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Morning, everyone. Today I will give a report about Slow liquid scintillator for scintillation and Cherenkov light separation. This photo is Jinping mountain where our experiment locates.
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Measuring both energy and direction.
 Poor light yield and energy resolution.
High energy detection threshold.

Super Kamiokande IMB SNO

etc.

Water/Heavy water detector
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Firstly, I will review different types of neutrino detectors, and give a brief introduction of the advantage of slow liquid scintillator for Jinping neutrino experiment.
. Nowadays, different types of neutrino detectors are exploited. One is the water or heavy water detector. We detect Cherenkov light of the secondary particles of neutrinos. We can reconstruct both energy and direction, but it has poor light yield, and high detection threshold
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Liquid scintillator detector
Low detection threshold.

High light yield and energy resolution.
No direction information.

Borexino KamLAND Double Chooz

etc.
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Another type is the liquid scintillator detector. The light yield is higher, the detection threshold is lower, but we cannot obtain direction information from this type of detector. Besides, some other detectors such as Liquid Argon TPC is also used in DUNE and other experiments.
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Energy window @ Jinping neutrino experiment: 1 ~ 20 MeV

Geoneutrino

Solar
neutrino

Supernova
relic

neutrino
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What about if we can combine the two types of detectors together? In Jinping neutrino experiment, we focus on the detection of geoneutrinos, solar neutrinos and supernova relic neutrinos, also known as Diffuse Supernova Neutrino Background. The energy region of interest is from 1MeV to about 20MeV.
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• Light yield (~10000 photons/MeV)
is adequate.

• Absorption and reemission of 
Cherenkov photons.

• Fast time constant.
• Hard to separate Cherenkov light 

and reconstruct the direction.

Liquid scintillator for Jinping?

PE arrival times of a 20 m diameter sphere LS 
detector, simulated by Geant4.

• Direction information is important for solar or supernova neutrinos detection
• Light yield ~ 150 photons/MeV 

(@300~600nm)

Water Cherenkov detector for Jinping? 
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The direction information is very important for solar or supernova neutrino detection. But if we use a water Cherenkov detector, the light yield is about 150 photons per MeV, even lower for low energy neutrinos less than 5MeV, this is not enough.
And for a traditional liquid scintillator, we have enough light yield and energy resolution, but we cannot separate Cherenkov photons for direction reconstruction. The Cherenkov photons will be absorbed and reemitted, the time constant of LS is too fast, it would overlap the Cherenkov photons. In a simulation of a 20 m diameter sphere LS detector,  we can see very little Cherenkov component. Here the red line.



A new type of neutrino detector Introduction of slow liquid scintillator 
in neutrino experiment

Part I

6

Slow liquid scintillator detector! 
separate Cherenkov light 
and scintillation

• Suppress the absorption and 
reemission of Cherenkov light

• Lengthen the time constants

• Enhance the light yield 

PE arrival times of a 20 m diameter sphere LAB 
detector, simulated by Geant4.
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If we use a liquid scintillator with very slow time constant,  and we try to suppress the absorption and reemission of Cherenkov light, we can easily distinguish the sharp Cherenkov peak from the scintillation component in the same simulation condition.
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Water Slow LS LS

A muon Monte-Carlo event
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Now here are some event display of muon simulation. The color stands for the voltage on the PMTs. We can see a Cherenkov ring in the water detector, and see both Cherenkov ring and scintillation signal in the slow LS detector, and we can only see the uniform scintillation signal in traditional LS.
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Particle Identification in LAB [1]

• Light yield ~1000 photons/MeV
• PMT quantum efficiency ~10%
• Optical attenuation
• Quenching effect

[1] Wei H, Wang Z, Chen S. Discovery potential for supernova relic neutrinos with slow liquid 
scintillator detectors[J]. Physics Letters B, 2017.

A new type of neutrino detector
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Slow LS would be also used in particle identification. As everyone knows, different particles generates different number of Cherenkov and scintillation photons. If we can separate Cherenkov component, we can identify different particles. This plot is from a Monte-Carlo simulation in a paper, The x-axis is the number of scintillation photons, the y-axis on the top is the number of Cherenkov photons, on the bottom is the fractional difference of the number of Cherenkov photons to the mean value of a gamma. We can see that electron and gamma differ a lot in case of low energy. This could be used for distinguish electron signal and gamma background.
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Linear alkyl benzene (LAB):
An important ingredient of slow liquid scintillator

 Non-flammable 
 Non-toxic
 Favorable optical properties
 Low cost

LAB is now used in several neutrino detectors, 
such as RENO and Daya Bay.

