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Isotope-doped Liquid Scintillator

for Neutrino Physics and Other Applications
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BNL-Ligquid Scintillator
Development Facility

i

Fluorescence -

* A unique development facility (since 2002) for Radiochemical,
Cherenkov, and Scintillator (water-based and metal-doped)
detectors for particle physics experiments.

. (LENS), Daya Bay, SNO+, PROSPECT, LZ, WATCHMAN,
ASDC(?)
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Water-based Liquid Scintillator

* Tunable scintillation light from ~pure water to ~organic (LAB, PC,
DIN, PXE, PCH, EJ309):
*  Water-like WbLS: A cost-effective scintillation water with
Cherenkov and Scintillation detection
* Qil-like WbLS: A novel technology for loading various isotopes,
particularly for hydrophilic elements, in scintillator  ,

e ° ° ¢ D
Self-contained S/F/S to Anionic & & o
complete the FRET Cationic S e K
mechamsm before H,O Nonionic * é
quenching X
Amphotenc(
ethylene-oxide, sulfonic acid, amine, alkyl
sulfate, octylphenyl-ether,.. ., etc.
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Oil-like WbLS (Isotope L.oading)

Conventional loading is no good for * (Conventional method has been successfully
hydrophilic ions (i.e. Te)

applied to reactor v, detection (e.g. Gd-LS)
* mixing ligands are mostly quencher
 difficult for hydrophilic isotopes

 WDLS provides a new method of doping
hydrophilic metallic 1sotopes in scintillator

Lithium-doped scintillator detector

Solar neutrino ("Li, 92.5% abundance) .
 Reactor antineutrino (5Li, 7.6% abundance) Neutron Tagging
Scintillator Scintillator
Ev- 0.8 MeV Ev- 0.8 MeV
Tellurium-doped scintillator detector | “‘7% o ““7«. I
 Double-beta decay isotope ('3°Te, 34% abundance) | * ‘:L‘ A SN
«  Future ton-scale OvBp L P o
N o . 8-MeV y's (Gd) vs. o, T (6Li)
.\ Lead-doped scintillator calorimeter

&8 - Solar neutrino
» Total-absorption radiation detector
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Solar Neutrino Targets

15T + v, —> I8n + e + (1 =4.76 us) 2y (LENS)

High nature abundance at 95.7%

Low Q value at 114-keV, sensitive to >95% pp continuum
Triple coincidence allows tagging of v, event

6-8% loading with conventional organometallic technology

208Pb + v, —> 208Bi* + e & 208Pb + v, — 208Pb* + v, (HALO)

Abundance at 52.4%

Bursts of neutrons via CC and NC

Neutron detection by IBD reaction using scintillator (2°Pb is a double magic nuclei)
Targeting 10% "2Pb using WbLS (aligned with medical applications)

Li+v.—>'Be +e

group state (Ey,.q, = 0.861 MeV) and first excited state (Ey,..q, = 1.339 MeV)
High abundance at 92.5%

Conventional organometallic loading is not stable (e.g. Bugey-3)

1~3% loading using WbLS (aligned with short-baseline reactor experiments)

Few others: 1B, 3°Cl, 31P,..., etc.
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Bro

6Li-WbLS (PROSPECT)

A Li-doped LS that has been stable over 1.5 years 0.05 1
(light-yield and optical better than commercial 200 ] —
product) for PROSPECT E ' 90813
* Gd-LS also performed well (but 8-MeV 7’s) 20.03 103113
* Background investigations (20-L) at the selected 2
reactor site 0.02 ]
* Plan to start full-scale 2-ton ND in 2015 ]
« 2D-PSD to distinguish IBD events from 0.01
* Cosmogenic fast neutrons 0 ] -
. Reactor-related gammas . 200 400 600 200 1000
* Continue R&D for higher loading at ~0.15% Wavelength (nm)
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o) * Higher loading (3%) and background controls (pur1ﬁcat10n) of Te-LS
better light-yield and optical than Nd-LS are the keys to a future ton-scale OvBB experiment (phase-II)
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Water-ILike WDbLS

