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4 N
Liquid Scinftillator for Particle Detector

« Physical performance

« High efficiency of converting kinetic energy of charged
partficle to detectable light (orders of magnitudes higher
than Cherenkov)

« Good light fransparency to the emission wavelength

« Short decay time for fast signal pulse
Mass-producible

Chem|col property and ES&H

 Index of refraction to minimize scattering loss

«  High flash point, low toxicity, safe to be used in confined
space

Long stability (metal-loaded)

« ie., CHOOZ

Chemical compatibility
Proton decay and sub-MeV neutrinos
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Comparisons of Selected Liquid Scinftillators

© &5 perazsa canaon
Linear Alkylbenzene

Q@ @

a1 . first identified by SNO+
The chemical properties and physical performance of selected LS

Ls* /N

PC PCH DN PXE \ LAB ) MO [B]D]
Molecular ﬁJ]’H‘EHLiH C9H|3 C| 1H|.;-, C |,~'-,H |} C |5H|H_ \L\mﬁﬁ Cann i 1‘: C| 1H35
Can Gd be loaded into the LS? Yoes Yes Yes Yes! Yes Mo Mo
Diensity (g/ml) (.89 0us 096 099 086 (.85 0.75
abs g30 pefore purification 0008 0072 0040 0.0 0.001 0.002 0.001
abs 539, afierpurification 0.2 0001 0.023 0022 ~ (L0000 0.0m ~{).00N)
Purification method® v.d. c.e. c.e. c.e. c.e. c.e. c.e.
Index of refraction’ 1.504 1.526 1.565 1.565 1482 1.461 1.422
S%%E 1 046 0.87 .87 098 n.a. n.a.
H-atoms per c.c. ( = 10*) 5.35 3.72 5.45 434 6.31 505 4.77
Flash pomt ("C) 48 99 = 144) 145 130 215 71

“Sec the text n Section 3.4 for the chemical names of these organic compounds.

"With alkyl side chain containing 12 carbon atoms.

n 230 [17].

40nly stable for few months.

“v.d. = vacuum distillation; c.e. = column extraction with solid Al.O,.

'Optical index of refraction at 20 °C, except DIN at 25 °C (dted from Material Safety Data Sheets and Ullmann’s Encyclopedia of Industrial Chemistry,
Sth ed., vol. A, Wiley, November 1991).

fScmntillation yield normalized to 100% PC. n.a. = non-aromatic compounds which do not santillate.

M. Yeh et al. [ Nuclear Instruments and Methods in Physics Research A 578 (2007 ) 320330
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g Liquid Scintillator for Neutrino experiments h

Experiment LS Extractant Fluors/Shifters
Cowan and Reines Cd-loaded toluene eligolens i oaNPO
methanol
Palo Verde 40% PC + 60% Mineral oll carboxylate 4 g/LPPO + 100 mg/L bis-MSB
50% Norpar-15 (paraffinic
CHOOZ liquid) + 50% IPB hexanol 1 g/L p-TP + bis-MSB
(isopropylbiphenyl)
Elien Anthracene + PC n/a 3 g/LPPO + 0.3 g/L POPOP
Bicron PC or Mix of PC+MO EHA unknown
Borexino PC n/a 1.5 g/L PPO or p-TP + bis-MSB
LENS LAB carboxylate 39/LPPO + 15mg/L MSB
Daya Bay LAB carboxylate 39/LPPO + 15mg/L MSB
SNO+ LAB carboxylate 2g/LPPO
Reno LAB carboxylate 39/LPPO + 15mg/L MSB

Double-CHOOZ

20%PXE + 80%dodecane

b-diketonate

6g/L PPO + 20mg/L MSB

KamLAND 20% PC + 80% dodecane n/a 1.52 g/L PPO
NOVA 5% PC + 95% MO n/a 1.2 g/LPPO + 17 mg/L MSB
LENA PXE/LAB withdodecane n/a PPO/MSB or ¢

/
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Metal-loaded liguid scintillators

Development and production of Metal-loaded (Yb, In, Nd, Zr, Gd, Li, etc) liquid

scintillator (LS) for neutrino experiments

e [ENS uses 125 tons of In-loaded LAB or PC
® Daya-Bay uses 200 tons of Gd-loaded LAB

