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Outline

* |ntroduction
— What are liquid scintillators?
— How does it work?

* Properties & Characteristics

— Why do we use liquid scintillators in detectors?

* Future
— Where is the technology headed?



INTRODUCTION



Liquid Scintillator Detectors

Photosensor

Liquid Scintillator

Particle

-

http://www.oari.science.leidenuniv.nl/#/group/LISC

1. Particle deposits energy 2. Liquid fluoresces, 3. Lightis picked up

as it travels through emitting visible light by photosensors
liquid scintillator



Current Liquid Scintillator Detectors

NOVA (USA) Borexino (Italy)
Accelerator Neutrino Beam | Solar etrmo

— 5 -

Daya Bay (China)
Reactor Anti-Neutrino

- 5

KamLAND-ZEN (Japan)
136Xe > 13GBa




Inorganic Liquid Scintillator

What this talk is not about!

* Liguefied Noble Elements (LAr, LXe, LKr)

de-excitation and
excited d|3$00|at|on
molecule
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collision @ 130 A
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“Cocktail” Recipe

* Liquid Scintillators contains two
main ingredients:

1. Solvent
2. Scintillator (Fluor)

Multiple scintillators can be present, with
each addition a “Wavelength Shifters”

radioactive solvent fluor photomultiplier
molecule B molecule molecule hv tube

O T—b C)) = 2oy AAA

hisascey

Particle excites Solvent transfers Fluor emits
solvent energy to fluor visible light




* Properties of solvent:

radioactive solvent
molecule ﬁ molecule

Solvent 0O T—» )

— Must efficiently absorb deposited energy from particle
(aromatic rings with m-electron cloud are excellent)

— Scintillators (fluors) should be soluble in the solvent

List of Solvents

Solvent Structure

Relative  Flash-
Pulse Height Point (*C)

Linear Alkyl Benzene (LAB)

1-Phenyl-1-(3 4-dimethylbenzene)ethane
{PXE) c

ch,

1,2,4-Trimethylbenzene CH.
(Pseudocumene) b
CH,; CH,
1.4-Dimethylbenzene —
(P-Xylene) CH@ CH,

Methylbenzene
{Toluene) Q CH.

Benzane @
1,4-Dioxane Q
Dodecylbenzene (CH,),,CH,

12

110

100

91

e 114
|
QCHQCHJ
CH,

H3
2,6-Di-sopropylnaphthaline | ){gHg 14
(DIPN)
RN N

50

30

150

“Classical Cocktails”

Bl - Toxic

e © Carcinogenic

B © Low Flash Point

e Cowan & Reines used Toluene

* Pseudocumene most popular (Borexino,
KamLAND, NOvA)

“Safer Cocktails”

* LAB identified as promising solvent by SNO+,
now also used by Daya Bay and RENO
e PXE used by Double-CHOOZ 8




solvent fluor
molecule molecule h\’

Primary Scintillator (©*)T ﬁ?ﬁ

The dipole-dipole interaction between the excited solvent
and scintillator leads to a radiationless transfer of energy

Excited scintillator emits UV light

Primary Scintillators

. Emission
Scintillator Structure Wavelength
S,
s : S Butyl PBD N——N
v 2 2-[4-biphenylyl]-5-[4-tert-butyl- J—chﬁ 363nm
phenyl]-1,3,4-oxadiazole) o

_._:_ S, Prim. Fluor

Order No. SFC-20

S ’ Naphthalene e 322nm
o $ | Order No. SFC-40 Z
” . i

Forster Resonance PPO | ‘N

Energy Transfer (FRET) IY 2,5-diphenyloxazole @Q—@ 357nm
Order No. SFC-10

Most commonly used in experiments

, ’ p-Terphenyl O O O 340nm
SOI\ ent SO S 0 Order No. SFC-50

S




Secondary Scintillator (Wavelength Shifter)

e Early photomultiplier tubes sensitivity dropped below 400 nm

Tonization excitation of base plastic

Solvent

10_8mM Forster energy transfer

primary fluor
(~1% wt/wt )

emit UV, ~340 nm

104m Y
absorb UV photon | secondary fluor
. (~0.05% wt/wt )
emit blue, ~400 n:
1m Y
absorb blue photon photodetector

Figure 33.1: Cartoon of scintillation “ladder” depicting the operating mechanism
of organic scintillator. Approximate fluor concentrations and energy transfer
distances for the separate sub-processes are shown.

