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Study of absorption and re-emission processes in a

ternary liquid scintillation system *
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Abstract Liquid scintillators are widely used as the neutrino target in neutrino experiments. The absorption

and emission of different components of a ternary liquid scintillator (Linear Alkyl Benzene (LAB) as the

solvent, 2,5-diphenyloxazole (PPO) as the fluor and p-bis-(o-methylstyryl)-benzene (bis-MSB) as wavelength

shifter) are studied. It is shown that the absorption of this liquid scintillator is dominant by LAB and PPO

at wavelengths less than 349 nm, and the absorption by bis-MSB becomes prevalent at the wavelength larger

than 349 nm. The fluorescence quantum yields, which are the key parameters to model the absorption and

re-emission processes in large liquid scintillation detectors, are measured.
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1 Introduction

Liquid scintillators have been used extensively in

neutrino experiments. Recently, a ternary liquid scin-

tillator has been proposed for the Daya Bay Reactor

Neutrino Experiment [1–3]. LAB is chosen as the sol-

vent, and 3 g/L PPO and 15 mg/L bis-MSB are cho-

sen as the primary solute and the secondary solute,

respectively. The liquid scintillator doped with 0.1%

Gadolinium will be used as the neutrino target and

the undoped one will be used as the Gamma-Catcher.

Some properties of this ternary liquid scintillator have

been studied in Refs. [2, 4–6]. In this paper, we will

study the absorption and emission properties.

When a liquid scintillation solution is exposed

to ionizing radiation, the primary radiation energy

is primarily absorbed mostly by the solvent which

makes up the bulk of the solution, then partially

transferred to the solute via two processes. One is

a non-radiative process, which involves the dipole-

dipole interaction and the short-distance collision be-

tween the donor and acceptor molecules when they

come sufficiently close to each other. The other is a

radiative process, which involves the absorption and

re-emission of the photons [7, 8]. In a ternary liquid

scintillator, the primary solute is always utilized as

a fluor in order to obtain a higher scintillation effi-

ciency and the secondary solute is always utilized as

the wavelength shifter in order to minimize the self-

absorption of the scintillation and provide a better

match between the photomultiplier spectral response

and the fluorescence emission spectrum. Generally,

the fluorescence efficiency of the solvent itself is small

[7]. The radiative energy transfer process between the

solvent and the fluor is insignificant and most of the

excitation energy is migrated to the fluor by a non-

radiative process. Hence, most of the scintillation is

primarily generated by the fluor.

Both of scintillation generated by the fluor and the

Cerenkov photons produced by charge particles could

be absorbed and the photons can be re-emitted by the

liquid scintillator, which makes the scintillation spec-

trum red-shift [9] and modifies the time profile of the

scintillation [10]. It is important to model the opti-

cal process to study the behaviors of the scintillation

detector. In this work, the absorptions of different
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components of this ternary liquid scintillator and

their emission spectra are studied. The fluorescence

quantum yields, which are defined as the re-emission

probability after an absorption by the PPO and the

bis-MSB, are measured.

2 Absorption and emission

The absorption cross section σ can be expressed

as 1/Λ, where Λ is the optical attenuation length,

which is defined as the distance at which the incident

light intensity I0 reduces to its 1/e. The attenuation

length Λ can be calculated by

I(d)/I0 = e−d/Λ, (1)

where I0 is the original light intensity and I(d) is the

light intensity after a path d. The attenuation length

Λ can be obtained by measuring the transmission, i.e.

I(d)/I0, by an ultraviolet spectroscopy method.

In order to study the attenuations of different

components in the ternary liquid scintillator, we pre-

pared four samples. Their recipes are listed in Ta-

ble 1. The attenuation length measurements were

performed by a double beam UV-Vis spectropho-

tometer.

Table 1. Samples in the attenuation length

measurement.

sample solvent PPO bis-MSB

A LAB 0 0

B LAB 3 g/L 0

C LAB 0 15 mg/L

D LAB 3 g/L 15 mg/L

The attenuation lengths of the four samples listed

in Table 1 are shown in Fig. 1. They were measured

with a cuvette of 2 mm optical path. The attenua-

tion lengths of the sample B and sample D at λ <

345 nm were not obtained because the transmission

was close to 0. As shown in Fig. 1, the attenuation of

the LAB is negligible at λ > 340 nm. Moreover, the

attenuation length curve of sample C overlaps with

that of sample D at λ > 360 nm and crosses with the

curve of sample B at 349 nm. This denotes that bis-

MSB has a dominant contribution to the attenuation

at λ > 349 nm. At λ < 349 nm, the attenuations by

the LAB and PPO become prevalent.

Figure 2 shows the attenuation length of the

ternary liquid scintillator sample D (345 nm < λ <

417 nm). Four cuvettes (2 mm, 4 mm, 1 cm and

10 cm optical path) were used. The cuvettes of dif-

ferent optical paths provided a cross check with each

other. The attenuation curves measured by the cu-

vettes of different optical paths largely overlap. The

attenuation lengths at longer wavelengths cannot be

obtained because the transmissions even for the 10 cm

optical path are close to 100%, but this measurement

can be performed by a long tube, which has been de-

scribed in Ref. [4].