¢ SNO-+ uses 1 KT of Nd-loaded LAB

beginning ot M-LS 1n 2000

°* M. Yeh et al. Gadolinium-Loaded Liquid Scintillator for

High-Precision Measurements of Antineutrino

Oscillations and the Mixing Angle, 013, NIM A 578

(2007) 329-339

Study of optical properties as a function of purity levels and of metal concentration

WATER SOLUBLE

WATER INSOLUBLE

CARBOXYLIC ACIDS FOR LENS YLS

2 3 CHy 4§| i
0 0
t—C N o~ AP N cH
3 3
OH/ OH/C (:H3 GH/C CH5 m,],(:"\/
ACETIC (AcA)[60] | PROPIONIC (PA)[74] | ISOBUTYRIC {1BA)[88} | ~BUTYRIC (BA)[88]
o 5C Chy S CHy % %
PRI 0 1w 71O
C €7~ CH g NN
W ou” CHg "3 gy oA CHy
ISOVALERIC TRIMETHYLACETIC | WETHYLBUTYRIC
(va)102] {Tuan)102] (NBA)[102) VALERIC (vA){102]
6C CH 6C CH 6C 6C
CH 3 3 S
g N
O\C /k/\ iy D}/Z/CHJ OH’C CHy o\c/vv CHs
oH” oH Oy oH
IMETHYLVALERIC ETHTLBUTYRIC | 2,2DIMETHYLVALERIC
(Mva)[118) (EBA)[116) (Dmva)[130] HEXANOIC (HxA)[116]
Chy & CHy CHy
°\§\/\/CH3 NP
OH,c 0H chy
ETHYLHEXANOIC TRIMETHYLHEXANOIC
(EHA)[144] (THHAY[ 158]
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M. Yeh et al. Purification of lanthanides for large
neutrino detectors, NIM A 618 (2010) 124—130

arboxylic acids are the preferred choice
M. Yeh for Detector R&D Workshop 2010

Self-scavenging method to

remove Th/U and improve UV
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Which one can we load?

. http://periodictable.com/Posters/index.posters.html
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Challenges of Liquid Scintillation

Safety

« Chemical and Fire Hazards

Cost

« $2k/ton

e  $50-70M for 50-kT or $20M for 15-kT (NOVA)
Handling and ES&H
 ex.pesudocumene leakage

Reactivity

« Limited compatible materials with organic
solvents

e M. Yeh for Detector R&D Workshop 2010




” NEPA assessment of fire safety for ongoing
and newly proposed experiments

Borexino

LENS
Daya Bay
SNO+
Reno
Double-

CHOOZ

KamLAND

NOVA

LENA

Experiment

@ M. Yeh for Detector R&D Workshop 2010
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Liquid scintillators used in all ongoing or proposed experiments are

combustible if not flammable
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A large (>50kT) pure liguid scintillator has
challenges of

COSt
attenuation

Compatibility
efc
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4 N
Goal of Water based liquid scintillator

Develop a W-LS to be used as energy spectrometer in large-scale
physics experiments or in national-security applications

» Replace the hundreds to many tons of unloaded or metal-
loaded organic liquid scintillators to provide:
e simpler sensitive detection medium
o fewer compatibility problems
e Costsavings

 Non-linear photon production plus superior water attenuation

length makes it possible to detect physics below Cherenkov
threshold

e PDK* channel becomes accessible

o R&D initialized in 2009 and 1-FTE RA supported by KA1503
beginning FY 10 with a goal of 3-yr R&D

e Dissolving wavelength-shifter in water is not water-based liquid
scintillator

@ M. Yeh for Detector R&D Workshop 2010 /
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Light Yield of PC% in dodecane

90% 3
80% : « By 3’Cs Compton
70% scattering
60% 3 - Light-yieldis o

$% so% : | function of
40% 3 percents of liquio
30% 3 scintillator; but is
20% not linear

10%

000 '

0 20 40 60 30 100
[Scintillator] (%)
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4 N
Goal of Water based liquid scintillator

Develop a W-LS to be used as energy spectrometer in large-scale
physics experiments or in national-security applications

» Replace the hundreds to many tons of unloaded or metal-
loaded organic liquid scintillators to provide:
e simpler sensitive detection medium
o fewer compatibility problems
e Costsavings

 Non-linear photon production plus superior water attenuation

length makes it possible to detect physics below Cherenkov
threshold

e PDK* channel becomes accessible

o R&D initialized in 2009 and 1-FTE RA supported by KA1503
beginning FY 10 with a goal of 3-yr R&D

e Dissolving wavelength-shifter in water is not water-based liquid
scintillator
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4 . . ™
Water Optical Transmission

20100115 1700
Spectrum of Pure Water

& Segelstein 81 (= 500 nm)
® Quickenden 80
® Pope 97

=
[

=

® Sogandares 97

i |« Superior attenuation

B is length of water
=T could compensate
¢ | the loss of photon

:  High proton density

(6.69 atoms per c.c.)

