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Abstract

We evaluated polyvinyl toluene (PVT) scintillators fabricated with different emitting dopants and scintillator optical
configurations for fast neutron imaging. A neutron imaging apparatus was constructed to study scintillators under MeV
neutron exposure. PVT with 2% Xylyl Flrpic emitter was identified as the brightest. The addition of a black backing to the
scintillator, compared with a specular reflector film backing, improved the resolution of the neutron image obtained with
the PVT scintillator by about 2 x. It is concluded that a PVT imaging screen with 2% Xylyl Flrpic, configured with a black
backing, provides the best quality fast neutron image of the scintillators tested.
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Introduction

Demands for international and domestic security over the
last decades to detect explosives, weapons and contraband
such as illegal substances or smuggled trade items have
increased efforts to develop non-destructive screening
technologies. A host of nondestructive testing methods
including colorimetry, electrochemistry, ion detection
spectroscopy, mass spectroscopy, x-ray spectroscopy, and
x-ray imaging, amongst others [1, 2] are currently applied
with varying degrees of effectiveness, time efficiency, and
field deployability. Neutron imaging is one unique tool that
augments current detection or inspection capabilities owing
to the favorable properties of neutrons. Advantages of
neutrons for non-destructive screening are their high pen-
etration power in heavily shielded articles, their immunity
from electromagnetic interference, and their ability to
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discriminate between different materials of widely chang-
ing densities [3—5]. These characteristics also make neutron
radiography well-suited for the examination of irradiated
nuclear fuel, amongst other nuclear power applications
[6-9]. Neutron tomography has recently been used to cre-
ate a three-dimensional image of irradiated nuclear fuels
[10-12]. The three-dimensional image produced by neu-
tron tomography provides a powerful tool to analyze
structural integrity of nuclear fuel during the post irradia-
tion examination process.

Thermal neutron imaging has been explored extensively
in the past [13—19]. However, thermal neutrons are not
highly penetrating and are mainly useful for characterizing
materials with strong thermal neutron capture cross sec-
tions. Additionally, thermal neutrons present concerns of
activation and transmutation. Advantages of fast neutrons
are their high penetration into dense materials and/or their
mixtures with decreased activation concerns. Neutron
generators, which typically produce fast neutrons through a
fusion reaction, offer the added advantage of safety, as they
can be switched on or off in a “turn-key” mode [20]. It is
noted that the fast-neutron capture cross sections are low
for most materials, helpful for preventing activation but
also creating the need for a neutron imager with an
increased efficiency. Fast neutrons impart more energy to
lighter elements in elastic collisions, making them most
suitable for detection and measurement applications
involving lighter elements such as hydrogen (H) and
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carbon (C). Light output and spatial resolution are the two
most important performance parameters for neutron
radiography using scintillation detectors [21]. Any fast
neutron scintillation detector must be able to efficiently
produce visible photons under neutron exposure while
allowing those photons to escape the scintillator without a
significant self-absorption.

Proton recoil is the mechanism that excites electrons and
produces scintillation in plastic scintillators. In this effort, a
neutron source with an average energy of 1.7 MeV and a
maximum neutron energy of 3.2 MeV was used in con-
junction with a CCD camera-based imaging system to
evaluate plastic scintillator imaging screens. The 1.7 MeV
neutron scattering cross-section is about 3 barns for H and
2 barns for C, constituting a mean free path of approxi-
mately 3.88 cm in PVT [22]. When a fast neutron enters a
plastic scintillator and undergoes an elastic collision with
H, or other light element’s nucleus, part of the neutron
energy is transferred to the nucleus. In polyvinyl toluene
(PVT), the range of a recoiled proton, assuming maximum
energy of 3.2 MeV, is 157 um, which defines the theoret-
ical resolution limit. The recoil nucleus travels through the
scintillation material, exciting electrons. Once these elec-
trons de-excite, photons are released, creating scintillation
light. The number of photons emitted in the scintillation
process is proportional to the number of incident neutrons
as well as the energy of the neutrons.

While high energy neutron imaging is being recognized
for its potential applications, it has not yet been deployed
widely [23-25], partially due to the low sensitivity of
scintillating materials for fast neutron imaging. Research
on fast-neutron plastic scintillation detector development
[26, 27] aims to improve light yield, as well as optical
configuration. The purpose of this study is to determine
how various dopant emitters and the optics of the scintil-
lator affect the light yield and resolution of PVT scintil-
lators. Our goal is to develop a well-characterized fast
neutron plastic scintillator offering the best combination of
MeV neutron efficiency, light yield, and spatial resolution.
In this paper, studies were performed using MeV neutrons
produced at Ohio University’s Edwards Accelerator in
conjunction with an imaging apparatus constructed at The
Ohio State University to test the scintillators manufactured
at Lawrence Livermore National Laboratory.

