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Abstract In this work, we report the study of tempera-
ture effects on light yield of siloxane-based scintillators and
on n/y discrimination capability, in terms of pulse shape
discrimination (PSD). The solid scintillators are composed
of phenyl containing polysiloxane (PMPS100), as a base
polymer, loaded with moderate amounts (6 wt%) of 2,5-
diphenyloxazole (PPO) as a primary dye and Lumogen Violet
(LV) as waveshifter. The samples were heated in the range
of 60—150 °C and scintillation performance were tested both
after annealing for 24 h and in real time during heating. Light
yield of siloxane-based scintillators containing 6 wt% PPO
heated at 100 °C is very close to the room-temperature value,
while heating at 120 °C causes a decrease of light yield (LY)
of 17%. In addition, the figure of merit (FoM) for n/y dis-
crimination of the scintillator shows a sensible worsening of
the discrimination performances in case of prolonged treat-
ment at 120 °C. Similar tests are made using the commercial
plastic scintillator EJ-299 (currently named EJ-276), based
on polyvinyltoluene (PVT). In this case, the light yield under-
goes amuch more rapid deterioration with annealing temper-
ature, and at 70 °C it is reduced to 60% of the original value.
The discrimination capability of EJ-299 decreases upon heat-
ingat 70 °C as well, with a 20% reduction of FoM; meanwhile
for T > 70 °C the mechanical and optical features are remark-
ably degraded. The mass loss of primary dye PPO from the
siloxane scintillator as a function of treatment temperature
and initial dye concentration has been evaluated and com-
pared to the behaviour of EJ-299. This measurement allows
to single out and characterize a series of processes occur-
ring during heating, which are relevant to the whole perfor-
mance of the system under study, such as sublimation at the
interface, thermally induced photooxidation of components,
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diffusion of fluorophores from the polymer bulk to the sur-
face. The variation in luminescence characteristics have been
analyzed by excitation/fluorescence spectroscopy and time-
resolved fluorescence spectroscopy, in order to correlate the
annealing treatment with the primary dye loss by sublima-
tion, formation of superficial aggregates and/or degradation
of the scintillator components in the synthesized siloxane
scintillator.

1 Introduction

Polymer-based scintillators are used for several applications:
radiation detectors in calorimeters to detect and track muons
[1,2], reliable and cost-effective radiation portal monitors
[3], as alpha/beta counters in the radioactivity soil scan-
ning [4] and surveillance of radiation-exposed workers [5].
They bear preferential features versus inorganic scintilla-
tors, such as ease of manufacture at various thickness and
shape, reduced costs, negligible sensitivity to the environ-
ment, lightweight and fast response time [6].
Siloxane-based scintillators have been studied as for com-
position, optical properties, scintillation light output from
several decades [7-10]; in comparison with ordinary plastic
scintillators, they demonstrated effective light yield, detec-
tion of y-rays, alpha particles and fast neutrons. Moreover,
loaded with suitable boron-containing compounds, they pre-
served transparency and showed good thermal neutron sen-
sitivity [11]. The detection of thermal neutrons has also been
pursued with remarkably high efficiency using polysiloxane
as a supporting matrix for ZnS:Ag powder (EJ-600) and
®LiF nanocrystal synthesized by co-precipitation [12,13].
Very recently, siloxane-based sensors showed optimal dis-
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crimination between fast neutrons and y-rays by exploiting
the pulse shape analysis of the scintillation light [14]. This
extremely attractive feature is reached by using polymethyl-
phenylsiloxane (PMPS) embedding moderate amounts (2—
8%) of 2,5-diphenyloxazole (PPO) collected in phenyl rich
sites, thus promoting the close proximity for triplet-triplet
annihilation and the related delayed fluorescence. These sys-
tems were extensively studied by optical spectroscopy and
scintillation analyses.

The first commercial plastic scintillator for the discrimi-
nation of fast neutrons and gamma rays, formerly filed under
the name of EJ-299, is currently known as EJ-276 [15]. This
material displays optimal PSD capabilities, reaching per-
formances comparable with the ones of liquid scintillators,
known for high toxicity and safety concerns. The base poly-
mer matrix, polyvinyltoluene (PVT), is a glassy polymer (Tg
> 90 °C) with moderate thermal resistance (Td =~ 100 °C),
but the high loading of primary dye, envisaged by previously
published data on this material [ 16], has been shown to induce
drastic deterioration of the base polymer features, such as
glass transition, mechanical hardness and dimensional sta-
bility over time [17-19]. In the case of PVT based traditional
scintillator, i.e. EJ-200 of Eljen Technology and BC-404 of
Saint-Gobain, that contains a low amount of primary dye (<
2% wt), heating up to 50 °C has little influence on the light
yield [20].