Secondary Scintillators

Cowan & Reines (Savannah River Plant) used Dumont 6364 PMT

DU MONT TYPE 6363 MULTIPLIER PHOTOTUBE

Wavelength at maximum response

Wavelength at 10% of maximum re-
sponse on long wavelength side

Wavelength at 10% of maximum re-
sponse on short wavelength side

BBQ <j\— 477nm

(7H-benzimidazo[2,1-a]benz >

[delisoquinoline-7-one) N

Order No. SFC-13

B. MSB CHy HyG,

1S-

(1,4-bis[2-methylstyryll- G I OCH _CH© 420nm

benzene)

e Most commonly used in experiments

POPOP | |N N| |

(1,4-bis[5-phenyloxazol-2- mo 410nm

yllbenzene)

Order No. SFC-60

TPB : ?\c:c},_wzc/‘ : 455nm

(1,1,4,4-tetraphenyl-1,3-butadiene)

Order No. SFC-15 @ O

GENERAL CHARACTERISTICS

4400 =+ 500 Angstroms
6125 + 275 Angstroms
3250 + 250 Angstroms



Secondary Scintillator (Wavelength Shifter)

Modern photomultiplier tubes are
capable of detecting UV lights from
primary scintillators

* Secondary scintillator are regularly
used to improve performance:

— Solvent more “transparent” to high
wavelength light

— Reduce “self-absorption” (overlap of
absorption and emission spectra)

Absorption

Stokes' shift

<>

Emission

1
450

1 1 1
500 550 600

Wavelength (nm)

1
650

700

Whitepaper for LENA (10.1016/j.astropartphys.2012.02.011)

Solute

PPO Bis-MSB

Chemical formula
Absorption maximum
Emission maximum

CisHi1NO  CgqHao
303 nm 345 nm
365 nm 420 nm

Stokes’ shift:
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©

4 Liquid Scintillator for Neutrino experiments A

Experiment LS Extractant Fluors/Shifters
Cowan and Reines Cd-loaded toluene ST i aNPO
methanol
Palo Verde 40% PC + 60% Mineral oil carboxylate 4 g/L PPO + 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 3g/LPPO + 15mg/L MSB
Daya Bay LAB carboxylate 3g/L PPO + 15mg/L MSB
SNO+ LAB carboxylate 29/L PPO
Reno LAB carboxylate 3g9/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 2

From Minfang Yeh (BNL) Ta

https://indico.fnal.gov/getFile.py/access?contribld=18&sessionld=11&resld=2&materialld=slides&confld=3356

k




PROPERTIES & CHARACTERISTICS



Particle Data Group: Detector Technology (2015)

34.3.1.1. Liquid scintillator detectors:

Past and current large underground detectors based on hydrocarbon scintillators
include LVD, MACRO, Baksan, Borexino, KamLAND and SNO+. Experiments at
nuclear reactors include CHOOZ, Double CHOOZ, Daya Bay, and RENO. Organic
liquid scintillators (see Sec. 33.3.0) for large detectors are chosen for high light yield and
attenuation length, good stability, compatibility with other detector materials, high flash
point, low toxicity, appropriate density for mechanical stability, and low cost.

Scintillation detectors have an advantage over water Cherenkov detectors in the
lack of Cherenkov threshold and the high light yield. However, scintillation light
emission is nearly isotropic, and therefore directional capabilities are relatively weak.
Liquid scintillator is especially suitable for detection of low-energy events.