B00 800 I 1000 — 1200
WavelLength (nm)

uuuuuuuuuuuuuuuuuuuuuuuuu
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Goal of Water based liquid scintillator

™~

Develop a W-LS to be used as energy spectrometer in large-scale
physics experiments or in national-security applications
» Replace the hundreds to many tons of unloaded or metal-
loaded organic liquid scintillators to provide:
e simpler sensitive detection medium
o fewer compatibility problems
e Costsavings

e Non-linear photon production plus superior water attenuation

length makes it possible to detect physics below Cherenkov
threshold

e PDK*channel becomes accessible
o R&D initialized in 2009 and 1-FTE RA supported by KA1503
beginning FY10 with a goal of 3-yr R&D to assess its feasibility

e Dissolving wavelength-shifter in water is not water-based liquid
scintillator

@ M. Yeh for Detector R&D Workshop 2010
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Nucleon Decay

The SUSY SU(S5) model predicts
the K-decay mode to be
dominant with a partial

lifetime varying from 10%°y o
1035 yrs |

ENERGY & DEEXCITATION SCHENME OF (s}

7(p > k'V) >2.3x107 yrs

% I n*f%".n é « 22.5KT (7.5 x 103 protons & 6.0 x

;sz;_ 25/ II‘ oy e 2 1033 neutrons) at 40% coverage
;L 1.l 2+ T.~340 MeV/c: below Cerenkov
'i p , 3 oF) most 2 threshold

ne jr* Yeh%p@memmg@:mmmmb@om@ continu-

| region, respec

' *
@ :.ii‘;:w"‘;‘.;:i.i";“’“’ e o Mowes ® %O (p3/2) — N* + Y6.3 MeV



http://upload.wikimedia.org/wikipedia/en/6/62/Super-k.jpg

Water-based LS for PDK*

- A 50-kt detector would have a sensitivity of + >4x1034
yrs for PDK* model after 10 years of run time (LENA)

150 p.e./MeV (30%)
A e~20m
>4000m
- 9000 photons/MeV for 100% LAB
- 25% coverage gives 180 p.e. per MeV (DYB)
- Assuming W-LS has 20% of §, | xp at 7-8% LS loading,
o ~5=exp(r/20); X;,6>32mM
- Need to catch kaon before decay: t4,<12.4 ns
- deep underground

@ M. Yeh for Detector R&D Workshop 2010
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Surfactant reduces the tension; thus

balances the “like to like”

A highly stable
W-LS with long
attenuation
length that
generates light
as particle
detector

Conventional
water-miscible
cocktails for a/f3
counting or in
medical imaging
are not stable in
water

@ M. Yeh for Detector R&D Workshop 2010
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Purification of raw materials before

production

Online-purification during the dat

taking period

)
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Eurifico’rion Scheme and Strat

o dry-column extraction

e freezing-isolation

» short-path vacuum distillation

e aqgqueous/organic solvent-washing
o re-crystallization/dissolution
coniractors

2 : i = ! (9 ; x o, o, fetiima ;
E 114 - HE 2D :"——— . y '] N 3 1 )2
el =2 W 2 = N | - .
:‘ = . 4_ ; 3 ~E . 2 - . - “’ . AA
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0.5% W-LS achieved excellent opftical

fransmission

10 ¥
1
a
g 013
= =
£
o
E 4
< 0.01 +
0.001 T
| A5 10%0_impure_PA_0& — L AS-
0.0001 —t— — T S S S S T S TS S S S S S S S S
200 250 300 350 400 450 500

Wavelength (nm)
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- Online purification is achievable; but A
not easy for large scale