Physical instability, softness and dye aggregation over
long-term operation have been recently greatly improved by
Zaitseva et al., acting on the cross-linking density of the base
polymer [21].

Very recently, Lim et al. [22] exploited a commercial for-
mulation of high-index siloxane to prepare efficient scintil-
lators doped with a moderate quantity of PPO thus further
supporting the outcome reported in Ref. [14]. The scintilla-
tors described therein even exceed the performance of com-
mercial plastic scintillators both in light yield and PSD capa-
bility, thus demonstrating that the features of siloxane-based
detectors might be still enhanced.

Siloxanes are very popular as heat and radiation resistant
materials, as witnessed by their successful application in dif-
ferent fields spanning from cookware to aerospace compo-
nents. From this point of view, siloxane scintillators may be
regarded as benchmark sensors in those environments where
not only PSD is demanded but also long-term resistance at
high temperature with capability preservation.

In this work, we deepen the behaviour of siloxane-based
scintillators both after and during heating at different temper-
atures, ranging from 60 to 150 °C. Optical and scintillation
properties are monitored as a function of temperature and are
compared with EJ-299 scintillator properties under the same
operational conditions. This work confirms the reliability of
siloxane scintillators also at temperatures which are typically
out of reach for standard plastic scintillators.
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2 Experimental

The scintillators pellets were prepared starting from the
homopolymer polymethyl-phenylsiloxane vinyl terminated
(PMPS) added with suitable amounts of co-methylhydro-
phenylmethylsiloxane hydride terminated as cross-linker and
Pt based Karstedt catalyst. This resin, composed of the base
resin with 100% Si-phenyl unit in the macromolecule, was
chosen owing to the demonstrated very good PSD perfor-
mance [14]. All reagents were purchased from Gelest, USA.

The viscous mixture was doped with PPO (scintillation
grade, Acros Organics) and Lumogen Violet (LV, BASF),
according to selected formulations, prior to vulcanization.
This process was carried out in an oven at 60 °C for 24 h
and afforded cylindrical samples with 2 cm diameter and 1
cm height. To investigate the effect of heating on the opti-
cal properties of both base matrix and primary dye (PPO),
one series of samples was produced without adding the sec-
ondary dye (LV). Moreover, the mass loss of PMPS based
samples containing only PPO at different concentrations has
been estimated at different annealing temperatures, using a
Gibertini balance with accuracy 0.0001 g.

Photoluminescence properties of samples, as they are after
preparation and after annealing in the air for 24 h in the range
from 80 to 150 °C (60 °C corresponds to the polymerization
temperature), were measured in front face geometry using a
Jasco FP-6300 spectrofluorimeter, equipped with a 150 W
Xe lamp; the spectra were collected at room temperature.
With the same approach, transmittance spectra were col-
lected using a Jasco spectrophotometer V-570 from samples
1 mm thick and from samples of EJ-299 with the same thick-
ness. Luminescence lifetime measurements were performed
with a PicoQuant acquisition module (PicoHarp 300), excit-
ing the samples with 285 nm pulsed LED (Horiba N-280,
pulse width 1.2 ns) and recording the emission intensity at
400 and 450 nm with a monochromator (Horiba, f/4, 1200
lines/mm, 8 nm of bandwidth) equipped with a PMT (Hama-
matsu H10721-04, rise time 0.57 ns).

Scintillators with PPO 2% and 6% wt. were produced,
fixing the amount of LV at 0.02% wt. In previous works, these
concentrations gave good light yield and n/y pulse shape
discrimination capability [14]. To assess their resistance to
overheating, a specific set-up was assembled (Fig. 1), where
both a schematic drawing (Fig. 1a) and a photo (Fig. 1c)
are shown. For the mass loss analyses and for the study on
the PPO luminescence properties change as a function of the
temperature we produced samples containing only PPO at
concentrations of 1%, 2%, 4% and 6% wt.

The experimental set-up was made up of the sample cou-
pled to the PMT (Hamamatsu H6524) through an acrylic light
guide (2 cm diameter, 5 cm length). Good optical matching
was obtained with silicone grease (Dow, Dowsil Optical cou-
plant Q2-3067). The heating element (flexible silicone heater
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Fig. 1 a Scheme of the set-up used to measure the light output with
calibrated sources and the n/y bi-dimensional plot of the scintillators
at different heating temperatures; b temperature recorded on PMT side

mat, RS components) was used to wrap the light guide cou-
pled on one end to the PMT (Hamamatsu H6524) glass win-
dow and on the other end to the scintillator pellet.

