4+ 3 7.4

environment, characterization and analysis
tools, developed over the past years

 WbLS-rhttps://orcid.org/0000-0003-2244-
0499¢lated pubs:

'S
o

for Low-Yield Scintillator, NIMA 925
(2019) 1-5.

Table 1 Rise times (75 in ns), decay times (7; in ns), and decay component fractions (f; in %) are displayed for each pure LS sample, varying PPO
concentration in LAB, from excitation with a pulsed X-ray excitation source, as shown in Figures 3 and 5. The error bounds listed are 95% confidence
intervals measured by repeating this experiment; thus they account for any random error of sample positioning, data acquisition, and component

S
E fitting.
0
'>-_ 20 | WDLS Samples || 7 [ns] || 7, [ns] | A%l || whsl | A[%] || wins]l | f;5[%]
- '~ 1% LAB/PPO || 0.23 + 0.06 || 2.00 + 0.03 87 12 + 1 6.8 110 + 10 6.2
-g, 5% LAB/PPO || 0.23 + 0.04 || 2.00 + 0.02 88 10.0 + 0.6 6.6 106 + 6 5.7
= 10% LAB/PPO || 0.29 +0.03 || 2.22 &+ 0.03 89 10.7 +£ 0.9 6.0 10249 5.5
10 = imes (Trise in ns), decay times (7; in ns), and decay component fractions (f; in %) are displayed for each WbLS sample, from excitation b2, 20 Frrrr e (rreeperrrprrer et
IX-ray excitation source, as shown in Figure 4. 5 :
7 , , , > - 4 Quter PMTs - Data — MC
e D.R. Onken, F. Moretti, J. Caravaca, M. Yeh, G.D. Orebi Gann, E. Bourret, Time Response of a8 100
Water-based Liquid Scintillator from X-ray Excitation, accepted by Materials Advances (2020). - ] ® Mid PMTs - Data  MC
4 i
- Inner PMTs - Data MC
80 — ‘}‘
2 . [ | | \t%'f‘;ff' v 0.7+ d'.n"-—.. 60-— | e
0 2 4 6 LN\ | 0.6 ‘ - T ol :
PPO Concentration (g/L = | . - 19 L
2 P T - 1LEY
} i 1eferred LY [ph/ MeV] =051 e 40 - T Lo
=k . — 25 o B o7 '
: Data 0.1% GAWbLS 60 S0.41 : : Pl
0.08 | — ] - B ' o
_ : 0.79 i@t - ) I
: —MC Sample A 130 ::2: 0.3 0.7 - @ 20 I; MT I
006l Sample B 140 © j 051 & I .
- Sample C 160 o 0.2 03] 7 ¥ P J_ | iSabh 4 | |
0.04—_ ! 0.2~ 0 el b A OTED | L1 1 L A L LS AL I L L LA
N ¥, Sample 4 140 01 0.1+ 2 -1 0 | 2 3 4 5
) 0.0+ T T T T T . . .
oo Sample A ‘L. Sample 5 160 o 1 2 3 4 s Hit Time Residuals (ns)
: aal 00 T T T T T T T T T
1130 ph/MeV e Sample 6 130 0 10 20 30 40 30 iiomgf ;’L]SO 90 Fig. 10 Hit-time residual distributions in LAB/PPO for data and MC
’ 5 ° s “ ® Charge (6 Sample 7 ~ 100 J J. Caravaca, F.B. Descamps, B.J. Land, M. Yeh, G.D. Orebi Gann,

Cherenkov and scintillation light separation in organic liquid
scintillators, Eur. Phys. J. C (2017) 77:811.

Fig. 6 Relative light yield for the pure LS samples, varying as a function of
PPO concentration in LAB. Light yield values are presented as a fraction
of the EJ-301 light yield. The inset focuses on concentrations <5 g/L
PPO.
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Advancing WbLS R&Ds: BNL @
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LS research laboratories with state-or-art equipment
 Bench top R&Ds and mid-scale (10-100 liter) study

* Host students and collaborators >3 per year

Ton-scale liquid scintillator production facility

(commlssmned in FY 19; user cases - PROSPECT and LZ) BNL Research Team ét ton-ééale LS
1-ton Testbed (1 TBNL, commissioned in FY22)

30-ton Demonstrator (30TBNL, renovatlon
commission 1n FY23)
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Advancing WbLS R&Ds: other national labs

& universities
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(a) The neutron/gamma PSD performance of a sample
of WbLS with 33 wt% oil phase as a function of
energy. This sample was exposed to 2°2Cf source. Here
clear separation of nuclear and electronic recoils can be
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WDbLS Research, Operation, and Progress

* Complete WbLS mixing and deployment in ONE step within the detector vessel

* In-situ sequential mixing scheme
Direct injection of scintillator materials into water

Remove on-site complications to save labor & space

* Proven at 100-liter scale; towards prototyping tests

* In-situ circulation and purification system
* Nanofiltration system separates oil from water and sends each to purification

* Benchtop test successfully demonstrates >95% (~ppm) efficacy; ready for prototyping tests

* Metal doping in WbLS successfully deployed/demonstrated
 PROSPECT (L1), WATCHMAN (Gd), 30%W {for calorimetry?

 Low material cost; atffordable for 10s kton detectors:
* 10-ton materials ($4k per ton) for a 1000-ton detector (99% water)

k? Brookhaven
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Reactor v

Summary

* Scintillator research has been largely advanced over the past JUNO)

decade Common features
between detectors
e WbDLS is a new scintillation material along with advanced Liquid Scintillator
. ) . . (Metal-loaded & Water-based)
development of instrumentation, such as dichroicon, unique requirement for

individual detector

nanofiltration, LAPPD.. ., etc., building for next-generation
experiments (flexible doping, LS% or Metal, allowing a
phased program, 1.e. THEIA)

* WDbLS R&D is advancing with several ton-scale prototypes

« ]TBNL, ANNIE 1n 2022
» 4TEos, 30TBNL in 2023/24

* Readiness of deployment for a kiloton scale WbLS detector 1n 2024

~ Broaokhaven The work conducted at Brookhaven National Laboratory was supported by the U.S. Department of Energy under
k National Laboratory Contract No. DE-SC0012704. The material was based upon work supported by the U.S. Department of Energy, National
M. Yeh for NuFACT Nuclear Security Administration, Office of Defense Nuclear Nonproliferation Research and Development.
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