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In this work, we developed a highly sensitive liquid scintillator (LS) using Coumarin 450 (C450) dye to detect
gamma ray and localize Compton edges (CEs). C450 exhibited absorption and fluorescence peaks at 350 nm and
407 nm, respectively, in toluene, at an optimized concentration (3 mM). The LS, contained in a standard glass
container (1.8 cm diameter, 3.6 cm height), showed an emission peak in the blue region, matching the high
quantum yield of typical PMT photocathodes. We exposed the LS to various gamma radiation sources ¥cs,
60Co, and 2?Na), recording responses for different PMT voltages. Gaussian fitting of pulse height distribution

spectrum allowed CE identification at the half-height for all PMT voltages. We compared theoretical and
experimental results to a GEANT4-simulated detector, obtaining CE positions for radiation interactions and
scintillation photon transport. The calibrated GEANT4 simulation was compared to experimental spectra to

locate the Compton edges.

1. Introduction

The spread of nuclear energy is inevitable due to advances in safety
standards and the compact designs of nuclear reactors. It is possible that
nuclear energy will power neighborhoods in the near future. Therefore,
the need for new low-cost radiation detectors is increasing. Similarly,
high-energy particle accelerators require detection systems that can
respond faster to particle collision events.

Liquid scintillators are used to detect neutrons, gamma ray, neutron-
gamma discrimination, and time-of-flight research due to their superior
pulse height and timing characteristics (Gul et al., n.d.; Knoll, 2010;
Naqvi et al., 1991). The basic principle is that high energy radiation
interacts with LS molecules to produce photons of energy range that is
detectable by a photoreactors such as PMT. LSs are straightforward to
erect, maintain and refurbish from the operational point of view.
Currently, 2,5-Diphenyloxazole (PPO) (Asemi et al., 2022; Zaitseva
et al., n.d.), linear alkyl benzene (LAB) (Li et al., 2016), 1,4-bis(2-meth-
ylstyryl)benzene (PARK et al., 2009), 1,4-bis(5-phenyloxazol-2-yl)ben-
zene (POPOP) (Aldawood et al., n.d.; Zhao et al., 2021) have been
used as LS in high energy radiation/particle detection spectroscopy due
to their high flash point, good light yield, and is compatible with pho-
tomultiplier tubes (PMTs). Despite the availability of various
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commercial and experimental LS, they are not extensively used due to it
high price.

On the other hand, due to their excellent optical properties are
considered to advantages, such as a high extinction coefficient, signifi-
cant Stokes’ shift (Mannekutla et al., n.d.), light emission devices (Ina-
gaki et al., 2009), and quantum yield (Zhang and Li, 2013) coumarin
dyes emitting in blue—green regions (400-550 nm) have been used as
fluorescent dye probes, optical brighteners, fluorescent indicators, and
solar energy collectors (Arora et al., 1982; Jones et al., 1985; Mahade-
van et al., n.d.; Mohan et al., n.d.). Many coumarin dyes have shown
improved optical and solubility properties due to substitution moieties
and intramolecular charge transfer (ICT)(Matta et al., 2017), and Forster
resonance energy transfer (FRET) is a donor (Porel et al., 2012) or
acceptor (Brites et al., n.d.) due to coumarin’s sizeable dipole-dipole
moment [15]. The most critical application of coumarin dyes is its use in
lasers that produce light at different wavelengths in the visible region
(Ibnaouf et al., 2012; Prasad et al., 2022, 2020). The substitution moi-
eties improve the solidarity in various solvents and thus increase the
emission quantum yield (Ibnaouf et al., 2012), and they exhibit sol-
vatochromic behavior (Ravi et al., n.d.). However, the currently inves-
tigated C450 may have limitations such as limited energy resolution,
relatively low light yield, calibration errors due to photo-degradation,
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and limited solubility in desired solvents (Gupta et al., 2012; Saxena
et al., 2018).