3.0 -

w2520 H20_100_pure_Florisil_020310

LAS 20 AE_H20_180 020510

=
N

Absorbance
=
—

0.5 -

g0 " 4
250 300 350 400 450 500 550 600
Wavelength (nm)
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(~7% W-LS has a light-yield of 15~20%
of pure LAB (by '3/Cs)

1000000
—bkg
w5 6.8% 24hr5
==|AB PPO_MSB 24hrs

100000

10000

1000

Counts

100

10 4

1

100 1000

Channels
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4 ™
Emissions of W-LS and pure LS

25000 8000

™ e s Of 10% W-LS is
- ~25% of pure LAB

20000

« Non-radiative
g ] " 7 energy-transfer
5 /e 5 mechanismiis
§ o w > hofwell-
- %= understood yet
. 2000
1000

—

0 : : ; : | | 0
250 300 350 400 450 500
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Muclear Instruments and Methods in Physics Research A 589 (2008) 290-293 —————
www.elsevier. com/locate/ nima

Wavelength shifters for water Cherenkov detectors

Xiongxin Dai, Etienne Rollin, Alain Bellerive™, Chiff Hargrove, David Sinclair,
Cathy Mifflin, Feng Zhang
Department af Physics, Ortawa-Carleton Instite for Physics, Carleron University, 1125 Colonel By Drive, Ortawa, Onr., Canada KI5 586

Received 23 May 2007, received in revised form 25 January 2008; accepted 29 January 2008
Available online 15 February 2008

Abstract

The light yield of a water-based Cherenkov detector can be significantly improved by adding a wavelength shifter (WLS). WLS
molecules absorb ultraviolet photons and re-emit them at longer wavelengths where typical photomultiplier tubes are more sensitive. In
this study, several WLS compounds are tested for possible deployment in the Sudbury Neutrino Observatory (SNO). Test results on
optical properties and chemical compatibility for a few WLS candidates are reported; together with timing and gain measurements. A
Monte Carlo simulation of the SNO detector response 1s used to estimate the total hight gain with WLS. Finally, a cosmic ray Cherenkov
detector was built to investigate the optical properties of WLS.

) 2008 Elsevier B.V. All rights reserved.

SNO went through a search of water-soluble
wavelength shifters and identified few
promising candidates (for Cerenkov)

@ M. Yeh for Detector R&D Workshop 2010
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Blue or Not-Blue

B 8% W-LS = 8%BW-LS . H,O ‘
(PPO) (C-124) (C- 124)

« dissolving a wavelength shifter doesn’t generate
light
« (C-124 needs red shift

@ M. Yeh for Detector R&D Workshop 2010




° 1 fluorescence

. counting

HOW FAST




™
decay time is in the region of interest

800 - 4 Decay of sample 3, deoxygenated
ﬁ
- 'l'l' ex=250nm
l f—
600 - w ! em=329nm
#
’
|
=
2 400
L
=
200

260 280
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Attenuation measurement of light

change at 1% precision

Use for Daya Bay, SNO+ and LENS
(LBNE?)
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Purification is essential for optical transmission,
particularly for large LS detector

Linear Alkyl Benzene (LAB)

099 — \_pure

Close to the baseline
that a long path-
length system is
needed!

A impure

03 4 —— B_impuare

039
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Attenuation of 430 £ 10 nm Light in 0.12% GdLAB + PPO + bisMSB

4 BNL 2-m system

1-042 ¥2 1 naf 30.51/64

r Ry 1.04 £ 0.0006935

10— ) 1959+ 26.13
— at 1% precision i
%u.aa:—
- 2 As per measurement ok
0.34i
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0.1% Nd-LAB by UV 10-cm and 2-m system

UV Spectrometer Data

£ 0.05
'..g- Chris Ouellet et al. in preparation for NIM-A Il 405nm LED FWHM
E M 430nm BandPass Filtered
2 0.04 L B 470nm LED FWHM
[ @ 2-m system measurements
0.03—
0.02—
0.01—
L 6.234n
[ | | l
400 420 440 460 480 500
@ M. Yeh for Detector R&D Workshop 2010 Wavelength (nm)
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Absorbance of AD Liquids