Detector sensitivity
to solar neutrino
arXiv:1504.02154 [nucl-ex] - Gabriel
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GOQGLE  costofxenon

All Shopping News Images Videos More v Search tools

About 688,000 results (0.58 seconds)

$120

Abundance solar system: parts per million by weight, parts per million by moles.

Cost, pure: $120 per 100g.

Cost, bulk: $ per 100g.

Source: Xenon is a trace gas in Earth's atmosphere. Xe non

Xenon - Chemicool ~$1200 per kg

www.chemicool.com/elements/xenon.html

About this result  Feedback

Current Experiment Future Experiments
XENON100 (165kg) XENONIT (3.5 tonne)
Dark Matter LUX (370kg) LZ (7 tonne)
PandaX-Il (500kg) PandaX-IV (20 tonne)

OvfB EXO-200 (200kg) nEXO (5 tonne) 15



Alibaba.com Sourcing Solutions .~ Services & Membership .~ Help & Community Selection

Global trade starts here”

-— Categories - Products ~ linear alkyl benzene price
Related Searches for linear alkyl benzene price: Super September Purchasing hot sale linear alkyl benzene sulfonicacid More...
‘= Related Category Home - Chemicals - benzene - benzene price - linear alkyl benzene price > 1,149 Results
Chemicals Supplier Location:  All Countries & Regions + Supplier Types: " Trade Assurance © Gold Supplier @ Assessed Supplie

Organic Acid (662)

Detergent Raw Materials (412) Win extra savings between Sept.12-30! i m
Petroleum Additives (5) September 9 pE- ! Promo Price 4 ‘

ini ; 0= 00
& Product Features Lo, U © Online 5= 5q
~ Grade Standard = ﬂ\mnumnmﬂmcum ebUN.Gnq LABSA %
Agriculture Grade (109)
Industrial Grade (667)
Medicine Grade (107)
Reagent Grade (114)
+ See more
A Claccificatinn
‘= Related Category
Long-Chain Linear Alkyl Benzene Dodecylbenzene Sulfonic Detergent raw material LABSA 96% Linear Alkyl Benzene Sulphonic
& Product Features High Base Synthetic Calcium Acid/Linear Alkyl Benzene Linear Alkyl Benzene Sulfonic Acid Acid/LABSA 96%
~ Sample Order m Hebei Sancolo Chemical Co., Ltd. Henan Innovic Technology Co., Ltd. Hebei Bossory Import & Export Trade Co.... Shanghai Sungo Technology&Trade Co., ...
Free samples (0) 2 Metric Tons (Min. Order) US $900-1100 / Metric Ton US $1000-1500 / Ton US $1000-1150 / Metric Ton
Paid samples (0) 3 Metric Tons (Min. Order) 5 Tons (Min. Order) 1 Metric Ton (Min. Order)
Minimum Order. oK 4 Contact Supplier 3 Contact Supplier [ 3 Contact Supplier | 3 Contact Supplier | ]
o .
% Supplier Features MAHACO s ceoma racrony s
~ Supplier by Area i_
Africa (1) =
Asia (1 1 53) B3 N-‘llﬁl\‘.!’.,imim.’x A
~ Suppliers by
Country/Region
China (Mainland) v
South Africa (1) Detergent Raw Material LABSA 96% linear alkyl benzene price Directly manufacturer of linear alkyl 96% LABSA manufacturer Linear
/ Linear Alkyl Benzene Sulphonic benzene price with SGS/I1SO Alkyl Benzene Sulfonic Acid/ Linear

Pakistan (1
0 Shanghai Sungo Technology&Trade Co., ... Linyi Shuaihang Imp. And Exp. Co., Ltd. Zhengzhou Mahaco Commercial Co., Ltd. Henan Innovic Technology Co., Ltd.