Researchers have tried to evaluate coumarin dyes as LSs due to their
desired features, such as high emission in the blue region, solubility in
preferred solvents, and fast fluorescence. Previously, 7-diethylamino-4-
methylcoumarin (MDAC) was used as a secondary dye, and 2,5-dipheny-
loxazole (PPO) was used as a primary dye (Zaitseva et al., n.d.) in a
plastic scintillator. It has shown good pulse shape discrimination (PSD)
in neutron detection (Zaitseva et al., 2020). Coumarin 6 and 1,1-di-(tert-
butylperoxy)-3,3,5-trimethylcyclohexane were used as wavelength
shifters in plastic scintillator designed by T. J. Hajagos et al. (Hajagos
et al.,, 2016). Various commercially available coumarin dyes were
embedded in a polystyrene matrix and tested for plastic scintillation to
detect gamma ray, as reported by A. Pla-Dalmau (Pla-Dalmau et al.,
1996). In a different approach, Feroz A. Mir used naturally occurring
coumarins such as osthol [7-methoxy-8-(3-methylbut-2-enyl) coumarin]
(Mir et al., 2014) and 7-hydroxy-8-O-B-glycosylbenzopyranone (Mir
et al., 2016) extracted from plants and evaluated the effects of gamma
radiation on their optical properties. In our recent work, we have
investigated a coumarin dye (DAMC) for its ability to detect gamma ray
and it produced reasonable signal in response to gamma radiation
(Aldawood et al., n.d.).

Even though there have been studies reported in the past that have
utilized coumarin in gamma radiation, they either use it as a primary
dye or as a wavelength shifter. Only a few reports have investigated the
effects of gamma-ray radiation to change in optical properties of
coumarin, like a dosimeter and not as a scintillator. In this context, we
investigated pure C450 in liquid media (toluene) as a liquid scintillator
(LS). This could be the first study of pure coumarin C450 as a LS, which
has the advantages of low opaqueness and self-absorption compared to
multi-dye cocktail based LSs. In addition, we compared the experimental
light yield output and the CE localization of these LSs with the GEANT4
simulation results.

2. Materials and methods
2.1. Materials

The molecular structure of C450 is shown in Fig. 1 and it has a
molecular weight of 217 g/mol. According to the information provided

by the supplier, C450 powder has a purity level of 98 %. Toluene is
sourced from Luba Chemicals Ltd.

2.2. Optical studies

A Perkin Elmer spectrophotometer (Lambda 950) and a spectroflu-
orometer (LS-55) were used to measure the absorption and emission
spectra of the samples over the wavelength ranges of 300 to 1000 and
300 to 800 nm, respectively.
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/
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Fig. 1. molecular structure of the C450 dye.
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2.3. Sample preparations

For experimentation, we prepared three cylindrical liquid cells of
dimensions given in Supplementary Fig. S1. The cells all have a diameter
of 1 in, a height of 0.5 in and a volume of 5 ml. Liquid scintillator 1 (LS1)
contains 4.8 mg of C450 dissolved in 5 ml of toluene (0.11 wt%). The
mixture was heated to 80 °C and then sonicated for 10 min, this removes
any possible of aggregation of C450. In LS2, the weight of C450 was
doubled to 0.22 wt% by dissolving 9.3 mg of C450 in 5 ml toluene. LS3
contains 14.4 mg of C450 dissolved in 5 ml toluene (0.33 wt%). Note
that the labeling of LS1, 2 and 3 represents the liquid scintillator
depending on the coumarin concentration. Fig. 2 shows LS1 (a) in
ambient light and (b) exposed to UV light.

2.4. Scintillation experiments

The gamma source was Cs-137, Co-60, and Na-22, and the detector
was a PMT (Hamamatsu R6094 with Bialkali photocathodes) connected
to a multichannel analyzer (MCA) [manufacturer: CAEN, Model: N975
contains an 13 bit analog to digital converter (ADC) with 8192 channels,
0.8 ps conversion time]. The main MCA converts the analog pulses to
digital pulses, assigns each signal to an appropriate energy channel
based on its amplitude, sorts them according to height, and then counts
the number in each channel (window) to give a spectral (energy) dis-
tribution of the fast electrons (Tsoulfanidis and Landsberger, 2021). The
details of the experimental setup have been explained in our previous
study (Asemi et al., 2022). The voltage of PMT varied from —865 V to
—985 V to study the response of LS1, LS2 and LS3. This range is selected
due to highest quantum yield of PMT tube is optimal in this range ac-
cording to the data sheet and voltage is varies in steps of 20 V. However,
in order to concise the discussion and results we compared different LSs
in terms of counts and CE estimation at a PMT —925 V. to avoid back-
ground noise we increased the threshold voltage of MCA to 150 mV
using control software, this makes the background noise negligible.

2.5. Determination of compton edge

The following equation can be used to determine the theoretical
Compton edge’s value (Knox et al., n.d.; Tsoulfanidis and Landsberger,
2021):

2E;
Ecp = moc® 4 2E, 2E, (€]
where E¢g is the CE electron kinetic occurring in 180° scattering, m, is
the electron mass, c is the speed of light, and E, represents the energy of
the incident photon.

