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Can we combine the best part of a Cherenkov 
Detector with a Liquid Scintillator Detector?
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Clear particle ID
Direction information
Highly transparent
Cost effective
Safe to handle

Lots of light  
High efficiency 

(even at low energy)
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1GeV muon
2MeV positron 
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The                       Channel in Cerenkov Detectors
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Favored SUSY decay mode

Kinetic Energy of K+ is 105 MeV, 
invisible in water Cerenkov detectors

Gamma Tag for p ! " K+

H.Ejiri Phys. Rev. C48 (1993) 1442

Nuclear Shell Model:
16O (p3/2) ! 15N* + proton hole
de-excites by 6.3 MeV gamma

most
important

TOF subtracted PMT hit time (ns)
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Example of Event Timing

light
from
µ+

light
from
decay
electron

light
from
gamma

#$ ~ 12 ns

#µ ~ 2 µs

Coincidence signature:
proton decay to K+n accompanied by prompt %
K+ is below Cherenkov threshold: no light
followed by K+ decay to µ+" ~12 ns later

followed by muon decay to electron ~ 2 ms later

~ 6 MeV
(30%)

N*

Ng.s.
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SK Limit

In WbLS, the Kaon prompt signal is suddenly visible

SK

M. Shiozawa, 
NNN09
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Simulation of a Large WbLS Detector
• Based on WCSim software (Geant4-based 

simulation used in LBNE Water detector 
concept design)

• SK-like geometry, 22.5 kton Fiducial Volume

• SK 20’’ PMT, 40% coverage

• WbLS material + scintillation + wavelength 
shifting

5

Example: a 500 MeV Muon

x%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPOx%-WbLS (d=0.9945 g/cm3) +PPO

Element 
composition (%)

H O C S NElement 
composition (%) 65.9 30.9 3.1 0.09 0.006

Refractive Index 1.3492 @580nm1.3492 @580nm1.3492 @580nm1.3492 @580nm1.3492 @580nm

Timing 1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)1.23 ns (26%) + 9.26 ns (74%)

Absorption length 50m @430 nm50m @430 nm50m @430 nm50m @430 nm50m @430 nm

Birks Constant 0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV0.124 mm/MeV

photon yield 90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)90 / MeV (tunable)
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The                       Channel in WbLS Detectors    

7

!

!"#$%&'()'#*+,-(.+/+01'#

2%+#134#/5(0#6%&'()'#'(7051-.+'#48#.+9+:50)+#84.#1%('#34.;#5.+#6.4140#<+)5&=#'6+)(8()599&#

1%+# '-6+.>'&//+1.&# ?@A@BC# 85:4.+<# <+)5&=# =# 50<# 943# +0+.7&# 0+-1.40# <+1+)1(40# 50<#

1577(07"#2%+#/4'1#(/64.1501#8+51-.+'#48#1%+#351+.>D5'+<#')(01(9951(40#/+<(-/#5.+#5))+615D9+#9(7%1#

&(+9<=#'-6+.(4.#511+0-51(40#9+071%=#9407#)%+/()59#'15D(9(1&=#50<#744<#1(/+#.+'640'+#?1%+#5D(9(1&#14#

849943#5#1(/+#'+,-+0)+#48#<+)5&'#4.#(01+.5)1(40'#4:+.#5#95.7+#<&05/()#.507+#8.4/#0504'+)40<'#

14#/(99('+)40<'C"# E0# 5<<(1(40# 14# 1%+'+# 6%&'()'# 7459'=# 1%+# ')(01(9951(40# 9(7%1# '%4-9<# 59943# 943+.#

+0+.7&#1%.+'%49<'#50<#5<<(1(4059#.+)40'1.-)1(40#)565D(9(1&#84.#943#+0+.7&#0+-1.(04#<+1+)1(40"#F-1#

%+.+# 3+# 3(99# /5(09&# )40'(<+.# 1%+# 6.4140# <+)5&# 50<# 0+-1.40# 1577(07# 6%&'()'# '(7051-.+'# 14#

