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PACS 29.40.Mc – Scintillation detectors
PACS 33.50.Dq – Fluorescence of molecules
Abstract – The biphenyl / POPOP couple is known for its scintillation properties, but we describe in
this note its use for the discrimination between fast neutrons and gamma rays. More particularly, the
influence of the matrix involved in this process is of interest, and for the first time pulse shape
discrimination has been observed in non-common solvents such as heptane or ethanol. The
discrimination efficiency of our systems is described in terms of factor of merit, angle between neutron
and gamma lobes and scintillation performances.

Introduction. – Due to the worldwide shortage of 3He,
alternative, efficient neutron detectors would be of great
value. Among them, liquid scintillators can represent a good
choice in terms of detection efficiency, neutron / gamma
discrimination and overall cost. Unfortunately, their main
drawbacks are related to their toxicity, their loss of
performances while in contact with oxygen and their
possibility to leak. Major users have therefore turned their
attention to “heavy” organic scintillators, such as alkylnaphthalenes, phenylxylylethane (PXE), or linear alkyl
benzene (LAB), and even water-based liquid scintillators [1].
To this aim, new environmentally- and operator-friendly
liquid scintillators would be appreciated. In parallel to our
preliminary work on the use of specially designed
fluorophores suitable for Pulse Shape Discrimination (PSD) in
liquid scintillators [2], we wish to describe in this note that a
mixture of biphenyl and POPOP (1,4-bis-(5-phenyl-2oxazolyl)benzene) could represent a non-toxic, low-cost
bivalent mixture used for scintillation counting as well as PSD
between fast neutrons and gamma rays. Although not
commonly used, biphenyl would present all the characteristics
suitable for scintillation purpose: absorption in the 300 nm
region, emission in the UV around 360 nm and high solubility
in non-polar media. So this compound could theoretically be
engaged in fast neutron/gamma discrimination.
In this study, this mixture has been more particularly
tested in totally uncommon scintillating solvents such as
ethanol where, despite a modest light output, PSD was
observable. To the best of our knowledge, it is the first time
that non-aromatic solvents are used to this purpose.

(a)

Materials and methods. – Four biphenyl / POPOP
solutions were evaluated in terms of decay times, relative light
output and neutron-gamma discrimination. A mixture of pterphenyl and POPOP in toluene was prepared as reference,
which already proved to be a good neutron detector with an
excellent light yield [2]. Two commercially available liquid
scintillators (NE-213 and Ultima Gold AB) were also
evaluated for better comparison.
All experiments were performed with 38 × 10 × 10 mm3
quartz tank containing the liquid scintillator to be analysed.
This sample was optically coupled with optical grease to a
Photonis XP2020 photomultiplier tube. This PMT is known to
present a maximum of sensitivity at 420 nm and the following
time response: rise time 1.7 ns and FWHM 2.7 ns. The

Fig. 1: Experimental set
set-up
up of the charge integration comparison method for n/γ discrimination.
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Fig. 2: Absorption and emission of biphenyl and POPOP
(theoretical data).
applied high voltage was -2000 V for all experiments.
Decay times of the different scintillator solutions were
evaluated in the presence of a 60Co source, from the record of
several thousand waveforms with a LeCroy WP7300A
oscilloscope (3 GHz, 20 Gs/s). Relative light outputs were
estimated from the average pulse height of these several
thousand pulses.
Emission spectra were recorded with a Horiba Jobin
Yvon Fluoromax 4P spectrofluorometer with the
abovementioned quartz tank.
PSD performances of each liquid scintillator were
observed under a 74 MBq 252Cf n/γ source located 5 cm away
from the sample (ca. 10,000 n / s). Each solution was fully
degassed with Argon for several minutes prior to experiment.
Charge comparison method was chosen for discrimination

Fig. 3: Emission spectra of concentrated and diluted biphenyl
in toluene and ethanol (λex = 270 nm, same slits for all experiments).
experiments [3] and the experimental set-up given in Fig. 1
provided the biparametric spectrum of n/g discrimination.
These spectra permitted the evaluation of discrimination
performances in terms of Figure of Merit and theta angle (see
Table 1).
Results and discussion. – Biphenyl displays a
moderate fluorescence quantum yield (ca. 0.2 in benzene at
room temperature) but due to the strong overlap between its
emission and the absorption of POPOP (Fig. 2), this system is
well-designed for commonly used photomultipliers. Biphenyl
is also known to produce easily triplet states and consequently
delayed fluorescence [4].

Table 1. Scintillating and discriminating properties of the biphenyl / POPOP couple in various solvents and comparison with
efficient and commercial scintillators.
Light output Decay time
(a)
Entry Liquid Scintillator
Figure Of Merit(c)
θ(d)
(%)(b)
80/20 (ns)
1
p-terphenyl/POPOP (4/0.1 g/L) in toluene
100
7.28
0.6-1.9 (40-280)
5.0
2
NE-213
101
9.02
0.8-1.8 (35-200)
7.8
3
Ultima Gold AB
100
9.85
0.7-1.3 (40-135)
7.0
4
Biphenyl/POPOP in toluene
101
13.04
0.5-2.0 (30-200)
8.3
5
Biphenyl/POPOP in heptane(e)
12
17.43
0.3-0.5 (40-100)
4.0
6
Biphenyl/POPOP in xylene(s)
69
11.23
0.6-2.0 (20-200)
9.2
7
Biphenyl/POPOP in ethanol(f)
12
18.36
0.6-1.0 (30-100)
12.0
(a)
15 mol% of biphenyl and 0.1 mol% of POPOP in the corresponding solvent, unless otherwise stated.
(b)
Relative light output normalized to 100 for the scintillator reference, entry 1.
%
(c)
Calculated from the equation: !"# = $ &'(/)
, where Dγ – n is the separation between the gamma and the
&$*+,- . $ )($*+,neutrons peaks in the biparametric spectra and L is the full width at half maximum for each peak [5]. Worst and best FOMs are given
in terms of the lowest and largest charge signals, and their range in pC is given in parentheses.
(d)
Angle in degree formed between neutron and gamma lobes.
(e)
Saturated solution in biphenyl. [c]sat ≈ 9 mol%.
(f)
Concentration in biphenyl [c] = 5 mol%. 99.6 % ethanol.