Assuming that the Compton edge is not easily discernible, the
shoulder and tail portion of the pulse height distribution can be
expressed in terms of a Gaussian distribution in the form (Chikkur and
Umakantha, 1973):

Fig. 2. LS1 (a) in ambient light (b) exposed to UV light.
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where N is the energy, N is the mean value and ¢ is the standard devi-
ation, where N > N. Thus, the following equation can be regarded as the
pulse height corresponding to the channel number of the CE:

N¢ =N ++/2In(20) 3
2.6. GEANT4 simulation configuration

The simulated LS is a cylindrical scintillator with dimensions of 3 x
2 cm enclosed by a 1 mm thick Teflon tape on its front and side faces. A
point source of Cs-137, Co-60 and Na-22 were used in simulation with a
distance 5 cm from the LS. The bottom side of the LS is coupled to a PMT.
The front face of the PMT is a cylindrical glass plate coupled with optical
grease. The PMT is designed as a 2 cm diameter glass tube. The simu-
lation was performed using the decay time of 4.85 ns for C450 reported
previously (Dhenadhayalan et al., 2021). Note that for most coumarin-
based dyes, the fluorescence decay time is approximately 4-5 ns (Das
and Sarkar, 2012). Hence, we fed the simulator with 4.85 ns for both fast
and slow decay components. The simulated energy spectra were calcu-
lated using collected photon counts at the PMT surface. We know that
the LS photons originate from secondary electrons produced by gamma
interactions with the LS. Fig. 3 provides a visual representation of the
schematic diagram for the GEANT4 simulation code. The simulated LS is
then tracked by a point gamma source that is placed in front of the LS
connected to the PMT. The number of scintillation photons produced in
the event (simulated for a defined time of exposure) is registered, and
then the corresponding optical photons reach the PMT.

3. Results and discussion
3.1. Optical properties

Normalized absorption and photoluminescence (PL) spectra of
coumarin at a concentration of 3 mol/m? in toluene are displayed in
Fig. 4. The absorption spectrum of C450 showed a peak at 349 nm and a
shoulder at 363 nm. In PL, a peak at 407 nm was observed, which can be
attributed to the Sg.g transition. The stokes’ shift was measured to 58
nm, with minimal overlap between absorption and PL. The absorption
spectrum was measure at 3 mM concentration in toluene because above
which the spectrum was saturated, which would violate the Beer —
Lambrate law for optical parameter calculations. And the PL of same
concentration is measure and normalized to compare the stokes’ shift
and spectral overlap.

The normalized PL spectra of LS with different concentrations of
C450 in toluene are shown in Fig. 5. The excitation wavelength was 349
nm (absorption peak). The same concentration were solutions utilized to
fabricated LSs. The emission spectra exhibited an increased redshift for
higher concentrations. The maximum peak intensity for LS1 is observed
at 410 nm, while it is observed at 413 nm for LS2. On the other hand, the
peak for LS3 was observed at approximately 420 nm. This effect could be
attributed to the reabsorption process at a higher concentration of C450.
However, the high concentration becomes essential for LS as it is

Liquid
Scintillator
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Fig. 4. Normalized absorption (red line) and emission (blue) of C450 in toluene
at a concentration of 3 mol/m®. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Normalized emission spectra of fabricated liquid cells LS1, LS2, and LS3
for different concentrations of C450.

inherently a low Z (mass) value media.

3.2. Gamma spectroscopy and localization of the Compton edge

The pulse height distribution of the Cs-137 gamma source of LS2 was
determined at a PMT voltage of 925 V. Gaussian fitting of the shoulder
and tail spectrum was used to determine the position of the Compton
edge in LS2 and is illustrated in Fig. 6. The CE of LS2 is determined using

Fig. 3. GEANT4 visualization of a liquid scintillator based on C450 (a) before and (b) after events running.
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Fig. 6. Gaussian fit for the 662 keV gamma-ray Compton edge of the Cs-137
source using LS2.

Equation (3) (Chikkur and Umakantha, 1973), and it is explained in
detail below.