Experimental
Scintillators
Ten different scintillator samples, all containing PVT

mixed with various emitters, were measured under fast
neutron irradiation. The samples were all 1.0 inch
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(2.54 cm) in diameter and 2.4 mm thick. Photos of the
scintillators are in Fig. 1 while a list of all the scintillators
is summarized in Table 1. The first seven samples shown in
the table, HPM 144 through HPM 187, are all PVT
material, each with a different emitter. Among them, HPM
169 was doped with a Europium (Eu) metal organic
emitter, HPM 186 with tetraphenyl butadiene (TPB) and
HPM 187 with  4-methyl-7-diethylaminocoumarin
(MDAC). These samples were all optically configured with
a standard black film backing on one face of the scintilla-
tor. The purpose of testing these scintillators was to
determine which emitters could improve the scintillators’
light yield under fast neutron irradiation. Flrpic (Bis[2-
(4,6-difluorophenyl)pyridinato-C2,N](picolinato)irid-
ium(III), used in HPM 144 and 184, has the chemical
formula CgH;¢F4IrN3;0,. X-Flrpic, found in HPM 164 and
185, stands for Xylyl Flrpic, is a Flrpic derivatized with a
Xylyl group to improve solubility and shift the emission
wavelength to a deeper green color. The emitter doping
levels in the PVT were between 1.0 and 2.0% because light
yield increases dramatically until 1.0% and has a minor
increase between 1.0 and 2.0%. The solubility limit is
around 3%, limiting the highest achievable emitter con-
centration to 2.0% doping.

The other three samples, HPM 305, HPM 306 and HPM
307, were prepared after initial light yield testing had been
conducted on HPM 144-187. HPM 305-HPM 307 were all
loaded with 2% X-Flrpic emitter. Different image
enhancement configurations were tested on these samples,
allowing measurements to determine which backing gave
the best combination of light yield and image spatial res-
olution. In addition to the black backing, a specular film,
which was used to reflect light, as well as a phosphor film,
were both utilized. likura et al. [28] have conducted pre-
vious studies of specular film’s enhancement of light yield.

Neutron source

The Edwards Accelerator utilizes a 4.5 MV tandem Pel-
letron accelerator which supports high beam intensities.
The facility can create neutron, proton, deuteron, helium,
lithium, boron and carbon beams. The neutron sources,
which can be either monoenergetic or “white,” can cover
the energy range from 0.5 MeV to 24 MeV [29, 30]. All
neutron images for this study were obtained at the Edwards
Accelerator Laboratory, which provides a relatively
“clean” neutron beam with little gamma-ray contamina-
tion. For this experiment, a 5 MeV proton beam incident
on a beryllium-9 (°Be) target was used to create a neutron
beam through a (p, n) reaction. The spectrum of fast neu-
trons produced had an average energy of 1.7 MeV, a
maximum energy of 3.2 MeV and ranged down into the
thermal region. The spectrum contained two peaks,
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Fig. 1 Scintillator photographs. The top row shows the bare scintillators while the bottom row shows the scintillators with backings attached

Table 1 Scintillator dimensions, emitter dopants, and optical
configurations

Scintillator .D.  Emitter Optical configuration
HPM 144 2% Flrpic Black backing

HPM 164 2% X-Flrpic Black backing

HPM 169 2% Eu Black backing

HPM 184 1% Flrpic, 19% Bi  Black backing

HPM 185 2% X-Flrpic Black backing

HPM 186 1.5% TPB Black backing

HPM 187 1.5% MDAC Black backing

HPM 305 2% X-Flrpic Black backing

HPM 306 2% X-Flrpic Specular reflector film
HPM 307 2% X-Flrpic SLi-ZnS:Cu phosphor paint

All scintillators have a diameter of 25.4 mm and a thickness of
2.4 mm

exhibiting its highest neutron yields at about 0.5 MeV and
2.75 MeV.

Neutron flux was calculated by measuring the charge
accumulated from the proton beam before it interacted with
the beryllium (Be) target and created the neutrons [31]. The
beam angle was known to be 0°, allowing the neutron flux
to be computed with the method described in Agosteo et al.
[32]. The target was switched out during the experiment
leading to two different neutron fluxes. Calibration showed
the beam intensity to have an error of 5% [33]. When
measuring the light yields of HPM 144-HPM 187, the
average number of neutrons incident on the scintillators
was 24,553 + 2455 n/s. The light yield and resolution
measurements for HPM 305-HPM 307 were taken with the
scintillators exposed to an average number of neutrons of
55,548 £ 5554 n/s.

