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A B S T R A C T

In order to design structures, such as unmanned vehicle structures, out of plastic scintillator, e.g., for radionuclide
searches, suitable materials must either be identified or developed. In searches utilizing unmanned vehicles, the
absence of an additional detector attached to the vehicle body as a payload could enable the vehicle to travel
faster, carry a longer lived battery, or carry other auxiliary equipment which may be useful for search and/or
response. To this end, four mechanical characteristics of selected organic scintillators manufactured by Eljen
technologies, Sandia Livermore, and Lawrence Livermore National Lab have been measured. Specifically, tensile
and flexural tests have been performed to ASTM specifications on organic scintillators with polyvinyl toluene
(PVT), polystyrene (PS), or crosslinked versions of these bases. In addition to these mechanical tests, light output
testing was performed in order to quantify whether crosslinking or adding organometallic complexes affects light
output in the particular scintillator compositions we measured. We found that the tested plastic scintillators have
strengths that are comparable to common structural plastics. We also show that chemically modifying the polymer
base can show improvements in the mechanical properties without being overly detrimental to the scintillator
light output.
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1. Introduction

Solid organic scintillators find common use as radiation detectors
for national defense and homeland security applications due to their
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low cost and reliability. Common forms include polyvinyl toluene (PVT)
and polystyrene (PS). Important advances in the last decade have
included successes in high Z loading in solid organic scintillators [1–
3], fabrication of solid organic scintillators with good pulse shape
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Fig. 1. Illustration of UAV structural modification to include organic scintillator (shown
in blue) as part of the vehicle body instead of adding a dedicated detector to the vehicle
payload. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

discrimination characteristics [4–7], and methods advances allowing
for improved spectroscopy with large solid organic scintillators [8].
Mechanically robust, solid organic scintillators may be particularly
useful in applications where it is desirable for the detector material to
also function as a mechanical component of an apparatus which may
be used for the detection of special nuclear material (SNM) or other
radionuclides. An example of such an application is utilizing the detector
material as part of the frame of a vehicle for unmanned SNM searches.

One focus of this study is to determine whether solid organic
scintillators could be used as a structural material, for example, as an
airframe for a lightweight unmanned aerial vehicle (UAV). Due to the
limited payload capacity of lightweight UAVs, on-board SNM detectors
should not significantly add to the weight of the UAV. One potential
solution to this problem is to utilize the detector material as the primary
component of the UAV airframe, as shown in Fig. 1. In this situation,
the detectors are integrated as part of the UAV body and account for
a significant portion of the vehicle’s overall weight and mechanical
integrity. An additional focus of this study is to report on the effect of
polymer crosslinking on scintillator strength and light output. Since it
is expected that crosslinking may improve the mechanical robustness
of the scintillator, it is important to understand what, if any, trade-
offs exist and to what degree they affect the detector performance.
Since light yield is directly related to energy resolution, pulse shape
discrimination performance, and other performance properties, it is an
important property to understand as changes are made to the polymer
matrix.

2. Materials and methods

A large variety of materials are potential candidates to serve the dual
purpose role of vehicle frame (or other structural plastic) and radiation
detector. The material selection for this study is provided in Table 1.
All materials were fabricated by Eljen Technologies, with the exception
of the PD-02-55.02 materials fabricated by Patrick Feng’s group at
Sandia National Lab Livermore. The materials selected for this study
were chosen with the intent to probe existing material candidates which
are either commercially available or are not yet fully commercialized
but are in the late stages of development. In order to study the effect
of crosslinking the polymer base, the commercially available materials
were requested to be manufactured with and without crosslinking of
the base. The crosslinked samples are tagged with ‘‘XL’’ in the label.
In addition to crosslinking, two standard bases were also compared
while using the same fluors as exhibited by the EJ-200 vs. EJ-200PS
which have PVT and PS bases respectively. An additional variable whose
effect was examined is the addition of tin-containing organometallic
complexes to the PD-02-55.02 scintillator. This material is tested with
and without 5% by weight of the tin organometallic complex.

2.1. Tensile testing

The tensile test samples were machined from a bulk sheet or boule
of material into large type IV and/or small type V dog-bone shapes.

Table 1
Selected material types and description.