(o)

i
. ) . . s 7& Cherenkovis ~5% | 4 gesfi
>
= A new liquid medium utilizing nonlinear 2 F of scintillation 86 CL contour
light-yield as a function of scintillator % o
. . " g
and superior optical property of water for 2
- &
physics below Cerenkov (e.g. nucleon ! .
. . 0
decay) or low-energy neutrino detection £
= Cherenk it g
erenkov transition . S
« )\ overlaps with scintillator energy-transfers will be Daya Bay
. . . . . EPPE T e SV v o I e ot R O T IR v S
absorbed and re-emitted to give isotropic light. S IS NS R VR
« ) emits at >400nm will propagate through the Birks constant kg [10° x cm/MeV]
detector (directionality). 2
» PID using timing cut and energy " electrons
reconstruction to separate the directional "o | | _
. . .o . LSND rejects neutrons by a
Cherenkov (fast) and 1sotropic scintillation factor of 100 at % Cherenkov
1 ntrollabl | | & % Scintillation light (NIM
(slow, controllable) | A388, 149, 1997).
= (Cost-effective and environmentally friendly
for a large scintillation Cherenkov
detector L "neutrons
BRUUKHEVEN
Brookhaven Science Associates NATIONAL LABORATORY

12/16/2014 M. Yeh AAP2014 10



WDbLS for Proton Decay

* Proton decay remains to be one of the top challenges

 Asimulated event with 90 scintillation photons/MeV in a SK detector forp —» kv

 An order of magnitude improvement over the current SK sensitivity (2.3x1033 yrs)
K' > p* +v, (63.47%) 1035

T 1T 1T 1T71°171
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WbLS S% vs. A.L. forp » kK™v

A 50-m WbLS SK-like detector

« T,.=90MeV

«  20% coverage with 25% QE photocathode
*  Deep underground >3000 m.w.e.

» Fastdecay at 12ns

—

o

o

o
|

Intrinsic Light-yield (photons/MeV)

100 E * 100 photons/MeV; A.L.=20m
_ —30 pe
—50 pe
100 pe
10
S Attenuation Length (m) 50
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Water-likeWbLS Physics (now)
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3-D medical Imaging and TOF-
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Advanced Scintillation Detector
Concept (ASDC)- WDLS future

= 50-100 kton WDbLS target

= High coverage with ultra-fast, high efficiency
photon sensors

= Deep underground (e.g. 4800 mwe
Homestake mine, SD)

= Complementary program to proposed LAr
detector at LBNF (P5, Scenario-C) with
comprehensive low-energy program
- Long-baseline physics (mass hierarchy, CP

violation)

« Neutrinoless double beta decay

« Solar neutrinos (solar metallicity, luminosity) + Concept paper - arXiv:1409.5864: 50

» Supernova burst neutrinos & DSNB authors (potential PIs), 23 institutions

« Geo-neutrinos « Large international community with

. Nucleon decay interest and experience; New

« Source-based sterile searches participatiCEEEE
BROOKHEVEN
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Concepts to be demonstrated

= Stability of Cocktail
=  Scintillation light below Cherenkov

=  Cherenkov/scintillation separation
«  WDbLS cocktail tuning
« Slow timing

=  Cherenkov light yield
« Cherenkov light below 400nm being transferred

= Attenuation length

« Bench-top scale demonstrated; need long arm measurement

= Reconstruction & particle ID
« Background rejection

= [sotope loading
« 0vBB, solar, n tagging
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Sci. 11ght below Che thresh.

Low-intensity Proton-beam 3 runs

3 low Intensity Proton Beams

T1 (white Teflon) Charge (in PE/MeV)

9 -+ ¢ Water Sample
8 - ®\WbLS1
Sample
7 - AWDLS2
Sample
S'6 -
MRS
z° #‘}
v4 i
(<)
2
S 3 -
S i
2 -
A
1 .
: o
0 L 4 """i ! |
100 1000 10000

4 Material Samples

Beam Energy (MeV)
2 Detectors

210 MeV | dE/dx ~ K+ from PDK
475 MeV Cerenkov threshold
2 GeV MIP

Water pure water PTFE
Tub 1 (highly reflective
WbHLS 1 0.4% LS white Teflon)
e ek e Aluminum coated
Tub 2 .
LS pure LS with black Teflon
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Attenuation length:

Optical Model

Extinction coefficient (scattering + absorption)

« 2-m system to verify the extinction length

« UV spectrometer (10-1 to mitigate Fresnel reflection)
to measure molar extinction coefficient of each
component of WbLS

A = (g,ciF &,0, tE5C T, ) XA
10000

1000 ISl foom
3100 -
10 -

3 13
<01 -

0.01 -

0.001 - l ] ] ] ]

