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Timing properties and pulse shape discrimination
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Abstract: Linear Alkyl Benzene (LAB) is a promising liquid scintillator solvent in neutrino experiments

because it has many appealing properties. The timing properties of LAB-based liquid scintillator have been

studied through ultraviolet and ionization excitation in this study. The decay time of LAB, PPO and bis-MSB

is found to be 48.6 ns, 1.55 ns and 1.5 ns, respectively. A model can describe the absorption and re-emission

process between PPO and bis-MSB perfectly. The energy transfer time between LAB and PPO with different

concentrations can be obtained via another model. We also show that the LAB-based liquid scintillator has

good (n, γ) and (α, γ) discrimination power.
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1 Introduction

Large volume organic liquid scintillators have

made great contributions to low energy neutrino

physics for rare event detection [1–3]. In this paper,

we will study the timing properties of the liquid scin-

tillator with LAB as a solvent, PPO as a primary fluo-

rescence material, and bis-MSB as wavelength shifter,

which has been adopted in the Daya Bay reactor neu-

trino experiment [2]. When charged particles interact

with the liquid scintillator, most ionization and exci-

tation happen on the solvent molecules due to their

large quantities with respect to the solutes. In gen-

eral, solvents have a rather low efficiency in convert-

ing their excitation energy to scintillation light. So-

lutes are added to improve this efficiency. Sometimes

a wavelength shifter is added to match the emission

spectrum of the mixtures to the sensitivity curve of

photomultipliers (PMT).

As a new type of liquid scintillator solvent, LAB

has many attractive characteristics, such as a high

flash point, its low cost, its chemical compatibility

with acrylic (which has a lower radioactivity than

glass vessels), its long stability and good transparency

[4–7]. It is also the preferred solvent candidate of next

generation experiments like SNO+ and LENA (Low

Energy Neutrino Astronomy) [8]. The timing prop-

erties of LAB-based liquid scintillator are studied in

this paper.

A classical single photon method is widely used in

fluorescence decay time measurements [9–13]. Fast

and slow time constants of fluorescence can be de-

rived from the fit of the time profile of the liquid

scintillator. Only the fast component has an intrin-

sic meaning [12, 14]. The slow component is com-

plicated and cannot be easily described as a sim-

ple power law like the fast component. Therefore,

the decay time constant referred to in this paper

only applies to the fast component. The intrinsic

decay time of solvent and solutes is measured be-

cause it is relevant to light propagation. If a flu-

orescent photon is absorbed in the scintillator, the

probability of re-emission and its timing character-

istics are determined by the quantum efficiency and
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intrinsic decay time of the absorbing molecules. A

model proposed in this study can well describe this

process.

2 The timing properties of LAB-based

liquid scintillator

2.1 Experimental setup

The experimental setup for the time response of

the liquid scintillator (LS) to ultraviolet laser exci-

tation is shown schematically in Fig. 1. When the

pulsed diode laser emits, a synchronous pulse is also

output.

The emission spectrum of the laser was measured

by a QE65000 Scientific-grade Spectrometer from

Ocean Optics, shown in Fig. 1. The peak value of

the emission is about 282 nm with a width of about

10 nm. The photons go through an optical fiber and

a quartz vessel (1 cm×1 cm×3 cm) filled with liquid

samples. Molecules in the LS will be excited and then

scintillation light will emit isotropically. The laser

Fig. 1. Single photon method under ultravio-

let excitation. Top: Schematic view of the

experimental setup. Bottom: The emission

spectrum of pulsed diode laser.

intensity and the distance between the vessel and the

PMT are tuned to guarantee that the probability of

detecting a single photoelectron (PE) of a scintilla-

tion event is less than 9%, thus the contribution from

multiple PEs can be ignored in the analysis. The sig-

nals from the synchronous output of the laser and the

PMT (XP2020) are fed to the start and stop inputs of

TDC (CEAN C414) after they go through the Con-

stant Fraction Discriminators (CFD) respectively. In

order to convert the TDC channels to time, the OR-

TEC 462 Time Calibrator with a range of 320 ns and

a period of 10 ns was adopted to calibrate the TDC

before our measurements. The results are shown in

Fig. 2.

Fig. 2. The TDC calibration result (49.9 ps/channel).