Test material Description

EJ-200 Standard PVT polymer base and manufacturing process
EJ-200PS Standard PS polymer base and manufacturing process
EJ-200PS-XL PS base with crosslinked polymers
EJ-299–33 PSD plastic without crosslinking
EJ-299-33-XL PSD plastic scintillator with crosslinked polymers
PD-02-55.02 PS-based plastic made at SNL Livermore
PD-02-55.02(Sn) Tin-loaded, PS-based plastic made at SNL Livermore
N555V Recent plastic commercialized by LLNL

The dimensions of these sample types are fully defined in the ASTM
test standard D638 [9] which also served as the primary basis for
the experimental guidelines. The measurements were performed using
an MTS 810 servohydraulic load frame equipped with an MTS 647
hydraulic wedge system and controlled by the MTS Multi-Purpose
Testware software. The tensile strain was recorded by the software using
data generated by the MTS 634.31E−24 extensometer which was set
to a gauge length of 12.5 mm. The rate of separation of the crosshead
is provided in Table 2 along with other experimental parameters such
as the data sampling rate, nominal cross-sectional area of the narrow
section of the sample, and whether or not the nominal or measured
cross-sectional area was used for calculating the stress on the sample.
A small pre-load force (∼18 N) was applied to all samples in order to
remove slack in the system prior to recording data.

Using the strain and applied force data, stress vs. strain curves were
then constructed. From this data the maximum tensile stress and the
tensile modulus of each material sample were determined. The tensile
stress is defined as the applied force divided by the cross-sectional area
of the narrow portion of the sample. In order to find the maximum
tensile stress, the stress vs. strain data was first smoothed using a
centered moving average containing 21 data samples. The number of
data samples in the moving average was chosen to minimize the mean
square error (from adding too many data points) and to also minimize
the oscillatory effect in the mean square error which is observed from
adding in additional data points for inclusion in the mean calculation (a
result of having too few data points). The maximum value in the stress
data was then found and recorded for each sample. The tensile modulus
is defined as the slope of the stress vs. strain curve. The modulus of
each material sample was calculated using a minimum of 400 non-
smoothed data samples taken from the Hookean (proportional) region
of the stress vs. strain curves and determining the line-slope by using
the least squares methodology.

2.2. Flexural testing

In a manner similar to the tensile test samples, the samples for the
flexural tests were also machined from large sheets or boules of bulk
material into one of two sample sizes. The choice between the two
sizes was made based upon the largest available sample sizes for any
particular plastic scintillator. The large samples were machined to have
nominal dimensions of 127 × 25.4 × 25.4 mm (length × width × depth)
while the small samples were machined to nominal dimensions of 65
× 12.7 × 3.2 mm. The testing procedures utilized for this portion of
the study were derived from the ASTM standard for flexural testing,
D790 [10]. The physical setup of the measurement equipment is nearly
identical to the setup used for the tensile tests with two caveats: (1)
the hydraulic grips are used to hold the upper and lower components
of the flexural testing apparatus instead of the sample directly and
(2) there is no need for use of an extensometer as the position of the
loading nose is controlled directly by the system software. The flexural
testing apparatus consists of a lower component that has two points
of contact separated by a variable span, L. The upper component of
the apparatus has a single point of contact, the loading nose, which
applies the load to the sample midway between the support span of the
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lower component. The radius of all contact points on the flexural testing
apparatus is 5 mm. Prior to running the test, a small preload of ∼18 N
was applied to the sample. The complete list of experimental parameters
used is outlined in Table 2 alongside the tensile test parameters. It
should be noted, that ASTM standard D790 requires the support span
be 16 ± 1 times longer than the depth and that the ends of the sample
have an overhang of 10% of the support span extruding beyond the
lower supports. The small samples can meet this requirement whilst the
large samples maintain a span-to-depth ratio of approximately 4:1. The
effects of this are discussed more in the results section.

The MTS software provides data for the applied force and the loading
nose displacement. This must be converted into flexural stress and
flexural strain according to Eqs. (1) and (2), respectively,

𝜎𝑓 = 3𝑃𝐿
2𝑏𝑑2

(1)

𝜀𝑓 = 6𝐷𝑑
𝐿2

(2)

where P is the load, L is the span between the supports, b is the sample
width, d is the sample depth, and D is the midspan deflection which is
identical to the position of the loading nose. After the stress vs. strain
curves are built, the maximum flexural stress and the flexural modulus
of elasticity are found for each sample in an identical manner as outlined
in the tensile test section.

2.3. Light output testing

The samples used for light output testing were taken from the ends of
the mechanical testing samples after breaking since the material experi-
ences little to no mechanical stress at the ends of the sample during the
mechanical testing procedure. The samples were cut into a rectangular
prism with nominal dimensions of 12 × 12 × 3 mm. The samples were
then incrementally polished on all sides with polishing pads up to a grit
size of 2000P which has an average abrasive particulate size of 10.3 μm.
The samples were then visually inspected for fracturing, as fractures in
these materials are highly visible due to Fresnel reflection at the fracture
boundary. No fracturing was evident under visual inspection.