-0<+.'150<#1%+#<+1+)14.#.+,-(.+/+01'"#

#

$.4140#G+)5&H#

I0+# 48# 1%+# -0(,-+# 6.+<()1(40'# 48# J.50<# A0(8(+<# 2%+4.(+'# ?JA2'C# ('# 5# 8(0(1+# 0-)9+40#

9(8+1(/+#1%.4-7%#D5.&40#0-/D+.#:(4951(40"#K#.+)+01#.+:(+3#48#1%+#'-DL+)1#('#(0#.+8+.+0)+#M"#2%+#

134#.+)+01#(/64.1501#(06-1'#(014#JA2'#5.+#1%+#5665.+01#-0(8()51(40#48#1%+#1%.++#.-00(07#)4-69(07#

)40'1501'# 48# 1%+# @150<5.<#N4<+9O# 50<# :+.&# '/599# /5''+'# 48# 0+-1.(04'# .+)+019&# <(')4:+.+<# (0#

0+-1.(04#4')(9951(40'"##

N50&# .+)+01# 5059&'+'# %5:+# '-77+'1+<# 1%51# JA2# 1%+4.(+'# 3(1%# 5# 75-7+# )4-69(07#

-0(8()51(40#')59+#48#P!#Q#RSRT#J+U#)4-9<#D+#1%+#1%+4.&#1%51#-0(1+'#599#65.1()9+'#50<#(01+.5)1(40'M"#

K#;+&#6.+<()1(40#48#1%+'+#/4<+9'#('#6.4140#<+)5&"#2%+#134#<+)5&#/4<+'#)4//409&#)40'(<+.+<#

5.+# 50<# "# 2%+# 8(.'1# /4<+# ('# )40'(<+.+<# 14# D+# 1%+# 9+5<(07# /4<+# (0# /50&#

JA2'=#(0#65.1()-95.#040>@A@B#JA2'#3(1%#1&6()59#6.+<()1+<#9(8+1(/+#48#PRSOVWR&.'"#E1#('#59'4#1%+#

/4<+#3(1%#1%+#D+'1#9(/(1'#D+)5-'+#351+.#X%+.+0;4:#)4-01+.'#%5:+#%(7%#+88()(+0)&#14#1%('#/4<+"#

K+ !+ e+

!+

e+

Hit Time (Time of Flight Corrected) [ns]

N
um

b
er

 o
f 

P
E

10        102             103            104                 

50

 
 
 
 
 
 
 
 
 
  

100

150
p ! K+ + ν e+ + νμ + νe 

_μ+ + νμ
12 ns

2.2 μs

 
 Visible K+!

A simulated event with 90 scintillation photons/MeV

David Jaffe (BNL) p → K+ν̄ WbLS 25-27 April 2013 5 / 19



K+ !+ e+ e+

Hit Time (Time of Flight Corrected) [ns]

N
um

b
er

 o
f 

P
E

10        102             103            104                 

50

 
 
 
 
 
 
 
 
 
  

100

150
p ! K+ + ν e+ + νμ + νe 

_μ+ + νμ
12 ns

2.2 μs

 
 

Number of Photoelectrons
100 120 140 160 180 200 220 240 260 280 3000

10

20

30

40

50

60

Kaon Deposited Energy  / ndf 2!  19.99 / 22
Constant  3.10± 51.73 
Mean      0.7± 213.9 
Sigma     0.6±  14.8 

Kaon Deposited Energy

Number of Photoelectrons
600 650 700 750 800 850 9000

5

10

15

20

25

30

35

40

45

Muon Deposited Energy  / ndf 2!  67.06 / 61
Constant  1.37± 35.49 
Mean      1.5±   753 
Sigma     1.05± 45.06 

Muon Deposited Energy

Kaon: 105 MeV -> 213 PE

Muon: 152 MeV -> 753 PE Number of Excess Photoelectrons
-100 -50 0 50 100 150 200 250 300 350