1e
= ": 0.12% Gd Loaded LAB + PPO + bisMSB
i
B &1 Purified LAB + PPO + bisMSB
o Gd-LS
£ - \ Purified LAB
5 -
o - \
- v Vleasurement
o =
- E 10 meters
S 16 meters f"&‘m
% ol ]
103 = V
E " e "4l
10-4 _ 1 ‘/ |’ | i 11 I ll 11 'I/r | - 1 )L | | | 1 | |
350 400 450 500 . 550 600 7650 700
_ Stability of Attenuation Measurements in AD Liquids
5{"}0 —_ ]l Illlllllllil{l!!ll!!l!*l{ 470 nm
L T 450 nm
E - 1 ii%iii!iiiiii!fi%ii!ii!iii!i:}il 430 nm
< 4000 — 3 I 405 nm
-E- -
E : 1 1 Tl
£ - I N 1
E 3000 __ Tix
: EDre alFa¥alal.
& - A .
& 2000 — g ' g T
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03/24 03727 03/31
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Summary

 Achieved the first milestone of 3-yr R&D program
by developing a W-LS that has
e Long stability

Samples of W-LS have been stable (1.5+ yrs) since
preparation

e Plenty of light

but need to optimize fluor selection (organic or aqueous)
and understand the quenching effect

o Fast time pulse
decay time at few ~ns
 Large detector for the Physics of PDK* in the
order of SUSY lifetime becomes affordable

@ M. Yeh for Detector R&D Workshop 2010




e

Remaining and Plan to do

Purify the W-LS in large-scale and on-line during data-taking

e develop techniques and possibly transfer to contractor
e canwerun it at lower temperature to minimize the microorganisms?

optimize the light production

e organic and aqueous fluors and shifters
o fast
o stable

Light production property and quenching effect (dE/dx)
e inresponse to a proton beam at NSRL (BNL) with kinetic energy of 100 to 1000 MeV.
e a250-L prototype for Cf-252 neutron capture.

Long-term stability test

Material Compatibility Test (for a 10-yr detector)
e designated group for LBNE, Daya Bay, SNO+, SNO and LENS

Detector physics (simulations)
Other approaches of W-LS

Can we preserve the scinfillation and Cerenkov radiations
simultaneously?
 Little scintfillation not to overcome Cerenkov (5 p.e./MeV at 30%)

Neutron-tagging by adding metal (such as Gd) into the W-LS¢
e |BD followed by Gd-capture sum of 8-MeV

@ M. Yeh for Detector R&D Workshop 2010
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™
Neutrino at BNL-Chemistry and -Physics

« Richard Hahn | Physiis’rs cemis’rs)
« James Cumming (retiree) — | ’

Postdocs

« SunejHans

 Liangming Hu

: ‘\'\j. -
- ——c = = e

*  Pankajsinha Students/Technicians ~ Collaboration
e 1~2 openings . . between Physics and
P g Wanda Beriguete Chemistry
Wai Ting Chan departments
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wn
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[ J

{ . Johnny Goett (LNGS)

. Richard Rosero

Research sponsored by the U.S. Department of Energy, Office of Nuclear Physics and Office of High
Energy Physics, under contract with Brookhaven National Laboratory — Brookhaven Science Assoctates.
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" BNL 40+ years of neutrino at chemls’rry A

1961
N e HOMESTAKE Radiochemical Detector
Radio- 615 tons of C,Cl,; “"Cl + v, — %"Ar + e (~40 years)

chemical , GALLEX Radiochemical Detector
30 tons of Ga; ""Ga+ v, —> "'Ge + e (1986 - 1998

e SNO Water Cerenkov Detector (SNOLab)
1-k tons ot ultra-pure D,O (1996 - 2006)

ENS Real-time LS Detector (R&D) \
100 tons of ~8% ''°In in Liquid Scintillator (R&D began ~QOOO)
BNE Long-Baseline Neutrino Experiment
% V,beam to DUSEL (R&D began~2002)
Liquid

Water

aya Bay High-Precision Reactor 0, Detector
Scintillator 200 tons of 0.1% Gd in Liquid Scintillator (R&D ~2003; Project 2007)
NO+ Neutrino-less Double Beta Decay Real-time Detector
'\{I 1-k tons of 0.1% Nd in Liquid Scintillator (R&D ~2004, Project~2009)

eutrino Application

e Nonproliferation and Reactor Monitoring
! e Li/Zr/Ca-loaded Liquid Scintillator (R&ID~2008)

2010 ater-based Liquid Scintillator (R&D~2009)
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