The calculations were performed for other LSs (LS1 and LS3); for all
LSs. Fig. 7 shows the pulse height of the Cs-137 gamma source for the
fabricated liquid cells LS1, LS2, and LS3. The gamma ray photopeak CE
of Cs-137 at 662 keV appeared at 3516 Ch for LS1, 2995 Ch for LS2, and
2755 Ch for LS3. Note the CE appears at half of the gaussian fitting. In
cases of LSs with lower concentrations than LS1, the count rate was
negligible, and further, the CE could not be distinguished from the
background. The LS with the lowest concentration of C450 showed a
higher CE channel sensitivity, and the CE was reduced by increasing the
concentration of C450. However, the count rate of LS2 is higher than
those of LS1 and LS3. Hence, the LS2 and LS3 CEs were 14.8 % and 21.6
% less than LS1, respectively. This indicates that the concentration to
achieve a higher count rate and CE lies between these LS2 and LS3 of
C450. On the other hand, for higher concentrations (LS3 and above), the
LSs have lower CE than LS2. The lower detection efficiency of LS1,
despite its higher channel sensitivity, could be influenced by factors such
as self-absorption, re-emission and beyond. A plausible explanation

400

———LS1 (0.1 wt% of C450)
——— LS2 (0.22 wt% of C450)
——— LS3 (0.33 wt% of C450)

CE @ 2995 ch

200

Count (a.u.)

' CE @ 3561 ch
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| " '
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CE @ 2755 ch WM

0 T
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Fig. 7. Pulse height of the Cs-137 gamma source for the fabricated liquid cells
LS1, LS2, and LS3.
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could be that the quantum efficiency of the C450 dye at these low
concentrations. While the higher channel sensitivity indicates efficient
detection of photons that are produced, the lower concentration in LS1
might result in fewer scintillation events, leading to a reduced number of
photons generated overall. The self-absorption coumarin dye at higher
concentration was observed by Das et. al. in similar coumarin (C153)
(Das and Sarkar, 2012).

Table. S1 shows the count rate observed by the three LSs for 20 min
using a Cs-137 gamma source. We estimated the count rate by dividing
the total counts by 20 min, and we calculated the uncertainty by
dividing the square root of the total gross counts by the total time. The
count rate achieved with LS2 was the highest among them. LS2 has a
count rate per minute (CRM) of 34006, which was 140 % higher than the
CRM of LS1 (24,266) and 218 % higher than the CRM of LS3 (15574).

The pulse height distribution details of the Cs-137 gamma source for
different voltages are shown in Fig. 8. Table S2 shows the calculated
values of Gaussian fitting (Compton peak) and the CE localization using
LS1, LS2, and LS3 for different voltages. The trends in the data in
Table S2 are illustrated in Fig. S2. The CE increased for all three LSs; LS1
showed the best CE of 5106 at 965 V among all LSs at all voltages used
for testing. The NCE to the maximum height ratio (p) was approximately
0.5 + 0.01 for all LSs. Similarly, the curve goodness of fit (XZ) was more
than 0.96 for all LSs at all voltages, except for LS2 at 965 V, which
showed a 2 of 0.92.

In order to understand the response of LSs in terms of the pulse
height distribution with respect to different bias voltage of PMT tube. To
obtain the count/keV conversion factor for the energy calibration scale,
we fit a linear relationship between the measured channel energies and
theoretical CE energies for Cs-137, Na-22, and Co-60 gamma sources.
Our previous study has more information about how the channels and
energies have been calibrated (Asemi et al., 2022). The calibrated CE
energies were compared to theoretical gamma-ray energy values
calculated using Equation (1). The energy-calibrated spectra of LS1 are
displayed in Fig. 9. The CE of LS1 corresponds to 328 keV for Cs-137
(511 keV) gamma energy, which is 3.5 % lower than the theoretical CE
value of 340 keV. A CE of 494 keV was achieved for a gamma energy
source of Na-22 (662 keV), which is 3.4 % greater than the theoretical
value. There are two energies in the spectrum of the Co-60 gamma
source, with CEs of 963.39 and 1118.11 keV, respectively, with an
average value of 1040.75 keV. The experimental CE of Co-60 was
1039.50 keV, the error was only 0.12 %.

3.3. GEANT4 simulation results

As shown in Fig. 10, there are notable differences that discriminate
CE between the experimental and simulation spectra. However, after
calculation of CE from Gaussian fitting, the CE of experimental and
simulated LS had an error (difference) of less than 5 %. In the case of Cs-
137 (Fig. 10.a), the fitted experimental CE was 328 keV, which is 3.5 %
lower than the theoretical value of 340 keV. The GEANT4 simulation of
the same CE energy dropped to 471 keV, which is 1.3 % offset from the
theoretical value.