The intrinsic time response of the instrumentation

can be obtained by removing the LS vessel from the

setup in Fig. 1 and placing the PMT in front of the

laser. The time response is shown in Fig. 3. The full

width at half maximum (FWHM) is about 750 ps,

Fig. 3. The time response of the instrumenta-

tion (FWHM=750 ps). The small peaks at

about 1550 channels and 1900 channels are

due to fast after-pulses of the PMT.
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mainly caused by the time jitter of the laser and the

PMT. Small peaks appearing at about 1550 channels

and 1900 channels are caused by the fast after-pulses

of the PMT. It is verified by the fact that they will

shift leftward when the voltage of the PMT is tuned

higher.

2.2 Decay time and oxygen quenching of

LAB-based LS

Two samples of LAB are added to the vessel in

Fig. 1 separately. One is thoroughly bubbled with

nitrogen to eliminate oxygen dissolved in the liquid

and the other one is not bubbled. Their light-pulse

shapes are displayed in Fig. 4. The probability den-

sity function of the scintillation time can be described

by a convolution of the scintillator decay time with

the instrumental response, which is often taken as

Gaussian [10, 15], as shown in Eq. (1). Dispersion σ

and mean time delay T are described to characterize

the Gaussian function of the instrumental response.

However, the time response of our instrument is not

a Gaussian distribution and also has the effect of an

after pulse. The measured time response shown in

Fig. 3 is used to replace the Gaussian distribution as

shown in Eq. (2).
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where C is the coefficient representing the statistics

of the measurement. R(t) is the function of instru-

mental response. τ0 and τ1 are the decay times of the

fast and slow components of the scintillation light,

and ω describes the fraction of the fast component.

The fitted decay time of the bubbled LAB is about

48.6 ns as shown in Fig. 4. For the unbubbled LAB

sample, the decay time is around 30 ns. The long

lifetime of the excited LAB molecules allows oxygen

molecules enough time to interact with the excited

LAB molecules and quench them, causing them to

return to the ground state without emitting fluores-

cence.

Three liquid scintillator samples, LAB+3 g/L

PPO with and without bubbling, and LAB+15 g/L

PPO without bubbling, are measured under the same

conditions as above. The results are shown in Fig. 5.

There is almost no difference in time response be-

tween these three samples. Thus we can conclude

that a) when excited by UV light, there is no energy

transfer between the LAB and PPO molecules. The

Fig. 4. LAB under ultraviolet excitation. Top:

The effect of oxygen quenching on decay time

of LAB. Bottom: The decay time of LAB bub-

bled with nitrogen (τ0=48.6 ns).

scintillation light is from PPO directly excited by

UV light. Otherwise we should be able to see the

quenching effect from LAB by comparing the samples

with and without bubbling. It further indicates that

the absorption of UV light at 270–300 nm in these

samples is dominated by PPO, when its concentra-

tion is large. b) The short decay time of PPO offers

little chance for oxygen to interact with the excited

molecules. From other studies [16], we know that oxy-

gen will quench the scintillation light when excited by

ionization, because the directly excited molecules are

LAB. Using UV excitation, we can get the intrinsic

decay time of PPO from the above measurements. It

is about 1.55 ns as shown in Fig 5. We used the mea-

sured time response of the instrumentation in the fit-

ting. If using Gaussian, the fitted decay time is about

1.69 ns.
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Cyclohexane is almost transparent to photons at

about 280 nm. A similar measurement is done by

dissolving bis-MSB in cyclohexane. The decay time

of bis-MSB is shown in Fig. 6. The intrinsic decay

time of bis-MSB is found to be 1.5 ns. Again, oxygen

quenching cannot affect it due to its short decay time.

Fig. 5. Top: Decay time of LAB+PPO system

under ultraviolet excitation. Bottom: Intrin-

sic decay time fitting of PPO (τ0=1.55 ns).

As for a ternary system LAB+3 g/L PPO+15

mg/L bis-MSB, laser photons will be absorbed by

PPO first, because the absorption by LAB and bis-

MSB is negligible at ∼280 nm compared to PPO in

this LS. Fluorescence photons will be emitted from

the excited states of PPO. Some of them will be ab-

sorbed and re-emitted by bis-MSB. The attenuation

lengths of 3 g/L PPO and 15 mg/L bis-MSB were

also measured in Ref. [17]. Now the timing of pho-

tons detected by the PMT is determined by many

factors, such as the absorption-reemission fraction of

photons, the vessel size and the quantum efficiency

curve of the photocathode, among others. Suppose

the intrinsic decay time of bis-MSB can be approx-

imated as a single exponential of time constant τ3.