200 300 400 500 600 700 800

wavelength (nm)
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0.02500

LAB -350nm y=0.0056x+ 0.0008

0.02000 R?=0.992

0.01500 L/
¢ Series1

0.01000 - ——Linear (Series1)

0.00500 -+

0.00000 .
0.0000 1.0000  2.0000  3.0000  4.0000

* Absorption is predictable

* Scattering is complicated
* Rayleigh, Mie, ..., etc
* Optical model successfully
predicts the attenuation

length of LAB + PPO +

bis-MSB (verified by 2m
system)
R
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Scattering needs improvement
Work-1n-Progress

0.011 -

= = Gd-WDLS scattering
LAB+PPO -
s WbLS LS component absorptiof
Gd-WbLS extinction
= = WObLS scattering
Water-extinc

|
b
7

0.009 -

0.007 E Additional components (Gd or flluor,
1 shifter, etc.) further increase the

cattering— Need Optimization
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WDbLS at ~100 photons/MeV
Emission by A, =260nm

AU D1 260:265-500 [COR]
30000

25000 /'/'\*M/M\
20000 / \\\
15000

10000 //
5000 ,

0

300 350 400 450 500
Wavelength (nm)
BHOOI(HIM'EN
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Radiation Hardness

No observable light-yield loss of 5%WDbLS up to 1000Gy using NSRL
proton beam and CERF Gamma sources
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Circulation of WbL.S

= Biodegradable?
« Surfactant degradation only occurs at

0-70rJournal of Applied Microbiology <50mg/L.
| ISSN 1364-5072 « Surfactant at 100mg/L or higher

completely inhibits bacteria growth
" 1% WbLS is 10° mg/L
= Stable in acrylic, PP, some

Optical density (580 nm)
[ |
=
[ ]

0-30+
polycarbonate, etc.
020 eq g .
= Qil-like WbLS doesn’t require
0-10 . . : . .
o 2 4 &5 B 10 12 1 circulation (e.g. Daya Bay, SNO+,
Time (days) PROSPECT)
Figure 5 Time-course analysis of consortium growth at different lin- ® Water-like WbLS mlght not need
ear alkylbenzene sulfonate concentrations (in mg 7Y (#) 10; (&) 20; . . . .
(M. 50; and (@) 100. Values are means + standard deviations for ClI'Clllathn Wlth Careful SeleCtlon Of
three replicates. vessel and materials-in-contact
« extensive studies by environmental researches « Passing 0.1 micron filter
in academia and industry . Radon daughters?
= (Ongoing test with bacteria testing kit
BROOKHEVEN
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Material Compatibility

. AweII -equipped compatibility program at BNL
serving to several experiments (SNO, SNO+, Daya Bay, PROSPECT, LBNE-
water, T2K)

»  High s/V ratio (or elevated temp) to speed up the test
*  Impact of material to liquid (UV, XRF, 2-m attenuation system)
* Impact of liquid to material (AFM and FTIR-microscope)

0.05 -
0.04 -
i —3/7/2014
- —3/13/2014
] ——3/24/2014
%03 i —3/31/2014
2 ]
<
0.02 -
0.01 -
0
200 400 600 800
Wavelength (nm)
10% WbLS optically stable for acrylic, PP, PFA Atomic force microscopy (AFM) high-resolution
(other materials in preparation) scanning BROOKHEVEN
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Concepts (to be) demonstrated

= Stability of Cocktail \
= Scintillation light below Cherenkov \
— ®  (Cherenkov/scintillation separation ?
WbLS cocktail tuning
Slow timing \
— = Cherenkov light yield 7
Cherenkov light below 400nm being transferred
— ®  Attenuation length ?
Bench-top scale demonstrated; need long arm measurement
= Reconstruction & particle ID | ?
Background rejection L
= [sotope loading \
OvBp, solar, n tagging
Demonstrators are under construction | __
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Conclusions

L SNO+ (90% WbLS with Te)
1L PROSPECT (~90% WbLS with Li-6)

1 3-D Imaging STTR (5% WDLYS) 1 WATCHMAN (1% WDLS)
1T2K ND-280 (10-15% WDLS)
2014 2015 2016 2017 2018 2019 2020

= Principals of WbLS detection and isotope loading have been proven;
applied to several ongoing and/or newly proposed experiments already.

= The developments of a large WbLS detector with fast timing and
Cherenkov and Scintillation separation (ASDC) for multi-physics
searches are ongoing.
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