Minimization of the gamma-ray content in the neutron
beam is important, as PVT is also sensitive to gamma rays.
The gamma ray dose of the scintillators was measured to
ensure that the scintillation comes primarily from the fast
neutrons, and not the gamma rays. Gamma-ray contami-
nation in the neutron beam was measured in two ways. The
optically stimulated luminescence dosimeters (nanoDots™

by Landauer) were used to measure the gamma-ray dose in
the neutron beam [34]. The nanoDots, which measure the
gamma dose over a 1 mm” area, measured an average
gamma-ray dose rate of 500 £ 28 nGy/s when placed in
the beam path, attached to the front of the imaging appa-
ratus at a distance of 4 m away from the Be target.

The second method of measuring the gamma-ray con-
tent was by placing an NE-213 liquid scintillation detector,
comprised of xylene, in the beam path and to determine the
ratio of neutrons to gamma rays [35]. This detector was
positioned about 2 m behind the location of the nanoDots.
The detector indicated 12.6 neutrons per each gamma ray
present. This result is shown in Fig. 2. Gamma-ray count
rates were 1949 + 194 /s and 4409 £ 409 v/s, respec-
tively, in the two different target configurations. The dose
rate of 500 £ 28 nGy/s of the nanoDots is validated by the
gamma-ray flux measured by the NE-213 detector after
accounting for geometrical set-up, detector efficiency and
gamma-ray energy. The discrepancy between the nanoDots
and NE-213 detector measurements can be explained
because the nanoDot’s useful dose range is from 50 pGy to
1500 cGy. A reading of 500 nGy reading shows the gamma
dose is below its detection limits, which also suggests a
negligible amount of dose was collected.

Imaging apparatus

An electron-multiplying charge coupled device (EMCCD)
camera [36] was used to capture the low-level lights from
scintillator images. The sensitivity of the EMCCD was
adjusted to compensate for the low light levels created by
the scintillator because of the low interaction cross-section
for fast neutrons. An electron multiplying gain of 150 was
used to acquire images. Thermal noise was eliminated by
keeping the camera temperature at a constant — 69 °C
using a 26.51 cooling reservoir, with approximately
7.5 [ consisting of ice and the other 19 [ containing water.
The camera cooling reservoir was used in conjunction with
the camera’s four-stage Peltier thermoelectric cooler to
ensure temperature remained stable throughout the dura-
tion of the experiment.
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Fig. 2 Neutron vs Gamma
results from the NE-213
detector, primarily made of
xylene, measured a 12.6:1 n:y
ratio
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The EMCCD was enclosed in a light-tight box that was
constructed from anodized aluminum to minimize delayed
activation gamma photons under neutron irradiation. The
box was covered in flat-black paint to prevent photons from
reflecting inside the box and distorting the image. A
duvetyne cloth, also known as a commando cloth, was also
placed over the light-tight box during the experiment only
as a precautionary step.

The scintillator was mounted inside the box and a
front-surface mirror angled at 45° was used to reflect the
image into the EMCCD lens. The camera was controlled
remotely from the control room. A schematic diagram of

Fig. 3 Schematic of
experimental set-up. The
scintillator is placed in the light-
tight box and the imaging object
is placed outside the box,
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the set-up is shown in Fig. 3. Figure 4 shows the scin-
tillator’s position relative to the collimator in the beam
path.

Data analysis

Two characteristics, light yield and resolution, were used to
analyze the effectiveness of the scintillators. A relative
light yield measurement was conducted to compare the
effect of emitters on the photon output of the scintillators.
Light yield was measured by taking an image of each
scintillator and integrating the grayscale value of an area
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Fig. 4 Scintillator in beam path
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inside the scintillator region. Background was accounted
for by subtracting an integrated background gray value
from the integrated scintillator gray scale value. The gray
scale value is assumed to be proportional to the light
intensity of the scintillator. These values were then nor-
malized to the largest integrated grayscale value, allowing
the scintillators to be compared relative to one another. The
higher the relative light intensity, the greater the effect of
emitter on increasing light yield.

Resolution was measured using the Modulation Transfer
Function (MTF). The MTF was calculated by placing a
neutron-attenuating object in the neutron beam, producing
an edge in the image created by the scintillator. This edge
was then measured to determine how well the scintillator
could resolve the contrast between the light and dark edge.
The spatial resolution is reported, in line pairs per mm (Ip/
mm), at 10% of the MTF.

Experimental uncertainties

Instrumental limitations led to uncertainties in the mea-
sured radiation dose as well as the light yield and MTF.
Spatial resolution is limited by the 16 um pixel size in the
512 x 512 pixel array of the EMCCD. Charge collection
on the silicon chips also had some variance, resulting in a
measured grayscale ¢ of 0.12% in the scintillator region of
the images.