The 12 × 12 mm side of the sample was mounted to a Hama-
matsu R2059 PMT using Visilox V-788 optical coupling compound. The
maximum quantum efficiency of the R2059 PMT in the blue spectrum
matches well with the peak emission of EJ200. The sample was then
covered with seven layers of white Teflon tape and sealed using four
layers of black electrical tape. The PMT was operated at a bias of
−1550 V. The anode signal was split and sent to the trigger channel and
standard channel of a CAEN DT5742b digitizer configured to acquire
1024 data samples per event at a sampling rate of 5 GS/s. A 1 μCi Cs-
137 source was placed 15 mm from the outer face of the scintillator
sample. With the source present, the PMT was allowed to stabilize for
40 min on the first sample of each measurement day while same-day
subsequent measurements allowed 10 min of stabilization time. The
waveforms were utilized to calculate the integrated charge spectrum
during post processing.

To calculate the integrated charge, the current was found via Ohm’s
Law and integrated. The signal voltage was determined by distributing
the 1 V dynamic range across the 212 ADC channels (0.244 mV/ADC
channel) and the digitizer input impedance is 50 Ω. The signal baseline
was determined by averaging the first 10% of samples (102 samples)
for each event and then the waveform was transformed via a standard
baseline correction. The integration window was set to begin 15 ns
before the signal peak and end 75 ns after the signal peak which is
sufficient for the typical rise/and fall times of the measured pulses,
which are approximately 3 ns and 20 ns respectively. The waveform
was integrated using trapezoidal integration and the resulting integral
value was placed into a histogram structure containing 800 bins ranging
from 0–150 pC. The histogram structure was transformed from having
bin edges to having a bin value on the charge axis which is the average
of the bin edges. This allowed the data to be smoothed and differentiated

using a Savitsky–Golay filter [11]. The filter parameters for smoothing
included using a window size of 31 bins with a second order filter.
To differentiate the data, the same filter parameters were used on the
smoothed data but with the additional filter parameter of 1st order
derivative. The inflection point in the spectral neighborhood of the
Compton edge was used as the location of the real Compton edge energy
of 478 keV. This occurs at the minimum of the calculated derivative and
the process is better demonstrated in Section 3.3.

Since the light output measurements occurred on four separate days,
the EJ200 sample was measured at the beginning of each measurement
day to calculate a daily correction factor to adjust for any environmental
effects and or systematic effects in the measurement system. This factor
was calculated as follows:

𝑐𝑓𝑛 =
𝐶𝐸0
𝐶𝐸𝑛

(3)

where 𝐶𝐸0 is the Compton edge location on the charge axis for the very
first EJ200 light output measurement and 𝐶𝐸𝑛 is the Compton edge
location for the EJ200 light output measurement taken at the beginning
of the nth measurement day. This correction factor was multiplied into
the value of the Compton edge for all samples measured on the identical
nth measurement day. It should be noted that the correction factor had
values of 1.002, 1.002, and 1.012, which indicates that the systematic
error introduced approximately 1–1.5% error to these measurements;
the intent is that this error has been reduced by utilizing the correction
factor. Regardless though, the error cannot be reduced below the 0.2%
level due to the data binning structure. After the Compton edge is
located on the integrated charge axis, the value is normalized to that of
the PVT based EJ200. For reference, EJ200 has a light output of 10,000
photons per MeVee [12].

3. Results and discussion

In order to have a meaningful picture of the mechanical testing data,
the relevant values for two common structural plastics, acrylonitrile
butadiene styrene (ABS) plastic and polylactic acid (PLA) based plastic
are also provided. These values come from Matweb in the categories of
‘‘Overview of material for ABS, sheet’’ [13] and ‘‘Overview of material
for PLA biopolymer’’ [14].

3.1. Tensile test results

The results of the tensile tests are shown in Figs. 2 and 3. There is
good agreement within the bounds of statistical uncertainty across the
two different sample types (type IV and type V) in the two cases where
the same material was used: EJ200 and EJ200PS. This is due to the fact
that the cross sectional area used to calculate the stress and the applied
stressing force are parallel to each other. This makes calculating the
stress, which is a pressure (force per unit area), a rather straightforward
operation, even for the two different sample sizes. Aside from assessing
that the materials across sample types can be directly compared, it is also
apparent that while three of the materials are stronger than the average
ABS plastic, none are stronger than the average PLA plastic. On the other
hand, all the materials are stiffer (have a higher tensile modulus) than
the average ABS plastic whilst four of the tested materials are stiffer
than even the average PLA plastic. In general, this appears to indicate
that plastic scintillators tend to be slightly more brittle than the common
structural ABS and PLA plastics.