~ Supplier T
upplier fypes US $900-1100 / Metric Ton US $1400-1600 / Ton US $1050-1150 / Metric Ton US $900-1100 / Metric Ton



Product Certificates

AThermo Fisher Scientific Brand

Live Chat s® Sign Up for Email Customer Service +1 800-766-7000 =

Restock Your Lab with Up to 50% Off

Safety Data Sheets Order Status Special Offers & Programs Order By Catalog Number

er, CAS Number

Search by Keyword, Catalog Nu

m Sign In
My Account ¥ A=)

Home » Products » Chemicals » Heterocyclic Buildi. » 2,5-Diphenyloxazole, Scintillation Grade 99%, ...

& Print = Email

2,5-Diphenyloxazole, Scintillation Grade 99%, ACROS

Organics™

$32.99-$1384.30

| | Chemical Identifiers

CAS

CAS Min %

CAS Max %

Assay Percent Range
Molecular Formula

Formula Weight

| ovimacs | MDL Number

Synonym

Chemical Name or Material

Assay

View More Specs

92-71-7

98.5

100.0

99%

C1sH11NO
221.26g/mol
MFCDO0005306

PPO

2, 5-Diphenyloxazole, 99%

98.5% min.

PPO
~S0.5 per g

Description & Specifications

Catalog Number i Packaging

AC117380025 Acros Organics 2.5kg Plastic bucket
117380025
K SDS

Each for $1,384.30

tity & Availability

Add to Cart

Check Availability

17



R P RESEARCH
PRODUCTS Search Q Hello, Sign In - $0.00

NN INTERNATIONAL Your Account v 0 items

I Biochemicals Laboratory Equipment Molecular Biology Radiation Safety Scintillation Vials Specials

bis-MSB [p-bis-(o-methylstyryl)-benzene], Scintillation Grade, 1 Kilogram

Home Biochemicals Scintillation Counters bis-MSB, 1 KG

Price $ 2,950.00

OPTIONS
5G 25G 1KG
$ 4950 $ 14950 $ 2950.00

e
. bis-MSB (Scintigtor 5

% L4 2 memytetyryh bensenel

. SKU: 111078
:“.“ 3 L L L
s e Mgty Pack Size: 1 KG

Quantity - 1 +

Bis-MSB
~S$0.003 per mg

18



Cost of Liquid Scintillator

Daya Bay LAB

carboxylate

3g/L PPO + 15mg/L MSB

* Perkg
— $1.00 LAB
— $1.50 PPO
— $0.05 Bis-MSB

Each Daya Bay detector holds 40 tonnes of LS

(20 t Gd-LS + 20 t LS)

~$100k per detector

Schematic o

Liquid Scintillator
~S52.5 per kg

ACU-B ACU-A ACU-C /

45+ men s — )

radial shield

:
i—%ﬁ
20t Gd-LS | i3
20tLS 1%

—
7N [l

f Daya Bay antineutrino detector



Attenuation Length

The attenuation length is the distance (A) where the

intensity drops to 1/e

Probability of light reaching a depth x

5m diameter
Daya Bay detector

(63% probability of absorption)

P(z) = e~ %/A

5m height

Want A large so light can
reach PMT unimpeded!

20



LBNL Attenuation Length Measurement (1)
. Overview of the System

[EW @ o e e o o o o e o e o e o o o e o o

| |
I toP VIEW !
| |
| |
<, | |
|
Position of |
SS tube I I
is computer ~75cm | _ |
controlled I Beam = Focusing I
i lens

Mirror | o Splitter |
As tube | To liquid I
oves I S s ] I
down, R [ —= I
pathlength I From liquid - |

in liquid n
increases, _ | |
and v | |
viceversa I 47,\ |

\Quartz o.

t window
. : Light source, optics, ' (see next slide for a picture)

and PMTs mounted here

Cheng-Ju Lin — LBNL Senior Staff Scientist .