During scintillation measurements, the temperature of the
sample is set and controlled by the heating element connected
to a thermoregulator (Gefran-1000) equipped with a PT100
resistance thermometer, allowing to reach the set temperature
with an accuracy of 2 °C. The use of the light guide is needed
to preserve the PMT from overheating during operation, and a
K-type thermocouple was set in close contact with the junc-
tion interface PMT glass/light guide to check the thermal
conditions of the PMT during the acquisition time. The poly
(methyl methacrylate) light guide material has a high decom-
position temperature (around 330 °C) and its glass transition
temperature is about 110 °C [23], thus it can be used with-
out relevant decrease in optical and mechanical properties
up to 120 °C. The heating rate cannot be controlled by the
regulator, but it was manually set to avoid heat spikes on the
sample at a rate of around 5 °C/min. Figure 1b reports the
temperature reached by the PMT during the heating steps of
the sample. The maximum reached temperature is about 34
°C, thus well below the limit of operation indicated by the
manufacturer (50 °C).

0 22 44 66 88 110

K-type TC to check for PMT over-heating

el \\
PT100 probe stuck on light guide \ X\‘

Silicone heater wrapped on light guide

Lead brick [WessS=

during the heating steps of the sample at the temperatures reported in
the graph. The step at 120 °C was reached by a separate test. ¢ photo of
the set-up

The scintillation yield was estimated using '37Cs y source
with the scintillator coupled to a light guide whose opposite
side is facing the PMT: this allows to measure the light output
as compared to a standard scintillator of the same size (EJ-
299, Eljen Technology). At the same time, the expression
of results as a ratio against the commercial standard allows
to neglect the contribution of PMT gain dependence with
temperature, which will be the same for both our sample
and the standard. Each source was placed front-facing the
scintillator, at a distance of ~ 10 cm. Scintillation spectra
were collected for 10 min, once the thermal equilibrium was
reached.

The pulse shape discrimination (PSD) features of the scin-
tillators were studied using a 2>>Cf source (neutron emission
rate about 5 x 10* ns) placed at about 10 cm in front of the
scintillator. Each measurement lasted 20 h approximately.
Thereafter, measurements with 137Cs were performed. PMT
signals were acquired with a CAEN DT5725 fast digitizer
(14 bit ADC resolution, 250 Msamples/s). Open source soft-
ware [24] was used for the data acquisition [25]. On-line dig-
ital pulse processing was performed by the signal digitizer,
which allows saving for each event: the timestamp, the par-
tial integral, the total integral and, optionally, the complete
waveform. The double gate integration method was applied

@ Springer



1057 Page 4 of 13

Eur. Phys. J. C (2020) 80:1057

to perform the pulse shape analysis, as described in [13], and
the pulse shape parameter (PSP) was computed as:

Qtail

total

PSP = (1)
where Qo1 and Qyy; are, respectively, the total and the tail
integrals of the pulse. Widths of the integration gates were
optimized by analyzing the data acquired with unheated scin-
tillators [14]. In order to characterize the n/y discrimination
capability, we used the figure of merit (FoM) obtained by
analyzing the PSP distributions defined as in [13]

FoM = A/(8y + §,), @)

where A is the distance between the centroids of neutron and
y signal distributions and 8, +9,, is the sum of their FWHM.

3 Results
3.1 Weight loss after annealing

Samples with different amount of PPO have been weighed
before and after thermal treatment, and the percentage mass
loss values are reported in Table 1. The values obtained for
EJ-299 are also reported for comparison.

The trend shows a linear relationship between the mass
loss and the annealing temperature. This finding is a clear
indication of the occurrence of two processes: sublimation
of PPO from the surface and diffusion of PPO through the
polymer towards the sample surface. As the PPO is released
from the surface with a rate depending on the selected tem-
perature, the diffusion of PPO from the bulk to the surface
compensates the loss, thus leading to the linear correlation.
The fact that mass loss is due to PPO evaporation and not
to the polymer decomposition is demonstrated by the star-
shaped point in Fig. 2a, where the pure PMPS siloxane with-
out PPO is treated at the maximum temperature used in this
experiment and negligible mass variation has been observed.
It is worth to notice that PMPS with 6% PPO loses half the
content of PPO after treatment at 150 °C.

By analyzing the problem of the evaporation from the
surface of a semi-infinite solid containing a starting concen-
tration cp, we obtain that the total amount M, expressed in
material quantity per area unit, of molecules leaving the solid
at a time ¢ is given by [26]:

Dt
M =2coy/ —. 3
T

where D is the diffusion coefficient of the molecule in the
solid and ¢ is the total annealing time expressed in seconds.
In order to exploit the relationship, we express the lost
amount of PPO, M, in mg/cmz, taking into account the cylin-
drical sample area and the concentration co in mg/cm?.