R
is

in
g 

Ti
m

e 
[n

s]

0

10

20

30

40

50

60

70

80

Main background: atmospheric νμ
Reduce by:

- Rising-time cut: distinguishes one-pulse 
(background) from two-pulse (signal) by 
rising-time (from 15% to 85% of maximum 
pulse height) of the pulse shape

- Reconstructed Kaon energy cut: by 
subtracting the reconstructed muon energy

Reconstructed Kaon PE

proton decay
signal

atmospheric νμ background
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Summary of Efficiency, Signal, Background

9

Selection EfficiencyEfficiency

800 < PE in first 100 ns < 1100 96.8%96.8%

One Michel positron 99.2%99.2%

Muon decay later than 100 ns 95.6%95.6%

Rising time >= 10 ns or Reconstructed Kaon 
PE > 150

Free Protons Bound Protons
Rising time >= 10 ns or Reconstructed Kaon 

PE > 150
96.4% 75.2%

Total Efficiency 88.5% 69.0%

#Protons 1.53E+33 5.98E+33

Predicted Signal Events
(in 10 y, t1/2=2.8E33 y) 15.215.2

Predicted Background
(in 10 y)

0.10.1

Predictions assume a 22.5kT fiducial volume
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10

Projected Sensitivity

Year
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WbLS 22.5 kt

τ(p→ K+ν̄) > 2× 1034y at 90% C.L. in 10 years
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4

Two tubs with 2" PMT readout: 
T1 from PTFE (white Teflon, highly reflective)
T2 from Al, coated with black Teflon

Readout by 14bit Flash ADC (CAEN V1729A)

Experimental Setup

4 samples tested:
Water (purified)
WbLS-1: 0.4%LS
WbLS-2: 0.99%LS
LS: 100% LS

T2 T1

H3 H2 H1

BEAM

T1

not to scale

15cm

Trigger 
Signal

NASA Space Radiation Laboratory at 
BNL (NSRL) with proton beam energies:
�– 210MeV (~dE/dx of K+ from free 

proton decay)
�– 475MeV (water erenkov thresh.)
�– 2GeV (~minimum ionizing)
�• Low intensity narrow beam

H1,H2,H3 �– 2cm x 2cm horoscopes
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Data from All Samples
�• At 2GeV, light yield from erenkov 

dominates for water and WbLS
�• Here, LS sample response is divided by 

30 to fit on the same scale

�• Difference in light yield changes at 475MeV 
and 210MeV for different samples suggests 
non-linear scintillator response

6

*

0

50

100

150

200

250

300

350

100 1000 10000

C
ha

rg
e 

(P
E)

Beam Energy (MeV)

T1 (white Teflon) Charge (in PE)

Water Sample

WbLS1 Sample

WbLS2 Sample

LS Sample /30

No water sample data shown due to 
technical difficulty with T2 water run

*Non-linear PMT response

0

10

20

30

40

50

60

70

80

90

100

100 1000 10000

C
ha

rg
e 

(P
E)

Beam Energy (MeV)

T2 (black Teflon) Charge (in PE)

WbLS1 Sample

WbLS2 Sample

LS Sample /30

erenkov threshold

erenkov threshold

Points are 
offset for clarity

David Jaffe (BNL) p → K+ν̄ WbLS 25-27 April 2013 10 / 19



Energy Deposition in Samples
�• Deposited energies in T1 and 

T2 using NIST�’s proton 
stopping power and range 
tables (PSTAR)

�• Material properties of WbLS
and LS approximated by water 
and toluene, respectively.

�• Preliminary estimate of energy 
deposited uncertainty is ~10%.