LBNL Attenuation Length Measurement (2)

» Top view photograph of the optical system:

Lensand §
diaphragm




LBNL Attenuation Length Measurement (3)

r:”\”| ""‘ » More photographs of the system: *
BERKELEY LAB 1 3

Additional cover to Light-source can be changed
reduce stray light without opening the box

4D



LBNL Attenuation Length Measurement (4)

-~
Fereeee ‘m

¢ Overall principle:

‘ Basic physics of the system

- light beam is sampled before going through the liquid (reference PMT) and
after going through the |IC|UId (signal PMT) <+—— analogous to a long baseline neutrino oscillation experiment!

- The attenuation length is extracted from the ratio between the signal and
reference PMTs as a function of pathlength in the liquid

» This way, most systematic effects cancel to first order (namely, all those
that are common to the reference and signal measurements)

s Example of a nice attenuation length measurement (with dirty water):

Reference PMT

0.9
Signal PMT

1

K
Time (hours)

7 108

109

1

111

Time (hours)

Ratio (sig/ref x 1000)

Sig/ref ratio

950
900
850
800
750
700
650
600
550

#chi®{2} / ndf = 3261/29
Prob 0
Constant 6.881 #pm 0.000
Slope -0.004784 #pm 0.000001

470nm

L IIII|IIII I||I|IllI|IIII|IIII||||I|III U

A=1/0.4784=2.09m

700 120
Position (cm)

20 40 60 80
reference is quite stable
signal shows a clear trend with pathlength (position)
Ratio vs. pathlength gives clear exponential shape,
whose slope’s inverse yields the attenuation length

6



Daya Bay LS Attenuation Length

* LBNL measurement:

Preliminary results with <10% uncertainty

LED wavelength | 470nm __430nm _| 405 nm_

Gd-LS attenuation length 245 m 17.0m 153 m

* Beijing Measurement:

. . . e e LED—\é— 2 Is
Attenuation length measurements of a liquid scintillator g =3 Pulse generator
with LabVIEW and reliability evaluation of the device -l Trigge

()

Chinese Physics C, Volume 37, Number 7

0

1.01 g
=]
I B [ AB:19.444+0.62 m ;
100 = ® LS:15.9940.43m £
F A (Gd-LS:15.10+0.35m @
0.99 Oscilloscope
=[] T HVPS
008 = I | | |
»—40 L
= 0.97
Fig. 1. Experimental set up.
0.96
A(Liquid Scintillator) = ~20m
0.94 |||||||||||||||| q
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 25



Size of detectors
Borexino

External water tank 18m ¢

Stainless steel sphere 13.7m ¢
(1320m 3PC)

Nylon outer vessel 11.0m ¢

Rope tendons
2200 Thorn BEMI 8" PMTs

(1800 with light collectors
400 without light cgllectors) Nylon inner vessel 8.5m o
Fiducial volume 6.0m ¢

208 PMTsin water for
External Muon Detector,

Steel platesin
concrete for extra
shielding-

10m x 10m x 10cm
4m x 4m x 4cm

7 17.80 M DIA
%
7
i 7
KamLAND
. . . . 7
Chimney 1 . __~Calibration Device 17/
~ . O /iddd i/
| LS Balloon ) 77,
(diam. 13 m) ’
///ﬂ N\ Photo-
/ /{( N\ <7 Multipliers
\/ A
4 oll]
111 o B :
11 HHH#AE/BuffCrOII
i) immnnsii
Outer Detect \ i
uter Detector NN\
PMT 7/ 26

1|\ 9 9O 9. G v 9O 9 vl



Energy Response of Liquid Scintillators

Is the amount of scintillation proportional to
energy deposited into the liquid scintillator?

Daya Bay Detector Radioactive Source Calibration

—_
—

I|IIIm‘,F|IIII|IIII|IIII|I

Visible Energy/True Energy

Gamma ray data
¢ Single gamma source

o Multiple gamma source
—— Best fit model

Data / best fit
_III = III_
_o_

ll[lllllllllll]llllllll

Liquid scintillator response is non-linear!