@ Springer

Table 1 Results of weight loss measurements on PMPS samples with
different PPO concentration treated at selected temperatures

Label PPO wt% T (°C) Mass loss %*
PMPS 0 150 0.29 £ 0.02
EJ-299 30 80 0.42 +0.02
100 1.95 +£0.02
120 3.90 £ 0.02
150 7.08 £ 0.02
PPO1 1 80 0.01 +0.02
100 0.19 +0.02
120 0.27 +£0.01
150 1.11 £0.01
PPO2 2 80 0.091+ 0.009
100 0.31+0.01
120 0.47 +£0.01
150 1.46 +0.01
PPO4 4 80 0.22 +0.01
100 0.59 +0.01
120 1.13 £ 0.01
150 2.23 £0.01
PPO6 6 80 0.154+0.02
100 0.57 +£0.01
120 1.83 £0.01
150 2.89 £0.01

4The error is estimated applying the propagation theory on the basis of
the balance accuracy

By plotting M as a function of cg (Fig. 2b) we obtain a
line whose slope is equal to 2,/Dt /.

M = aco + b. “

Therefore, we can calculate the value of PPO diffusion coef-
ficient at different temperatures.

The PPO concentration in the samples produced in this
work is known, whereas the PPO concentration in EJ-299 is
assumed to be 30 wt% [16].

By using the treatment time ¢ in seconds, we obtain for
each treatment temperature the diffusion coefficient in cm?/s
and the standard deviation following the equations:

a’r
D=—,
t
2am
oD = ——0; )

where o, is the standard deviation of the angular coefficient
from the linear fit. The estimated values for the diffusion
coefficient are reported in Fig. 2b.

Interestingly, the EJ-299 displays a much lower mass loss
than the one expected on the basis of the behaviour shown by
PMPS samples. This can be deduced by observing the dashed
lines of Fig. 2b, representing the linear fit of the experimental
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Fig. 2 a Mass loss % of PMPS based samples containing different
amount of PPO, the standard EJ-299 and the bare PMPS treated at dif-
ferent temperatures for 24 h; dashed lines represent the result of linear
fit for each data set. b PPO mass loss versus starting PPO concentration,

data limited to PMPS and extrapolated for high PPO concen-
tration values. The EJ-299 related data lie well below the ones
expected from an extrapolation of PMPS related data, there-
fore a much lower diffusion coefficient of PPO within the
polymer matrix of EJ-299 can be envisaged.

3.2 Optical transparency after annealing

After heat treatment for 24 h at different temperatures, the
samples 1 mm thick with increasing amount of PPO and the
standard EJ-299 with the same thickness appeared as shown
in the photo of Fig. 3a.

All the samples appear optically transparent up to 120 °C.
Siloxane-based samples with PPO amount < 4 % maintain
their transparency up to 150 °C, whereas samples with 4 and
6 % PPO show a moderate yellowing. The polyvinyltoluene
based commercial scintillator EJ-299 displays evident yel-
lowing after treatment at 150 °C and loss of mechanical
resistance under compression (Fig. 3a, b). The faint yellow-
ing of PMPS samples is ascribed to PPO thermal oxidation,
whereas degradation of the polysiloxane base matrix is ruled
out, owing to the well-demonstrated thermal resistance of
silicones in general and, in particular, of phenyl-substituted
ones [27]. As for the commercial scintillator EJ-299, ther-
mal annealing at 150 °C for 24 h leads to intense yellow
color, owing to thermally induced degradation of PPO, which
is added in remarkably higher amount in EJ-299 than in
polysiloxane, as mentioned before [21]. The carbon-based
polymeric matrix, i.e. polyvinyltoluene [21], is not expected
to undergo thermal degradation up to around 170 °C [28].

¢, (mg/cm?®)

plotted for each annealing temperature. Dashed lines are the linear fit
of data collected for PMPS based samples, whereas the EJ-299 data are
left out of the fitting process

On the other hand, the glass transition temperature T, of the
plastic base is very low, as a result of high PPO amount act-
ing as a plasticizer (lower than 40 °C [19]), thus it softens
and shows changes in shape after heating above 100 °C and
successive cooling.

By observing the optical transmittance spectra in Fig. 3c,
one relevant information is that the plateau of maximum
optical transmission for PMPS samples is always lower than
the standard EJ-299 scintillator and the optical transmittance
in the range 400-800 nm decreases as PPO concentration
increases from 1 up to 6%. It is worth to remember that here
the analyzed PMPS samples do not contain LV as wave-
length shifter, hence the absorption edge is at around 375
nm, whereas EJ-299 displays the edge at about 420 nm.