The ω fraction of detected light is due to the absorp-

tion and reemission of bis-MSB and the 1−ω frac-

tion is from PPO directly. The time response of the

ternary LS can be described as Eq. (3)
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where (ω1, τ1) and (1−ω1, τ2) describe the fraction

and time constant of the fast and slow components

of PPO, respectively. R(t) is again the measured in-

strumental response. The fit result is shown in Fig. 6.

Fig. 6. Top: Decay time curve of a bis-MSB

system under ultraviolet excitation. Bottom:

Decay time fit of the LS (LAB +3 g/L PPO+

15 mg/L bis-MSB) under ultraviolet excita-

tion.
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The decay time of the LS is well described by the

above model. The fitted time constants of PPO and

bis-MSB are both 1.5 ns, which are consistent with

the individual measurements. The re-emission frac-

tion ω for our experimental setup is 32%.

2.3 Energy transfer time from LAB to PPO

In order to study the energy transfer process from

LAB to PPO, ionizing particles are exploited to excite

the liquid samples. Unlike UV light which excites the

PPO directly due to its large optical absorption, the

ionizing particles will excite the LAB molecules due

to their large quantity compared with the solutes. A

fast PMT, closely coupled to the vessel in Fig. 1, re-

places the laser to supply as the start input of TDC.

This PMT can detect a burst of photons when ioniz-

ing particles deposit energy in liquid samples. Statis-

tically it will provide the start time of the scintillation

event. A 60Co γ source is located in front of the ves-

sel. In the LAB+PPO system, scattered electrons

ionize and excite LAB molecules which will transfer

their energy to PPO mostly via a non-radiative mech-

anism. The observed fluorescence photons come from

the radiative decay of PPO molecules.

Four samples with different concentrations of

PPO in LAB with no nitrogen bubbling have been

prepared. Their decay curves have been measured

with 60Co radiation as shown in Fig. 7. Eq. (4) can

be used to describe the time response of the γ radia-

tion.
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where (ω1, τ1) and (1−ω1, τ2) represent the fraction

and time constant of the fast and slow components

of the energy transfer time from LAB to PPO, re-

spectively. τ3 is the intrinsic time of PPO. The fast

energy transfer time (τ1), its weight (ω1) and intrinsic

time of PPO (τ3) are shown in Table 1 when PPO has

different concentrations in LAB.

Table 1. The fast energy transfer time from

LAB to PPO, its weight and intrinsic time of

PPO.

sample τ1/ns ω1 τ3/ns

LAB+1g/L PPO 4.18 49.3% 1.6

LAB+3g/L PPO 3.1 71.4% 1.33

LAB+5g/L PPO 2.33 76.2% 1.42

LAB+7g/L PPO 2.08 77.6% 1.3

The energy transfer time becomes smaller when

PPO concentration increases. It means that the en-

ergy transfer time from LAB to PPO decreases when

PPO concentration increases, since the collision prob-

ability of LAB and PPO molecules increases. Once

the PPO concentration reaches a certain level, addi-

tional PPO only decreases the energy transfer time

slightly. Although PPO is as high as 7 g/L in the

measurements, the time profile cannot reach the same

as the PPO intrinsic time response.

Fig. 7. Top: The decay time curves of differ-

ent concentrations of PPO in LAB under γ

radiation. Bottom: The decay time fit of LS

(LAB+1 g/L PPO) under 60Co radiation.

3 Pulse shape discrimination of the

LAB-based liquid scintillator

3.1 (n, γ) discrimination

The time response of the ternary LS, LAB+3 g/L

PPO+15 mg/L bis-MSB, to fast neutrons was mea-

sured at the China Institute of Atom Energy (CIAE),

using the Pulsed Neutron Generator. The pulsed neu-

trons were generated by the D(T,n)α reaction with a

250 keV deuteron beam impinging on a T-Ti target.
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The frequency of the pulse is 1.5 MHz, with a pulse

width of about 2 ns. The detector is located at a

distance of 3.7 meters from the target and 45 degrees

with respect to the direction of the deuterium beam.

The neutron energy is mono-energetic and it is about

14 MeV. The distance was chosen to optimize the

event rate. Since neutron radiation was always ac-

companied with γs, the detector was in the γ and

neutron mixing field. The experimental arrangement

is shown in Fig. 8. A time of flight (TOF) technique

was adopted to distinguish γ and the neutrons.