�• Detailed Geant4 simulation in 
progress

Beam
energy 
(MeV)

Sample

T1 
energy 
deposit
(MeV)

T2 
energy 
deposit
(MeV)

210
Water, 
WbLS 70 113

LS 59 124

475
Water, 
WbLS 39 42

LS 34 36

2000
Water, 
WbLS 28 28

LS 24 24

7

D. Jaffe, HyperK meeting presentation �“Preliminary results on 
water-based liquid scintillator in a proton beam�”

T2 T1

H3 H2 H1

BEAM

not to scale
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Light Yield in PE/MeV
�• Same light yield for 2GeV and 475MeV data for LS
�• Minimal erenkov contribution at 475MeV �– can use the data at this energy 

for WbLS to LS comparison
�• Note that LS sample response is divided by 30 to fit on the same scale
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PE/MeV Yield vs. Concentration

At 475 MeV At 210MeV

9
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LY of WbLS2 sample with 0.99% LS is approximately 1% of pure LS
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Conclusions
I Simulation of a large WbLS detector shows that 90 optical photons

per MeV would provide excellent sensitivity to p → K+ν̄
I The light yield for WbLS with 0.99% LS is measured to be ∼1% of

pure LS
I Typical light yield for pure LS is ∼10k optical photons per MeV
I We can fabricate WbLS that satisfies the light yield requirements for

p → K+ν̄

Plans
I NSRL run on 6 May with new detector designed to better separate

Čerenkov and scintillator components of light yield
I Improved Geant4 simulation to obtain better estimate of optical

photons per MeV
I Attenuation length measurements in 2 m apparatus

Many thanks to Chao Zhang and Dima Beznosko for their April 2013 APS slides, and to
S.Hans, R.Rosero, H.Themann, B.Viren, E.Worcester, M.Yeh
Also see Whitepaper on Water-based Liquid Scintillator
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Backup
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David Jaffe (BNL) p → K+ν̄ WbLS 25-27 April 2013 15 / 19



WbLS Formulation: “Do oil & water mix?”

Organic solvents, such as liquid scintillator (LS), are immiscible
in water mainly due to the differences in polarities.
A surfactant that contains lypophilic and hydrophilic groups is
necessary to emulsify (or aggregate) the organic liquid
scintillator into the water solvent.
Engineering of a complexing medium to stabilize the lypophilic
and hydrophilic molecules in a water medium with appropriate
optical transmission and long stability is the key to WbLS
development.
Non-ionic surfactants of linear alkyl benzene derivatives
(sulfonate and amine) were identified for different applications.
Linear Alkylbenzene Sulfonic acid (LAS) is used.
A stable, first-generation, WbLS with sufficient scintillation light
has been developed.
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WbLS stability and purification(1)

Journal of Applied Microbiology
ISSN 1364-5072

LAS degradation only occurs
at <50mg/L

LAS stability and
compatibility (acrylic) stable
for 2+ years since formulation

LAS at ≥100mg/L
completely inhibits bacteria
growth (extensive studies by
environmental-research
groups in academia and
industry).
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WbLS stability and purification(2)

Micro-organism growth is known to degrade attenuation length
in water detectors and requires constant circulation

Inorganic metallic ions can be removed either by vacuum
distillation (SNO+) or multi-filtration (GADZOOKS)

WbLS, a mix of LAS, PC, water and PPO can simplify the
online-purification process

WbLS can be vacuum distilled
10% LS-loaded water can pass 0.1µ teflon filter without loss.
Testing with ultra/nanofilters planned.
Testing with ion exchange and reverse osmosis also planned

Purification plan

All raw materials will be purified before synthesis
LAS/PC inhibits bio-activity; is circulation needed? If so, apply
filtration and/or distillation.
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Biodegradation

Journal of Applied Microbiology ISSN 1364-5072

• LAS degradation only occurs at 50mg/L (0.05%) or 
lower

• Stability and compatibility (acrylic) are under 
monitoring; no change since synthesis (2-years+)

Cn: n = # of carbons hooked to benzene ring.

“Retention time” analogous to column height in chromatograph.

David E. Jaffe (BNL) WbLS/Hyper-K 22-23 August 2012 18 / 34
David Jaffe (BNL) p → K+ν̄ WbLS 25-27 April 2013 19 / 19