The sample with 6% PPO has a 50% transmittance in the
visible range, pointing to the presence of small aggregates
that cause opacity due to light scattering. The heating step
at 150 °C leads to a negligible decrease of transmittance in
PMPS samples with the low amount of PPO, while the 6%
PPO sample shows reduced transmittance at around 380 nm,
corresponding to the absorption edge, and a slight blue-shift
of the edge. The feature at 380 nm can be ascribed to the
thermal oxidation of PPO with generation of colour centres,
and the same process accounts for the loss of transmittance
in heat treated EJ-299, which contains a higher amount of
PPO. The small shift in the absorption edge of PMPS 6%
PPO towards lower wavelength can be related to a decrease
of PPO concentrations at the sample surface, as evidenced
by the weight loss measurements.

@ Springer
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Fig. 3 a Images of the siloxane scintillators and the commercial one
EJ-299 after annealing at different temperatures; b photo of the still
warm EJ-299 after heating at 100 °C during manual compression; ¢

Samples with 2% and 6% PPO have been analyzed by
luminescence spectroscopy, exciting the sample in front-face
geometry. In Fig. 4, the normalized emission spectra col-
lected using Aexc = 280 nm are shown, after reticulation at
60 °C and after annealing at 100 and 150 °C for 24 h.

The typical features of PPO are visible: excitation of the
monomer form gives rise to a structured emission with a
shoulder at 350 nm and the most intense vibronic peaks at
370 and 380 nm, in agreement with the literature [29]. At
high concentrations PPO is known to form excited dimeric
species, i.e. excimers, characterized by emission features at
higher wavelengths, contributing with an increase of the rel-
ative intensity in the higher wavelength tail of the dye spec-
trum. According to literature data, the excimer component
appears in the range 440—450 nm and its intensity increases
as the PPO concentration increases [29-32]. In liquid sys-
tems, the formation of excimers is a diffusion-controlled
mechanism, depending on solvent parameters and temper-
ature. In solid systems, the formation of PPO excimers is
less explored; it has been recently studied by our group in
polysiloxanes with PSD capability [14].

In the samples studied in the present work, a slightly higher
relative intensity around 450 nm in samples with 6% PPO
(Fig. 4d) with respect to samples with 2% PPO, is indicative
of the formation of excimer states [14]. As for the spectral
shape, the treatment temperature does not remarkably affect
the optical emission features for the PPO concentration range

@ Springer
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UV-Vis transmittance spectra of EJ-299 and siloxane with 2% and 6%
PPO collected before (solid line) and after treatment at 150 °C (dashed
line)

in PMPS considered in the present work. As for lumines-
cence intensity variations, the evaluation is uncertain since
the front-face analysis at 280 nm inspects very thin layers of
the surface, leading to variations due to irregular surface mor-
phologies and concentration distributions. As for the standard
EJ-299, a visible change in spectral shape is observed at 150
°C in the spectra reported in the inset of Fig. 4a.

By comparing the normalized spectra of 2% and 6% sam-
ples treated at increasing temperature, it can be seen that the
excimer component visible as a shoulder at 450 nm gradually
decreases and at 150 °C the spectra of 2 and 6% are almost
overlapped.

It is known that the presence of excimers can be more
accurately studied through lifetime measurements. In Fig. 5,
the time response of the luminescence at 450 nm of samples
with 2 and 6% PPO is reported.

Each decay profile has been fitted with a bi-exponential
function according to the following equation

1(t)=Ape™ "/ + Age™/™, (©6)

where tr and 1 are respectively the lifetimes of the fast and
slow component and A ¢ and A, their amplitudes.

The fractional amplitude contribution of fast and slow
components is calculated as follows [33]:

Afastffast
Afasttfast + AsiowTsiow ’

ffast = (7)
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Fig. 4 Normalized fluorescence spectra collected a for samples of PMPS with 2% PPO and b 6% PPO after annealing at different temperatures, ¢
for samples with increasing PPO treated at 150 °C, d for untreated PMPS samples with 2 and 6% PPO. All the spectra are recorded using Aex 280
nm
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Fig. 5 Decay profiles of the fluorescence signal collected at 450 nm for the scintillators with 2% PPO (a) and 6% PPO (b) for different heating
temperatures

@ Springer



1057 Page 8 of 13

Eur. Phys. J. C (2020) 80:1057

Aslow Tslow

Afast'cfast + AslowTsiow

f slow = (®)
In Table 1, the lifetimes and the ratios between the fractional
contributions of fast and slow components for the different
treatment temperatures and compositions are reported. It is
worth to observe that the large error on g for the 2% PPO
sample is due to the minimal contribution of this component,
as can be seen in Table 2. This is in agreement with the negli-
gible formation of long-living excimers previously suggested
on the basis of the emission spectrum shape in Fig. 4d and
supported by previous literature work of Steingraber [34]
and Yguerabide [35]. The effect of annealing temperature
is clearly evident by observing the values of fast/slow com-
ponents ratio: in the case of PPO 2%, where the decay is
dominated by the monomer species, the ratio is almost unaf-
fected by heating, whereas a remarkable effect is clearly seen
on the long tail of the signal for the case of 6% PPO, whose
contribution decreases with the increase of the treatment tem-
perature.