(C6H5CnH2n+1 , n: 10~16)
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In the next part, I will introduce some physical aspects of the some slow liquid scintillator candidates. LAB is an important ingredient of slow liquid scintillator. It is non-flammable, non-toxic, has favorable optical properties and low cost. LAB is now used in several neutrino detectors, such as RENO, Daya Bay, and maybe SNO+ in the future.
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Water/Heavy water style
 Energy and direction information
 Poor light yield and energy resolution
 High energy detection threshold

Liquid scintillator style
 No direction information

 High light yield and energy resolution
 Low detection threshold

Candidate A Candidate B

Two candidates of slow liquid scintillator in this work:
• Candidate A: pure LAB (Linear alkyl benzene)
• Candidate B: 0.07 g/L PPO + 13 mg/L bis-MSB dissolved in LAB

2,5-Diphenyloxazole 1,4-Bis(2-methylstyryl) benzene

Candidates of slow liquid scintillator
Part II
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I will report two kind of slow liquid scintillator candidates, one is pure LAB, another is a LAB, PPO and bis-MSB solution of this concentration. Candidate A performs like water more, candidate B performs like LS more.
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Once a single vertically-going
muon fly into the detector,
• 4 coincidence scintillators: 

trigger
• 2 anti-coincidence 

scintillators: no trigger
• Top PMT: scintillation
• Bottom PMT: both 

scintillation and Cherenkov 
light

Candidates of slow liquid scintillator
Part II
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We built a small detector, about 15 liters large, to measure the time profile and light yield of these candidates. We have 4 coincidence plastic scintillators and two anti-coincidence plastic scintillators on the two sides of the last coincidence scintillator. Once a muon flies in to the detector, 4 coincidence scintillators will have triggers and two anti-coincidence scintillators will have no triggers, to avoid noise like shower. On the top PMT, we will only find scintillation signal, and on the bottom PMT, we will have both scintillation and Cherenkov signal. 
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• A CAEN 10 bit 1 GHz flash ADC for waveforms readout.
• Focus on the waveforms of top and bottom PMT.

Candidate A: Candidate B:

Candidates of slow liquid scintillator
Part II
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We use a flash ADC to readout the top and bottom PMT waveforms. Left side is for candidate A and right side is for candidate B. We can see the Cherenkov peak on the bottom PMT, the red lines. The Cherenkov peak of candidate A is much more clear. 



Time profile

13

Candidate A:

Fit function:
𝑓𝑓 𝑡𝑡
= 𝐴𝐴𝐶𝐶 ⋅ 𝛿𝛿 𝑡𝑡 − 𝑡𝑡0 + 𝐴𝐴𝑆𝑆 ⋅ 𝑛𝑛(𝑡𝑡 − 𝑡𝑡0)
⊗ gaus 𝑡𝑡

where 𝑛𝑛(𝑡𝑡) is the scintillator time profile:

𝑛𝑛 𝑡𝑡 =
𝜏𝜏𝑟𝑟 + 𝜏𝜏𝑑𝑑
𝜏𝜏𝑑𝑑2

1 − 𝑒𝑒𝑡𝑡/𝜏𝜏𝑟𝑟 ⋅ 𝑒𝑒𝑡𝑡/𝜏𝜏𝑑𝑑

𝜏𝜏𝑟𝑟 = 7.7 ± 3.0 ns
𝜏𝜏𝑑𝑑 = 36.6 ± 2.4 ns

Candidate B:

𝜏𝜏𝑟𝑟 = 1.7 ± 0.12 ns
𝜏𝜏𝑑𝑑 = 26.6 ± 0.19 ns

A

B

Candidates of slow liquid scintillator
Part II
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We use a function like this to fit the waveform to get the time profile. Ac is the amplitude of Cherenkov component and As is the amplitude of scintillation component. The convolution of a Gaussian function represents the PMT response. The time profile of scintillation seems like a combination of two exponentials, one is rise, the other is decay. As we see before, the time constants of candidate B is much faster than that of candidate A.
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Light yield was estimated by

𝐿𝐿 =
𝐷𝐷

𝜀𝜀𝐸𝐸𝑣𝑣𝑣𝑣𝑣𝑣

In detection efficiency estimation:
• Modified muon energy spectrum
• Quenching effect
• Quantum efficiency fluctuation
• Uncertainly of reflectivity of 

optical surface
• Attenuation length

Number of photoelectrons,
from waveform

Detection efficiency, from 
Monte-Carlo simulation

Total visible energy deposit, 
from Monte-Carlo simulation

A: 1.01 ± 0.12 × 103 photons/MeV
B: 3.39 ± 0.44 × 103 photons/MeV

(preliminary result)

Candidates of slow liquid scintillator
Part II
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We also measured the light yield. Here D is the number of PEs, from the fit result of waveforms. Epsilon is the detection efficiency from Monte-Carlo simulation, we consider…. The total visible energy deposit is also from Monte-Carlo simulation. The light yield of these two candidates is about several thousands photons per MeV, seem not too high. This is a preliminary result.
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• Measured by an RTI fluorescence spectrometer 
• Excited at 260 nm.