5 6 7 8 9

Effective gamma energy (MeV)




Birks’ Formula

* ] B Birks developed a semi-empirical model:

dE /dx

d.L
I 7
dx 01+

L : Luminescence
kg : Birks” constant

E : Energy deposited

X : Distance traverse in LS

When dE/dx is ...

kg dE/dz

Light produced should be
proportional to ionization of LS

However too much ionization will
damage the LS molecules ability to
scintillate. Assume damage is also
proportional to ionization

1. Small: L =Ly * Ejopositeq (Lin€Ar Response)
2. Llarge: L=1Ly/k; * distance (Non-Linear Response)



LBNL LS Energy Response Measurement (1)

~

reeserf Compton Spectrometer

High-Purity
Use gamma Compton scatter - % - Ge De’fector.

to introduce e- into target.

Advantages:
— "Tunable' e- energy

Effectively mono-energetic | o

e- source.

— Generate e- in scintillator

bulk. Gamma source

No bias from e- energy
loss or shadowing.

Disadvantages:

— Requires relatively
intense gamma sources,
and careful collimation.

-]

Compton Scattering
h

mecC

AN ==

(1 — cosf),

o
o
% °
[ 5 @

= a &

o °  See:
i W.S. Choong et al. IEEE Trans. Nucl. Sci. 55 1073 (2008)
O. Perevozchikov Ph.D. Thesis (2009)
H.W.C. Tseung et al. NIM A654 318 (2011)
F.H. Zhang et al. arXiv:1403.3257

Dan Dwyer — LBNL Staff Scientist ”
Christian Dorfer — Exchange Undergraduate



LBNL LS Energy Response Measurement (2)

cereyf System Layout

BERKELEY LAB

Post-scattering Collimator

Collimated Gamma Source i

.L

.y 4 ' | \-J T———-‘@I e oS
Scintillator Target = L ——

with Photomultipliers D el _ __-';‘_'_-;_ High-Purity Germanium Detector

T I
Gamma Turntable Gamma Beam Stop

30



LBNL LS Energy Response Measurement (3)

>

A
reeeeee| !

In Real Life...

View from above of complete system, at 40° scattering angle

BERKELEY LAB
Lawrence Berkeley National Laboratory

10

31



LBNL LS Energy Response Measurement (4)

>
A
reeeeee| !

BERKELEY LAB
Lawrence Berkeley National Laboratory

Target mounted in
gamma turntable

Completed assembly,
including collimation
and magnetic shielding

32



LBNL LS Energy Response Results

-~

ceceef Scintillation Linearity

BERKELEY LAB

Meas%rement of scintillator linearity vs. e- energy
85 . .

so0 55 40 54 a K

PrellmmaryI 60Co i —

(0]
o

e_

~ ~
o O
rrrr [ rrrrprrrrproroi

Light Yield / E [adc/MeV]

65

60 | | | l 1 | | I | L 1 l | | | I 1 | | i 1

33



Metal-loaded LS for Neutrino Physics

H 1 Periodic Table of the Elements © www.elementsdatabase.com Heﬂ

4 B hydrogen B poor metals & 7 8 a 10

‘ Be alkali metals B nonmetals B C N 0 F Ne
&411 3 [ ] alkall-e-arth metlals B noble l_]EI!:.!S | &-fa a 3 S T m
Mg B transition metals B rare earth metals A Si P S Cl Ar

1 4=2~ 21 22 23 24 25 26 27 28 29 30 | 32 33 34 35 36
CaPSc Ti |V |Cr |Mn|{Fe |Co|Ni |CulZn |Ga|Ge]| As Br | Kr

i Se
37| 38| a0\ 41| 42| 43| 44| a5| 48| 47 D 50| 517 5N 53[
Sr Yag(Zr Nb [Mo | Tc | Ru|Rh |Pd | Ag |Cd i| In DS" sp(l Te o | Xe
\) Q.f o
2
Hf