When identifying the effects of modifications to a particular plastic
base (e.g., crosslinking EJ200PS) several things stand out. The first thing
that stands out (and has been previously known) is that the polymer
base matters; the PVT based EJ200 is not quite as strong or stiff as
the PS-based counterpart. Additionally, it is apparent with these results
that crosslinking as implemented has a larger effect on some base/fluor
mixtures than others. For instance, a significant increase in the strength
and stiffness of EJ299-33 can be observed in its crosslinked counterpart
EJ299-33-XL, but this effect is not as dramatic when one compares
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Table 2
Mechanical testing parameters.

Test material Tensile test parameters Flexural test parameters

Sample
type

N samples Measured or
nominal
dimensions

Crosshead
rate
(mm/min)

Sampling rate
(Hz)

Sample
type

N Samples Measured or
nominal
dimensions

Support span
(mm)

Crosshead
rate
(mm/min)

Sampling rate
(Hz)

PD-02-55.02 V 5 Meas. 0.3 50 Sm. 5 Meas. 52 1.387 50
PD-02-55.02(Sn) V 6 Meas. 0.3 50 Sm. 7 Meas. 52 1.387 50
EJ200 V 5 Meas. 0.3 50 Sm. 5 Meas. 52 1.387 50
EJ200-PS V 5 Meas. 0.3 50 Sm. 5 Meas. 52 1.387 50
EJ200 IV 5 Nom. 1.5 100 Lg. 5 Nom. 100.3 0.256 100
EJ200-PS IV 5 Nom. 1.5 100 Lg. 5 Nom. 100.3 0.256 100
EJ200-PSXL IV 5 Nom. 1.5 100 Lg. 5 Nom. 100.3 0.256 100
EJ299–33 IV 5 Meas. 0.75 50 Lg. 4 Meas. 101 0.675 50
EJ299-33-XL IV 5 Nom. 1.5 100 Lg. 5 Nom. 100.3 0.254 100
N555V – – – – – Lg. 4 Meas. 101 0.675 50

Fig. 2. Boxplot of the maximum tensile stress (MPa) of the tested materials shown
alongside average PLA and ABS values.

the results from EJ200PS to EJ200PS-XL. This could be due perhaps
to the particular choice in the crosslinking molecule for EJ200PS or
due to an upper limit on the added strength which can be provided
by crosslinking molecules in reference to the initial strength of the base.
Lastly, it appears that by doping in organometallic complexes, at least
as implemented in the 5% tin loaded sample, a very small or perhaps
negligible decrease in strength and stiffness results.

3.2. Flexural test results

The results for the flexural tests are highlighted in Figs. 4 and 5.
Unlike in the case of the tensile testing, the results generated from the
large and small flexural samples of the same material do not agree. The
stress calculation is not so straightforward since the force and resisting
cross sectional area are perpendicular to each other. Because of this,
Eqs. (1) and (2) from ASTM D790 are likely based on a set of assumptions
which only make them valid in the regime where the span to depth
ratio of the sample is approximately 16:1. This is where it is believed
that the discrepancy originates between the results from the large and
small flexural test specimens of the same material. Despite this fact, it
is observed in the figures that the difference in the measured means of
maximum flexural stress between the two baseline materials (EJ200 and
EJ200PS) within the small and large size classes is statistically identical,
having a value of 11 ± 6 MPa for the small samples and 9.1 ± 1.7 MPa
for the large sample sizes. This may imply that the results from the large
samples can easily be mapped to the same scale of comparison as the
small samples by adding a baseline shift of 14 ± 4 MPa to their maximum
flexural stress values.

Fig. 3. Boxplot of the tensile modulus of elasticity (GPa) of the tested materials shown
alongside average PLA and ABS values.

This type of direct mapping does not appear to be applicable in the
case of the flexural modulus. Instead, a qualitative reasoning can be used
by comparing other materials of the same size to the EJ200 and EJ200PS
values within both size classes. For example, in Fig. 5 it is apparent
that PD-02-55.02 has a somewhat smaller flexural modulus than EJ200
when comparing within the small sample class. This means, then, that
within the large sample class it can be expected that PD-02-05.22 is also
somewhat less than EJ200 which further implies that PD-02-05.22 is not
as stiff as N555V, EJ200PS, and EJ200PS-XL.