Fig. 4: Biparametric spectrum of n/γ discrimination of a biphenyl / POPOP solution in toluene (entry 4 from Table 1).
Comparative results of the different scintillating solutions
are presented in Table 1. The p-terphenyl / POPOP couple was
chosen to be our absolute liquid scintillator reference and
different commercial liquid scintillators were preliminary
compared with already published results: NE-213 and Ultima
Gold AB.
We then investigated the mixture of biphenyl and POPOP
(15 and 0.1 mol%, respectively, unless otherwise stated in
Table 1) in various solvents.
The relative light outputs of commercial scintillators
(entries 2 & 3 from Table 1) have been shown to be similar to
the lab-made reference p-terphenyl / POPOP mixture in
toluene. Biphenyl / POPOP in toluene solution also displayed
similar results and xylenes solution showed a satisfying light
output of 69 %. Non-polar solvents (heptane and ethanol) did
not result in many photons, with a relative light output of only
12 % compared to p-terphenyl / POPOP in toluene.
Decay times recorded from irradiation of the liquid
scintillator with a 60Co source were found to be larger than
with standard liquid scintillators, with decay times longer than
10 ns, possibly because of the creation of biphenyl dimers or
excimers in our concentrated solutions. This has been
confirmed in separate experiments (Fig. 3), where emission
spectra of concentrated and diluted toluene and ethanolic
solutions of biphenyl have been recorded. As expected and
confirmed in [4], the emission spectra are shifted to upper
wavelengths when concentrated solutions are studied, both for
toluene and ethanol, with emission maxima ranging from 314
– 318 nm to 332 – 338 nm, revealing higher concentrations of
excimers. These are known to show longer decay times than
corresponding monomers [6]. It is noteworthy that
commercial scintillators’ decay times recorded with our setup
experiment were also longer (3.2 ns for the short component
of decay time for BC-501A, which is a known equivalent of

Fig. 5: Biparametric spectrum of n/γ discrimination of a biphenyl / POPOP solution in heptane (entry 5 from Table 1).

NE-213 [7]).
The n/γ discrimination study with our setup conditions
displayed the Figure of Merit and theta angle consistent with
literature for NE-213 [8] and Ultima Gold AB, with PSD
capabilities slightly lower than reported for the latter sample.
Concerning lab-made liquid scintillators, the study has shown
very surprising and interesting results as very simple systems
in toluene or xylene(s) could be as efficient as commercial
scintillators both for the FOM (Figure of Merit) and for the
angle measured between the neutron and the gamma lobes.
More interestingly and despite slightly lower performances,
discrimination was also achieved in non-aromatic solvents,
such as ethanol and heptane, which are not common solvents
for scintillation counting.
The biparametric spectrum obtained for toluene (Fig. 4)
and the corresponding evolution of the FOM as a function of
the total charge (Fig. 6) clearly show that the biphenyl /
POPOP couple in aromatic solvents gives excellent results in
terms of PSD, with values close or higher than those of
commercial scintillators specially designed to this aim. As one

Fig. 6: Evolution of the Figure Of Merit value with the total
charge for the biphenyl / POPOP couple in toluene (15 mol%
and 0.1 mol%, respectively).
can see, a value of FOM = 1 is reached for a total charge of
ca. 50 pC. As summarized in Table 1, comparable results were
obtained with xylene.
The biparametric spectrum obtained for heptane (Fig. 5)
clearly shows separated neutron and gamma lobes (similar
results with ethanol), the highest θ angle even being observed
for ethanol-based liquid scintillator.
Despite lower FOM values explained by the poor relative
light output, and consequently higher statistical uncertainties,
this is the first example of discrimination between fast
neutrons and gamma rays in non-aromatic solvents, such as
heptane and ethanol. How can it work? Regarding the recent
advances in n/γ PSD in plastic scintillators [9] (which were
for a long time assumed to be unable to perform a good
discrimination), an extremely important concentration of
primary fluorophore is the key solution. Indeed, ethanol and
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heptane cannot perform Förster energy transfer. Thus, the only
possibility for both of them to scintillate is to have a primary
fluorophore / primary solute, or in other words a primary
fluorophore able to act as a chromophore and an aromatic
solvent, as was described by Brooks et al. [10]. To
discriminate, triplet states mandatory for performing n/γ PSD
are available in sufficient quantity in our system. Biphenyl
seems one of the best candidates to this purpose.
Conclusion. – This technical note deals with the study
of the matrix influence in n/γ discrimination. For the first
time, PSD between fast neutrons and gamma is described in
unusual scintillating solvents such as ethanol and heptane.
Ethanol could be of great value for the analysis of neutronemitting radionuclides dissolved in water, but the low light
output somehow limits the PSD capabilities. Future
experiments will be conducted on binary mixtures of solvents.
Scale-up of the size of the cell would also be of great value,
according to [5].
***
This work was carried out with the support of the French
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