73 74 75 78 77 78 79 80
Ta|W | Re|Os|Ir |Pt |]Au|Hg| TI | Pb| Bi | Po| At | Rn

87 Ba 89 104 1056 106
Ra | Ac |Ung|Unp|Unh|Uns|UnojUne Unnl

Omw 7
O Solar

O Others BROOKHRVEN
Brookhaven Science Associates NATIONAL LABORATORY
4/1/2014 Minfang Yeh, BNL 5

From Minfang Yeh (BNL) Talk y

https://p25ext.lanl.gov/seminar_files/Minfang_Yeh_040114.pdf



Doping for Reactor Neutrinos Experiments

* Daya Bay, Double-CHOOZ, RENO are doped with Gadolinium (Gd)
* Electron Anti-Neutrino detected by the inverse beta decay (IBD):

lllustration of IBD event

neutron capture on Hydrogen (nH) neutron capture on Gadollnlumv(nGd) Dava BaV IBD SEIECtIOﬂ
Edelayed ~ 8MeV 20 . _
Egelayea = 2.2MeV > [ o: o l
s Co= . <
~200‘us Gd (01%) ; 18: . .1.1 . L. P
216 . "x- - ' .- =10*
P 8 r L..::t ", . . =
Y - 14f " T
I A e
Y o g i
5 12f 410
n o C J
10F
® 8f 10*
-, - 1
N 6F
: ' 10
O 4: 4
Vz' ’ . '."
2 B [
00'

1 lll 111 111 lll-.llllll\llllll.ll.l 1
8 10 12 14 16 18 20

E ~ Es; — 0.8 MeV
prompt ¥ £, € nH NG dDelayed energy (MeV)
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Doping for OvBB experiments

KamLAND (Reactor Neutrino) and SNO (Solar Neutrino) detectors
have been repurposed to search for Ovf33
— KamLAND-ZEN (3%Xe)

— SNO+ (139Te)
KamLAND-Zen talk (Neutrino 2016)

KamLAND-Zen sensitivity

F¥Ca_ 7 Nl

Sf Cf'Achleved
1E 2 GCMOT KL-Zen Next
5 : 1 ! l 400 KL-zen Future
i I Xe 800 KL2-Zen
% 10‘1? KamLAND-Zen (‘*Xe) l ?60mevl @ (1000kg)
2 - = e my 40meV
E eeaaan i - 20meV

£, 750kg Xe b

10 10® 10?2 197 50 10 Cl'sse fothe | -~z | [\l
) reglon o ’
Migres; (V) A Entering the |H Wl TE¥0 J.l
region.
Branch point of the IH and NH Covering most of 36

Cosmological observation the IH region !



Towards a Water-Based Liquid Scintillator

FUTURE

37



Water Cherenkov

What this talk is not about!

Super-Kamiokande 41.4m height

39.3m diameter

&> sharp edge Fuzzy ring
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Water-based Liquid Scintillator

Cherenkov and Scintillation Detectors
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From Minfang Yeh (BNL) Talk

https://p25ext.lanl.gov/seminar_files/Minfang_Yeh_040114.pdf
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LBNL Daya Bay research on WbLS

* Group is hard at work on WbLS!
* Unfortunately most of the work is

2) Large light yield black = Daya Bay LAB
red = LAB + PPO

S IR 1 — 1 | [ olmnge=LAB¥bSMSB | | ]
— \ N 0 AN 4w i green = Fushen LAB + PPO + bis-MBB
2000. :

. blue = Waste GdLS o
__purple = Safeway Detergent |

i magenta = Safeway Detergent 1%

\ | grey =LAS 2%: o

Undergraduates
Sean Hooten

Lauren Capelluto
Peter Dotti

Photen Rate / Intensity (Arbitrary Units)
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