3.3 Scintillation measurements

The light output of scintillators at different temperatures was
estimated by comparing the position of the Compton edges,
in the pulse height spectra acquired with the '37Cs source.
The procedure used to find the position of the Compton edges
is the same than the one applied in [13]. Results are given
respect to the light output exhibited by the standard EJ-299
at room temperature. In Fig. 6a—c are shown the '37Cs pulse
height spectra corresponding to the standard EJ-299 and the
PMPS based scintillators with 2% and 6% PPO at different
temperatures. Figure 6d shows the estimated light output,
respect to EJ-299 at room temperature, taking into account
the analysis of '37Cs spectra.

It is worth to note that EJ-299 displays a remarkable
decrease in light yield as the temperature is raised and the
sample PMPS with 2% PPO displays light loss as well,
though the rate of scintillation degradation is lower than for
EJ-299. In the case of EJ-299 at 70 °C, the yield is almost
halved as compared to the room temperature measured value,
while the PMPS based scintillator with 6% PPO still keeps
the light yield almost constant irrespectively of the heating
temperature up to 100 °C, showing a visible decrease only at
120 °C. It is worth to observe that PMT sensitivity variations
caused by the temperature changes are expected to be lower
(Iess than 3%) than variations due to scintillation properties
of the samples.

3.4 Pulse shape discrimination features

The widths of the integration gates were optimized in order
to maximize the n/y discrimination performance. Figure 7

@ Springer

shows bi-dimensional histograms of the pulse shape discrimi-
nation parameter (Q,;;/Qiotar) Versus the total integral (Qyotar»
quantity proportional to the total light output). The plots show
the results obtained with the standard EJ-299 and with our
PMPS based scintillator at room temperature (~25 °C), 70,
100 and 120 °C.

Figure 8a shows the Qy,i1/Qyota1 histograms corresponding
to the EJ-299 and to the 6% PPO PMPS scintillator, at room
temperature and at 100 °C. From data given in Fig. 7, only
events with light output in the range (480 4 75) keVee were
used to compute the figure of merit (FoM), using the same
procedure applied in [13]. From these distributions, the FoM
values were obtained for both types of scintillators at different
temperatures (see Fig. 8b). As can be observed, FoM for EJ-
299 decreases with the temperature, with a plateau between
70 °C and 100 °C. FoM for polysiloxane scintillator is lower
with respect to EJ-299 at all the temperatures, but it increases
from RT to 70°, where it becomes comparable with EJ-299,
and then decreases.

4 Discussion

The lowering of the scintillation performance of polymeric
scintillators with the temperature is typically attributed to
temperature quenching of the dye luminescence yield and
to degradation of the organic components. Here, we deep-
ened the mechanisms underlying the deterioration with the
temperature of the scintillation yield in polysiloxane based
scintillators following two approaches. In fact, besides the
analysis of both scintillation yield and PSD performance of
the samples during heating, we studied the behaviour of sam-
ples containing only PPO (primary dye) heated in air at dif-
ferent temperatures.

Therefore, luminescence and weight loss measurements
evidenced that the heat treatment essentially leads to release
of PPO from the surface. This phenomenon can be indicated
as the main scintillation degradation cause after prolonged
exposure to high temperatures. In fact, we have to point out
that in this work scintillation yield measurements have been
performed after PSD analyses lasting several hours. During
this time, the PPO diffuses out of the surface of the samples
leading to the observed changes of performance.

Different processes can take place during heating: (i) dif-
fusion of PPO through the polymer matrix favoured by the
low melting point (72 °C) of this species [36]; (ii) release
of PPO from the sample surface by evaporation, as demon-
strated by the measured weight loss (Fig. 2a); (iii) degra-
dation of PPO induced by heat and environment exposure
resulting in the formation of non-fluorescent, UV-Vis absorb-
ing brown coloured by-products [37,38].