Fig. 1. The attenuation lengths of the pure

LAB (1), sample B (2), sample C (3) and

sample D (4).

Fig. 2. The attenuation length of the ternary

liquid scintillator sample D. The transmission

measurements were performed with the cu-

vettes of 2 mm, 4 mm, 1 cm and 10 cm optical

path.

Photons could be re-emitted after the absorption.

The emission spectrum can be measured with a fluo-

rescence spectrometer. In order to measure the intrin-

sic emission spectra of the LAB, the PPO and the bis-

MSB, we diluted them with cyclohexane, which can

be regarded as transparent in our wavelength region

of interest. Meanwhile, we prepared a 3 g/L PPO

in cyclohexane to study the emission spectra at high

concentration. These samples were placed in 2 mm

cuvettes for the emission spectra measurements. To

study the energy transfer between the PPO and the

bis-MSB, a small amount of the ternary liquid scin-

tillator sample D was painted on a glass surface and
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its emission spectrum was measured. The thickness

of this sample is so small that the radiative energy

transfer process (emission after absorption process)

can be ignored and only the non-radiative process

can occur in this thickness.

The LAB sample and the bis-MSB sample were

excited by ultraviolet light at 280 nm and 360 nm,

respectively. The dilute PPO sample, the 3 g/L PPO

sample and the ternary liquid scintillator sample were

excited at 310 nm. Most of the excitation energy was

absorbed by the PPO in the ternary sample when

they were excited at 310 nm.

Figure 3 shows their emission spectra measured by

a Fluorolog-3 fluorescence spectrometer. The emis-

sion spectra were measured in a front-face geometry

to minimize the self-absorption of the fluorescence.

We see from Fig. 3 that the emission spectra of the

3 g/L PPO and the dilute PPO show no significant

difference in shape and peaks. This indicates that the

formation of the transient dimers (see Ref. [11]) is not

obvious, which changes the shape and peaks of the

emission spectrum and lowers the fluorescence yield.

Hence, the concentration quenching of the PPO is not

important at the concentration of 3 g/L. It is also ob-

served that the fluorescence of the bis-MSB was not

present in the emission spectrum of the thin ternary

liquid scintillator sample D. This shows that the non-

radiative energy transfer process between the PPO

and the bis-MSB is negligible. In the ternary liquid

scintillator, the possible energy transfer process be-

tween the PPO and the bis-MSB is the absorption

and re-emission process. In the next section, we will

report the measurement of the re-emission probabil-

ity of the PPO and the bis-MSB.

Fig. 3. The emission spectra of the dilute LAB

(1), the dilute PPO (2), the 3 g/L PPO

(3), the ternary liquid scintillator sample D

painted on the glass surface(4) and the dilute

bis-MSB (5). The spectra were collected at a

front-face geometry and all spectra shown in

the figure are in arbitrary units.

3 Fluorescence quantum yield mea-

surement

3.1 Measure fluorescence quantum yield with

relative method

The fluorescence quantum yield is defined as the

re-emission probability after an absorption. One of

the practical methods to measure the fluorescence

quantum yield is the relative method, which employs

the fluorescence spectrometer to measure the fluores-

cence intensities of the unknown fluorescence quan-

tum yield sample and the known fluorescence quan-

tum yield sample (the reference sample). The ex-

pression for the unknown fluorescence quantum yield

is [12]

Φx = Φr

Br

Bx

∫
sx(λ)dλ

∫
sr(λ)dλ

n2
x

n2
r

, (2)

where the subscripts r and x refer to the reference

sample and the unknown fluorescence quantum yield

sample, Φ is the quantum yield, s(λ) is the emission

spectrum, the item (nx/nr)
2 is the correction of the

refractive index effect and B is the fraction of the ex-

citation light absorbed by the sample, which is given

by

B = 1−T , (3)

where T is the transmission of the sample. The trans-

mission can be measured by an UV-Vis spectropho-

tometer.

3.2 Samples

The reliability of the fluorescence standard is quite

important for the relative method. Quinine sulfate in

0.1 mol/L sulfuric acid, whose fluorescence quantum

yield is 0.55 [13], is an ideal fluorescence standard.

It has been widely used as the fluorescence quan-

tum yield standard. Its fluorescence quantum yield

can be regarded to be independent of the excitation

wavelength over 200–390 nm [12]. In order to have

a cross check of our method and instrument, fluores-

cence quantum yield standard harmane in 0.1 mol/L

sulfuric acid was prepared as well. The fluorescence

quantum yield of harmane is 0.83 [14].