Using the means of comparison given above, the flexural testing
results, and the conclusions which can be drawn from them, are quite
similar to the results and conclusions provided by the tensile tests.
Perhaps the primary exception to this is that the flexural modulus of
the tested materials does not appear to exceed the flexural modulus of
PLA plastic to the same level as observed with the tensile modulus.

3.3. Light output testing

Fig. 6 illustrates how the Compton edge energy is determined from
the integrated charge spectrum using the inflection point methodology.
All numerical values are reported in Table 3 as being relative to EJ200.
As indicated by Fig. 6 and Table 3, all light output values are relatively
close to each other with the most collected charge coming from EJ200
and the least coming from N555V. Crosslinking has no noticeable effect
on the light output of EJ200PS and only a minimal effect on EJ299-33.
The addition of Sn to PD-02-05.22 appears to have a negligible effect
on the light output.
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Table 3
Test results.

Test material Sample type Tensile strength
(MPa)

Tensile modulus
of elasticity
(GPa)

Sample type Flexural strength
(MPa)

Flexural modulus
of elasticity
(GPa)

Relative light
output at 478
keV, ± .01

PD-02-55.02 V 30.1 ± 0.6 2.99 ± 0.24 Sm. 68.9 ± 0.9 2.64 ± 0.07 0.82
PD-02-55.02(Sn) V 28.3 ± 1.1 2.94 ± 0.25 Sm. 59.7 ± 2.9 2.74 ± 0.07 0.83
EJ200 V 34.9 ± 2.0 2.70 ± 0.07 Sm. 60 ± 5 2.930 ± 0.026 1.00
EJ200-PS V 41.9 ± 0.6 3.16 ± 0.20 Sm. 72 ± 4 3.57 ± 0.04 0.91
EJ200 IV 36.7 ± 2.7 2.85 ± 0.27 Lg. 48.6 ± 1.0 2.017 ± 0.026 1.00
EJ200-PS IV 39.4 ± 0.7 3.07 ± 0.07 Lg. 57.7 ± 1.4 2.474 ± 0.008 0.91
EJ200-PSXL IV 40.9 ± 1.4 3.14 ± 0.07 Lg. 64.0 ± 2.8 2.470 ± 0.022 0.91
EJ299–33 IV 17.9 ± 1.4 2.18 ± 0.14 Lg. 27.8 ± 0.5 1.545 ± 0.023 0.87
EJ299-33-XL IV 30.6 ± 1.5 2.51 ± 0.27 Lg. 73.0 ± 0.9 1.83 ± 0.04 0.83
N555V – – – Lg. 73 ± 8 2.06 ± 0.05 0.77

Fig. 4. Boxplot of the maximum flexural stress (MPa) of the tested materials shown
alongside average PLA and ABS values.

4. Conclusion

We have made measurements on a variety of plastic scintillating
materials to gather data that may help one (1) determine whether
these scintillating materials are suitable as structural materials for
particular applications and (2) better understand the expected effects of
chemical modifications, such as crosslinking or doping organometallic
complexes into the polymer matrix, on the mechanical and radiation
detection properties. Crosslinking the matrix can significantly improve

Fig. 5. Boxplot of the flexural modulus of elasticity (GPa) of the tested materials shown
alongside average PLA and ABS values.

the mechanical strength and this has been demonstrated to have a
most significant effect when the polymer has been quite loaded with
fluors, as in the case of EJ299-33, to the point that it becomes soft.
However, the effect of crosslinking on the mechanical properties of an
organic scintillator is not always observed to be so significant. Either by
properties of the base material, crosslink selection, or combination of
the two, a gain in mechanical strength is not always observed, as in the
case of crosslinking EJ200PS. The effect of crosslinking on light output
appears to be minimal with only a 5% loss observed by crosslinking

Fig. 6. Demonstration of locating the Compton edge on the Cs-137 spectrum using the inflection point found by the derivative (left). Location of the Cs-137 inflection points for all
investigated materials (right).
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EJ299-33 and no loss observed by crosslinking EJ299PS. Doping Sn
based organometallic complexes into PD-02-55.02 did cause a decrease
in the mechanical strength of this material, but it also appears to have
slightly increased the light output.

These findings further indicate that the mechanical strength of most
of the tested organic scintillators is comparable to and in some cases
greater than that of ABS plastic, though not necessarily as strong as
the more robust PLA plastic. Further still, it has been shown that
chemical methods can effectively be utilized to enhance mechanical
properties of the material without having a significant impact on the
light output of the scintillator, which is important for radiation detection
and identification purposes.
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