The process (i) is strongly affected by the free volume of
the polymer matrix, and it is therefore expected to occur more
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Table 2 Parameters obtained from the interpolation of the decay profiles in Fig. 5

Sample T (OC) Tfast (IIS) Tslow (IIS) Afast Aslow ffast fslaw f_fast /fslaw
PMPS_PPO2 60 248 +0.02 25+7 0.993 £0.002  0.007 £ 0.002 0.93 £0.02 0.07 £ 0.02 14+5
100 2.134+0.01 25+3 0.991 £ 0.001 0.009 £ 0.001 0.90 +0.01 0.10 £ 0.01 9+1
150 2.22 +0.01 25+ 8 0.997 £ 0.001 0.003 £ 0.001 0.97 +£0.02 0.03 +0.02 30+ 14
PMPS_PPO6 60 2.01 £0.01 14.1+£0.2 0.876 £0.002  0.124 +0.002 0.502 £ 0.005 0.496 £ 0.005 1.01 +0.02
100 2.03 +0.01 144+0.2 0.907 £0.002  0.093 +0.002 0.579 £ 0.007 0.421 £ 0.007 1.38 £ 0.04
150 2.02 +0.01 17.8 £ 0.5 0.960 £ 0.001 0.040 £ 0.001 0.731 £ 0.007 0.269 £ 0.007 2.72 +0.10
(a) 10! (b) 10
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Fig. 6 Pulse height spectra collected by exposing the standard EJ-299
(a) and the siloxane-based scintillator with 6% PPO (b) and 2% PPO
(¢) to y-rays from '37Cs source. The LY as relative % of EJ-299 versus

favourably in polysiloxanes than in PVT, owing to the high
free volume characteristic of PMPS induced by the mobility
of siloxane macromolecules [39]. As a matter of fact, this
is supported by diffusion data reported in Fig. 2b, clearly
pointing to a much higher PPO mobility in the PMPS matrix
than in rigid PVT.

Hence, the remarkable decrease of scintillation light out-
put for 2% PPO samples may be related mainly to the des-
orption of PPO from the sample surface evidenced by weight

Temperature (°C)

temperature is reported in the graph (d). All the measurements have
been collected with the light guide coupled to the scintillator, as shown
in the scheme of Fig. la

loss. The hypothesis that light output decrease is caused by
dye molecule degradation due to thermally induced oxidation
(process iii), as evidenced in oxazole and derivatives [37] and
recently observed in liquid scintillators [38], can be excluded
for this concentration. In fact, transmittance spectra and opti-
cal clarity are almost unchanged after thermal annealing up
to 150 °C (Fig. 3c¢).

On the other hand, in samples with 6% PPO, the scin-
tillation efficiency does not decrease up to 100 °C. It can

@ Springer
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Fig. 8 a Q / Qqoa histograms corresponding to the EJ-299 and to
the PMPS scintillators, at room temperature and 100 °C. Only events
with light output in the range (480 £ 75) keVee were included. Gaussian

be supposed that, at this high concentration, the residual
amount of primary dye in the formulation, in spite of evap-
oration from the surface, is still high enough after anneal-
ing to keep the efficiency of the energy transfer mechanism,
thus preserving the light output. Moreover, the loss of PPO
counteracts concentration quenching effects, giving rise to
an increase of luminescence yield. Only at 120 °C, a remark-
able decrease in light output arises, due to the high concentra-
tion of by-products from oxidative degradation, which affects
the optical clarity of the sample as shown by the transmit-
tance spectra. The local concentration decrease of PPO is
also evidenced by the deactivation of excimers, indicated by
a decrease of the long wavelength component in lumines-
cence spectra and of the slow component in time resolved
measurements at 450 nm.

Similar behaviour was observed in EJ-299 after heating:
an evident mass loss was observed after heating at tempera-
tures up to 120 °C and, after exposure to 150 °C for 24 h, the
sample shows an intense yellow colour, a decrease in trans-
mittance and a remarkably modified fluorescence spectral
shape. Accordingly, the light output upon y-ray irradiation
lowers to one half of the original value just after anneal-
ing at 70 °C (Fig. 6a). This relevant loss of emission has
been recently reported in the literature, for the case of lig-
uid scintillator systems based on PPO as a primary dye (2
g/L) and benzene-derived solvent heated at 150 °C for pro-
longed times in air [38]. The sample becomes deeply brown
in colour after 24 h and the authors ascribe this effect to the
formation of thermal decomposition products of PPO acting
as colour centres. Hence, the decrease in light emission is
ascribed merely to the degradation of PPO and formation of