The simulated Co-60 spectrum (Fig. 10b) exhibits two CEs, which
correspond to 956 keV and 1113 keV, with differences of 0.8 % and 0.4
% from the calculated value, respectively. This average of 1034.5 keV,
when compared to the experimental CE of 1039.5 keV, has a difference
of 0.48 %. For Na-22 (Fig. 10.c), the simulated low energy CE at 334 keV
had a difference of 1.8 % from the value calculated using Equation (1),
and the high energy CE was at 1052 keV, which is almost identical to the
calculated value using Equation (1). The experimental study was limited
to the low energy of Na-22 due to the low resolution for higher energy.
For this, the lower energy is fitted at 494 keV, which is 3.5 % lower than
the theoretical value of 340 keV.

The accuracy of the simulation results was determined using the
sharp parts and ignoring the incoherence near the end of the CE of each
GEANT4 spectra. The inconsistency could be attributed to the low Z
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Fig. 8. Pulse height distribution of the Cs-137 gamma source at different voltages for (a) LS1, (b) LS2, and (c) LS3.
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Fig. 9. Pulse height distribution of Cs-137, Na-22, and Co-60 demonstrating
the Compton distribution as well as the location of the CE using LS1.

number of the ingredients in the LS. Generally, the GEANT4 simulation
appears to have sharper CEs compared to the experimental results be-
cause GEANT4 assume ideal conditions and makes close to reality
boundary conditions in the simulation. The simulation and experiment
have difference in the concentration of dye. Simulation did not include
the noise of the electrical signals created inside the PMT and other
sources, such as the data acquisition electronics. The simulation may not
accurately reflect the unique material characteristics and composition of
the liquid scintillator employed in the experimental setup. For instance,
the simulation model’s assumptions about the atomic composition,
density, concentration, and contaminants of the real liquid scintillator
may not be accurate. The ideal geometry assumed to be a perfect cyl-
inder, but experimental model has a contoured on the top also the glass
thickness is accounted in simulation. These variances may affect how
energy is deposited and how signals are generated afterwards, resulting
in variations in the observed response. The primary objective of the
simulation is to compare the CE and the agree with each other with a
minimal error. It would take an incalculable amount of computational
resource to exactly reproduce the experimental results as such in
simulation (Mauritzson et al., n.d.; Sosa et al., n.d.).

Finally, the limitations were as follows, light yield and detection
efficiency could be influenced by the concentration of Coumarin 450
and the dimensions of the scintillator used in the experimental setup,
with potential variations not fully explored in this study. GEANT4
simulations, based on idealized conditions such as perfect geometry and
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Fig. 10. Pulse height spectra for (a) Cs-137, (b) Co-60, and (c) Na-22 gamma sources using LS1 in comparison to the GEANT4 simulation results.

uniform material properties, may not accurately reflect real-world var-
iations, leading to potential discrepancies between simulated and
experimental results.

4. Conclusion

In this study, a simple liquid scintillator (LS) based on C450 dye was
developed. The LS’s light emission and counting efficiency (CE) could be
adjusted by varying the concentration of the C450 dye. Three radioac-
tive sources (Cs-137, Na-22, and Co-60) were used to evaluate the CE at
different energy ranges. The optimal voltage for operations was deter-
mined to be —965 V. Experimental spectra of LS-1, LS-2, and LS-3 did
not exhibit a clear CE edge. However, through Gaussian fitting of the
shoulder and tail regions, the CE values were determined for each LS.
For the Cs-137 source, LS-1 had a CE of 328 keV, LS-2 had a CE of 2995
Ch, and LS-3 had a CE of 2755 Ch. LS-1's CE was 3.5 % lower than the
theoretical value. LS-2 achieved a CE of 494 keV for the Na-22 source,
exceeding the theoretical value by 3.4 %. The Co-60 gamma source
produced two energies in the spectrum, with CEs of 963.39 and 1118.11
keV, resulting in an average CE of 1040.75 keV. The experimental CE of
Co-60 closely matched the theoretical value, with an error of only 0.12
%. To validate the experimental results, a GEANT4 simulation of the LS
was conducted. The theoretical calculations, experimental results (ob-
tained through fitting), and simulation outcomes were found to be
highly consistent. These LSs offer numerous benefits, including afford-
ability, ease of mass production, and simple operation. They have

minimal ingredient requirements and can be disposed of in an eco-
friendly manner. Consequently, the LSs presented in this study hold
great potential for the development of radiation detectors in various
fields, such as medicine, military, and everyday life.
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