As described in Section 2, the concentration

quenching effect is not obvious in the 3 g/L PPO

sample. The fluorescence quantum yield of the PPO

when the PPO concentration is 3 g/L should be equal

to that in the lower concentration. It is reported that
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the fluorescence collection efficiency will change be-

cause of the drift in scintillation gravity when the

absorption of the sample is high in the fluorescence

intensity measurement (see Ref. [12]). The change

in fluorescence collection efficiency will change the

fluorescence intensity and bring great errors to the

fluorescence quantum yields. We carefully calibrated

this effect with the standard samples of different ab-

sorptions which were excited at the same wavelength,

and we observed that the fluorescence intensities were

proportional to the absorptions when they were lower

than 0.5. We used the diluted samples with absorp-

tions lower than 0.5 for both the samples and the

references, thus the effect of the drift of scintilla-

tion gravity can be ignored. We diluted the PPO

in cyclohexane to measure the fluorescence quantum

yield of the PPO (the PPO concentration was 125

mg/L). Moreover, we prepared several LAB/bis-MSB

samples (the bis-MSB concentrations were 1 mg/L,

5 mg/L, 7.5 mg/L and 15 mg/L, respectively) to mea-

sure the fluorescence quantum yield of the bis-MSB.

As described in Section 1, the absorption of the LAB

is negligible when the wavelength of excitation light

is larger than 340 nm compared with the bis-MSB.

3.3 Corrections and calibration

In our measurements, the fluorescence spectra

were corrected by the wavelength sensitivity curve of

the photomultiplier and the variation of the intensity

of the excitation light by the reference detector, which

was mounted on the fluorescence spectrometer.

Figure 4 shows the integrated fluorescence inten-

sities of unit absorption, i.e.

∫
sr(λ)dλ/Br in Eq. (2),

as a function of the excitation wavelength of the two

Fig. 4. The integration fluorescence intensities

of unit absorption (i.e.

∫
s(λ)dλ/B) in the

Eq. (2) of the quinine sulfate sample and the

harmine sample as a function of excitation

wavelength.

standard samples. These samples were placed in 2 mm

cuvettes during the absorption and emission measure-

ments and the fluorescence was collected in a front-

face geometry during the fluorescence spectra mea-

surements.

The intensity of unit absorption of the quinine sul-

fate, which is proportional to the fluorescence quan-

tum yield, is flat within 2%. The average intensities

of unit absorption of the quinine sulfate sample and

the harmane sample are 2.44× 1010 and 3.83× 1010,

respectively. Since the fluorescence spectra of the two

standard samples are similar and both of the samples

are diluted, the refractive indices of the two stan-

dard samples can be regarded as equal. The ratio of

the fluorescence quantum yields of the two standard

samples can be obtained from Eq. (2). This value is

1.56. The ratio of the fluorescence quantum yields

of the two standard samples which were reported in

Refs. [13, 14] is 1.51 (0.83/0.55).

3.4 Results

In the absorption and fluorescence intensity mea-

surements, the PPO and the bis-MSB samples were

placed in 2 mm cuvettes. The absorptions at differ-

ent wavelengths were measured with the spectropho-

tometer. The fluorescence intensities were measured

with the Fluorolog-3 spectrometer and the fluores-

cence was collected in the front-face geometry in order

to minimize the self-absorption of the fluorescence.

The excitation wavelength of the PPO sample var-

ied from 300 nm to 340 nm and the bis-MSB from

360 nm to 380 nm. Fig. 5 shows the fluorescence in-

tensities at different absorptions and corresponding

linear fits. Since the fluorescence quantum yields are

Fig. 5. The fluorescence intensities of the PPO

and the bis-MSB samples at different absorp-

tions. The excitation wavelength of the PPO

sample was from 300 to 340 nm and bis-MSB

from 360 nm to 380 nm. The absorption is the

B described in Eq. (2).
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independent of excitation wavelength, the slopes of

linear fits which denote the fluorescence intensities of

unit absorption are proportional to their fluorescence

quantum yields.

Table 2. The fluorescence quantum yield of the

PPO and the bis-MSB.

material fluorescence quantum yield

PPO 0.77

bis-MSB 0.96

The average refractive indices of the samples were

calculated by the expression

∫
s(λ)n(λ)dλ/s(λ)dλ,

where s(λ) and n(λ) are the corresponding emission

spectrum and the refractive index, respectively. The

refractive index of the LAB was measured by Abbe

prism and V prism methods. The average refrac-

tive index of the LAB for the bis-MSB fluorescence

is 1.50. The refractive index of the 0.1 mol/L sulfate

acid and the cyclohexane were obtained from Ref. [15]

and Ref. [16]. Their average refractive indices are

1.34 and 1.44, respectively. The fluorescence quan-

tum yields of the PPO and the bis-MSB can be ob-

tained from Eq. (2) by comparing their fluorescence

intensities of unit absorption with that of the quinine

sulfate sample. Table 2 shows the results. Both of

the fitting errors of the PPO and the bis-MSB fluo-

rescence quantum yields are 0.03.

4 Conclusion

The absorption and emission properties of a

ternary liquid scintillator were studied. The absorp-

tion was dominant by LAB and PPO at wavelengths

less than 349 nm and the absorption of bis-MSB be-

come privilege at wavelength larger than 349 nm. The

fluorescence quantum yield of the PPO and the bis-

MSB were measured. This makes it possible to model

the absorption and re-emission process in the studied

ternary liquid scintillator.
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