Temperature (°C)

fits are shown by the continuous lines. b Figure of merit as a function of
the scintillator annealing temperature (estimated statistical error £0.01
for each value)

absorption centres, i.e. the inner filter effect. In this work, we
can infer that the same mechanism is possible, although the
matrix is solid glassy PVT instead of liquid linear alkyl ben-
zene (LAB). Moreover, in EJ-299 PPO concentration is quite
high [16] and a large number of oxidized molecules can be the
cause of a so intense yellow colour inducing the loss of opti-
cal clarity and, consequently, of scintillation yield (Fig. 6d).
Together with the yellowing due to the thermal degradation
of PPO, in EJ-299 the PVT softening can also contribute to
the degradation of light output, enabling non-radiative decay
pathways for the dye molecules. In fact, PVT is characterized
by a softening point around 70-90 °C, which is lower than
most of the inspected temperatures. On the other hand, the
high loss of PPO, reported in Table 1 and Fig. 2a, cannot be
indicated as the main cause of the lowering of the scintilla-
tion yield, since the dye concentration is so high that the total
amount left should be enough for preserving the scintillation
properties.

Concerning the FoM for n/y discrimination, it is not
severely jeopardized up to 70 °C for PMPS sample, suffer-
ing an important worsening at higher temperatures (Fig. 7).
It is worth to mention that the diffusion coefficient of PPO
in PMPS reported in Fig. 2b varies of three orders of mag-
nitude as the temperature rises from 100 to 150 °C, thus
proving a relevant thermal effect on the mobility of PPO
through the siloxane macromolecules. Therefore, it can be
envisaged that, since PSD is promoted by the proximity of
dye molecules [31], the mobility enhancement induced by
the annealing can actually help the PSD process, up to a cer-
tain limit, beyond which the impoverishment of PPO due
to out-diffusion causes dissociation of excimers and PSD
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efficiency loss, as evidenced by the steep In the case of EJ-
299, where the initial amount of PPO is much higher, the
worsening of PSD performances, although moderate, occurs
already at low annealing temperature (70 °C), following the
light yield loss trend. Therefore, in this case the same moti-
vations described above for light output decrease account for
PSD performance reduction, i.e. PPO thermal degradation
and non-radiative decay due to enhanced chain mobility.

The oblique stripe on 2D plots, particularly evident in
Fig. 7f, g, may be related to the real time evolution of PPO dis-
tribution, since the overall analysis took 20-24 hours. A sim-
ilar, though much less intense, stripe-shaped signal appears
for EJ-299 as well, but only for sample treated at 120 °C
(Fig. 7d), thus supporting the fact that in PVT matrix mobility
and diffusion of PPO is hampered with respect to polysilox-
ane and it occurs at a sensible extent at high temperature
only.

5 Conclusions

This work reports the effects on light yield and PSD fea-
tures caused by prolonged heating at temperatures as high
as 150 °C of polysiloxane based scintillators, as compared
to the PVT based EJ-299 scintillator. In particular, the study
of the PPO as primary dye dispersed in the polymer net-
works evidenced for the first time how the temperature effects
are related to the enhanced mobility and out-diffusion from
the scintillators of the dye molecule. Up to 120 °C, it was
observed an evident loss of dye, leading to a decrease of the
scintillation yield in low concentration polysiloxane sam-
ples. At higher concentration, the scintillation yield slightly
increases, and it is stable up to 100 °C due to the lowering
of concentration quenching effects. To this regard, up to 120
°C temperature effects on polysiloxane based samples can
be attributed only to the PPO mobility and out-diffusion. On
the other hand, PVT based samples with high PPO concen-
trations present an evident scintillation yield lowering due to
PPO thermal degradation and formation of absorbing colour
centres, accompanied by activation of non-radiative decay
channels through polymer chain mobility. PSD performances
are less affected by the temperature in the PMPS sample
up to 100 °C, where diffusion through the polysiloxane is
favoured with respect to polyvinyltoluene matrix of EJ-299,
hence the aggregation of PPO, and in turn excimers forma-
tion, is promoted. This process positively affects PSD up to
a certain temperature limit, above which the dye loss reaches
a critical extent and excimers dissociation with consequent
deterioration of PSD is observed. In EJ-299 the FoM charac-
terizing PSD clearly decreases also at low temperature and
in this case the trend is related to light yield loss due to inner
filter effect caused by thermal degradation of PPO, which is
present in high concentration.

@ Springer

The demonstrated feasibility of the discrimination between
fast neutrons and y -rays at temperatures as high as 100 °C for
prolonged times, using siloxane-based scintillators, clearly
widens the range of application of organic-based scintilla-
tors particularly at the high temperature induced by high
irradiation fluxes. Further work is in progress to synthesize
a polysiloxane with a high molar concentration of phenyl
groups to preserve dyes solubility, but with higher cross-link
density: this might inhibit PPO out-diffusion and allow the
use of polysiloxane based scintillators at an even higher tem-
perature.
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