A B

Candidates of slow liquid scintillator
Part II
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The emission spectrum was also measured by an RTI fluorescence spectrometer excited at 260 nm. The candidate B has longer wavelength owe to the scintillation solute PPO and  wavelength shifter bis-MSB.
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• An LED on the top
• Adjust the liquid level
• Measure the charge integral on PMT
• Fit the relationship between liquid 

level and charge integral

(Not in true scale)

Signal generator

Lens

Collimation

Solenoid valve

PMT

Candidates of slow liquid scintillator
Part II
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We used another equipment to measure the attenuation length. There is an LED on the top, emitting blue light, about 430 nm. We adjust the liquid level by the solenoid valve, then measure the charge on the PMT. We can fit the relationship between liquid level and charge to get the attenuation length.
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• The LED is not monochromatic, the 
intensity of light should be the weighted 
average of LED spectrum,

𝐼𝐼(𝑥𝑥) = 𝐼𝐼0 �𝑓𝑓 𝜆𝜆 e−𝑥𝑥/𝐿𝐿(𝜆𝜆)d𝜆𝜆

• Try to use a two exponential formula
𝐼𝐼 = 𝐼𝐼1𝑒𝑒−𝑥𝑥/𝐿𝐿1 + 𝐼𝐼2𝑒𝑒−𝑥𝑥/𝐿𝐿2

𝐼𝐼1: long wavelength component
𝐼𝐼2: short wavelength component
Fit result indicates that long wavelength 
component domains.

A: 19.52 ± 0.39 m
B: 9.37 ± 0.44 m

此图待更新

此图待更新

LED spectrum

Fit result of candidate B

Candidates of slow liquid scintillator
Part II
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A problem is that the LED is not monochromatic, so the intensity of light is not a simple exponential expression, but the weighted average of LED spectrum. We tried to use a two exponential formula, where I1 and L1 stands for the long attenuation length component, I2 and L2 stands for the short attenuation length component. This plot is for candidate B, the result of candidate A is similar to this. The fit result indicates that I1 is much larger than I2, long attenuation length component domains in the measurement.
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Two candidates of slow liquid scintillator in this work:
• Candidate A: pure LAB
• Candidate B: 0.07 g/L PPO + 13 mg/L bis-MSB dissolved in LAB

Rising time 
constant (ns)

Decay time 
constant (ns)

Light yield 
(photons/MeV)

Attenuation 
length (m)

Candidate A 7.7 ± 3.0 36.6 ± 2.4 1.01 ± 0.12 × 103 19.52 ± 0.39

Candidate B 1.7 ± 0.1 26.6 ± 0.2 3.39 ± 0.44 × 103 9.37 ± 0.44

• PPO and bis-MSB result in the absorption and reemission of Cherenkov 
light, the should be tested carefully.

• Research more slow LS candidates in the future.
• A monochromatic light source is necessary for a precise attenuation 

length measurement.
• The attenuation length should be increased for a kiloton scale detector.
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Last part, summary and outlook. We can see that candidate A, pure LAB has slower time constants, longer attenuation length but lower light yield. Wavelength shifter in candidate B could increase the light yield, but decrease the time constants and attenuation length. More kinds of slow LS need further study. Also, a monochromatic light source is necessary for a precise attenuation length measurement and the attenuation length should be increased for a kiloton scale detector.
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Opportunity: Discovery potential for supernova relic neutrinos [1]

• Suppress atmosphere neutrino CC and NC backgrounds by particle identification
• Enough sensitivity to make a discovery of super nova relic neutrinos @ kiloton-

scale LAB detector at Jinping

[1] Wei H, Wang Z, Chen S. Discovery potential for supernova relic neutrinos with slow liquid 
scintillator detectors[J]. Physics Letters B, 2017.
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Opportunity of slow liquid scintillator Summary and outlook
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As I mentioned before, In slow LS, we can identify different particles. So, we can use this to suppress atmosphere neutrino CC and NC backgrounds, such as neutrons and muons. Also, we have enough sensitivity to detect supernova relic neutrinos in a kilo-ton LAB detector. The significance level is five sigma in an exposure of 50kt-year.
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Opportunity: Double-beta decay experiment [2]

• Discriminate 8B solar neutrino background events from 0νββ decay 
events by spherical harmonics analysis

[2] Elagin A, Frisch H J, Naranjo B, et al. Separating double-beta decay events from solar neutrino 
interactions in a kiloton-scale liquid scintillator detector by fast timing[J]. NIMA, 2017, 849: 102-111.

Opportunity of slow liquid scintillator Summary and outlook

Part III
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 Another opportunity is double beta decay experiment. In this paper, the discrimination of boron 8 solar neutrino background and 0νββ decay events was discussed. This plot is an event display of simulation. Left side is a signal event with two back-to-back electrons and right side is a boron 8 solar neutrino background event with single electron.
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