Fig. 8. The experimental setup for neutron irradiation.

The samples are filled in a cylindrical container

(5 cm in diameter and 4 cm in height). The anode

signal of PMT1 is discriminated by a CFD and di-

vided into two branches. One is used as the start in-

put of a TAC (Time Amplitude Converter) together

with the stop input from the delayed pickup signal

of the pulsed neutron. This reverse configuration has

been adopted to avoid the high rate of start signals

not followed by any stop that would occur in the nor-

mal setup. The output of the TAC is fed to the peak

sensing ADC, and the TOF information can be ob-

tained. The TOF spectrum of the neutron and γ is

shown in Fig. 9. The first high peak in the TOF spec-

trum is the neutrons, while the second small peak

near 2200 channels is γ. The other branch is also

used as the start input of another TAC while the

stop input is from PMT2 after its anode signal goes

through CFD. The decay time of the LS will be ob-

tained from the time difference of the γ excitation

measurements. The charge of the PMT2 anode sig-

nal is derived from the QADC in order to select single

photoelectron events which are shown in Fig. 9. The

TOF information, the decay time of the LS, and the

charge information of PMT2 are recorded simultane-

ously as an event. A gate generator was used for the

gate input of the ADC and supplied 18 µs veto time

from QADC in order to avoid new events influencing

the ADC conversion when it is under digitalization.

The three parameters were saved in list mode. The

Kmax CAMAC DAQ system developed by the SPAR-

ROW corporation was used. The TAC-ADC calibra-

tion result for decay time measurement is 49.7 ps per

channel.

Fig. 9. Top: The TOF spectrum of the neutron

and γ. The first peak is the neutron while the

small peak near 3700 channels is γ. Bottom:

The charge distribution of the anode signal

from PMT2 for a single photoelectron selec-

tion.

Neutrons will collide with nuclei in the LS. The

recoil nuclei will excite the LS molecules. Among

the LS nuclei, Hydrogen has the largest cross section

compared with other nuclei. Therefore, most of the

scintillation is from the ionization and excitation of

recoil protons. The scintillation time profiles of the

fast neutron and γ are both displayed in Fig. 10. The

time profile of γ is also derived by 60Co radiation. The

samples were also nitrogen bubbled before measure-

ments were taken. Their slow components are very

different. By comparing the fraction of slow light, we

could distinguish neutron and γ. The discrimination

power depends on the incident particle energy due to

the statistics of photons, as well as the vessel size,

since the fraction of absorption-reemission light and

Rayleigh scattering [18] will be different.
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Fig. 10. Scintillation time profile of the LS

(LAB+3 g/L PPO+15 mg/L bis-MSB) under

γ and fast neutron radiation.

3.2 (α, γ) discrimination

A similar study is performed for α and γ. A 60Co

source and a 239Pu source emitting 5.15 MeV α are

Fig. 11. Scintillation time profile of the LS

(LAB+3 g/L PPO+15 mg/L bis-MSB) under

γ and α excitation.

used. The LS samples are thoroughly bubbled with

nitrogen. The results are shown in Fig. 11. As the

neutron case, the slow component of α is different

from that of γ, which can be used to distinguish these

two particles. Again, the discrimination power will

depend on the particle energy and the detector size.

Detailed simulations or experimental tests need to be

done for a given detector setup.

4 Conclusions and discussions

The measurements described in this study, based

on ultraviolet light and ionizing excitation of solvent

and solutes, allow a series of scintillator mixtures to

be analyzed and compared. We find that the mea-

sured instrumental response instead of a Gaussian

distribution can give more accurate scintillation de-

cay times of solvent and solutes. We provide a model

to describe the absorption and re-emission process be-

tween PPO and bis-MSB. The energy transfer time

between LAB and PPO can be extracted from a single

photon method. They both show that the intrinsic

time of PPO or the lifetime of PPO in the first excited

states is about 1.5 ns. The lifetime of LAB (48 ns) is

larger than that of another well-known solvent pseu-

documene (PC) (27 ns) [18]. The energy transfer

time from LAB to PPO is also slightly larger than

that from PC to PPO. The timing measurements de-

scribe well the energy transfer processes in the liquid

scintillator. We also show that the LAB-based liquid

scintillator has pulse shape discrimination power.
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