Degradation factors to the spatial resolution in the entire
imaging chain, as well as the uncertainties of the MTF
measurement, come from the neutron beam L/D ratio,
divergence of the neutron beam (2.83°), neutron scattering,
stray radiation, camera lens, mirror reflection, and finally
the electronic noise. However, since relative comparisons
are being made between the scintillators to determine the

Distance (cm)

optimum configuration, these errors should be uniform for
all scintillators and can be cancelled out.

Results and discussion
Effect of emitters on scintillator light yields

Firstly, the scintillators with different emitters, HPM 144—
HPM 187, were tested to determine which emitters produced
the highest light yield. Image quality was determined by the
exposure time and the electron multiplication (EM) gain. The
images in Fig. 5 were taken with an EM gain of 150 and an
exposure time of 20 min. These parameters were chosen as
previous experiments determined this was the optimum
combination when considering resolution, saturation and
experimental time limits. Each scintillator was imaged with a
neutron exposure of 24,553 + 2,4553 n/s. After the images
were obtained, a median filter with a radius of 6 pixels was
applied and the contrast was adjusted to provide a picture
optimized for viewing. The post-processed images are shown
inFig. 5, while the light yields resulting from these images are
summarized in Table 2, where they are normalized to the
scintillator producing the highest light yield, HPM 164. All
images in Fig. 5 are shown at the same contrast level, meaning
the brighter the image in the figure, the larger the number of
photons produced by the scintillator. Uncertainty in the values
is estimated at &= 15%, due to variations in the neutron flux
and small changes in the geometry of the system between
runs. The two samples with the highest photon production
were HPM 164 and HPM 185, both of which contained the
X-Flrpic emitter. A conventional formulation, similar to
commercial plastic scintillator was used for HPM 186, which
offers ~ 2 x lower light yield compared to HPM 164.
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HPM 144

HPM 164

HPM 169 HPM 184

HPM 187

Fig. 5 Images showing light yields of scintillators, all images at the same contrast value

Table 2 Relative light yield results of PVT doped with various
emitters

Scintillator I.D. Emitter Normalized light yield
HPM 144 2% Flrpic 0.78
HPM 164 2% X-Flrpic 1.00
HPM 169 2% Eu 0.70
HPM 184 1% Flrpic, 19% Bi 0.29
HPM 185 2% X-Flrpic 0.90
HPM 186 1.5% TPB 0.43
HPM 187 1.5% MDAC 0.47

Light yield and spatial resolution

After determining that doping PVT with 2% X-Flrpic
emitter increased the light yield under fast neutron expo-
sure, three 2% X-Flrpic PVT scintillators (HPM 305, 306
and 307) were prepared, each with a different optical
configuration, such as (1) with a black backing film, (2)
with specular reflector film, and (3) with luminescent and
diffuse scattering °Li-ZnS:Cu phosphor paint, to determine
which configuration would provide the highest light yield.
Additionally, the spatial resolution of the scintillator sam-
ples was measured to find which configuration would give
the best combination of light yield and spatial resolution.

An edge profile, necessary for calculating the MTF, was
obtained using a high-density polyethylene (HDPE) block
of dimensions 0.5 in x 6 in x 6 in (1.27 cm x 15.24
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cm x 15.24 cm) to attenuate the neutrons. The darker
areas on the scintillator in the neutron images correspond to
the position of HDPE where neutrons were blocked from
reaching the scintillator, thus avoiding the proton recoil
collision and subsequent scintillation in the PVT material.

The light yield was calculated using the same method
employed for HPM 144-HPM 187 scintillators, but the
neutron beam delivered an average of 55,548 + 5554 n/s
and 4409 £ 440 v/s to the scintillator samples. The same
beam was used to acquire resolution measurements. The
increased flux was caused by switching out one ’Be target
for another and tuning the beam.

Images used to obtain the edge profile and the MTF, are
shown in Fig. 6. The images were acquired with an EM
gain of 150 and an exposure time of 15 min. The shorter
exposure time was due to the increased efficiency of HPM
305-307 when compared to HPM 144-187. The images
were post-processed using white and dark noise filters of a
3-pixel radius and a median filter with a radius of 10 pixels.
The images in Fig. 4 are all shown at different contrast
levels as the scintillator with the phosphor paint configu-
ration had a light yield ten times greater than the scintil-
lator with the black backing, rendering the scintillator with
the black backing configuration difficult to view at the
same contrast as the other scintillators.

A plot of the MTF, used to determine the spatial reso-
lution of a scintillator, is shown in Fig. 7. The resolution
value is reported at 10% of the MTF, indicated by the
dotted line in Fig. 7. The spatial frequency, reported in line
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Black Backing
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Fig. 6 Edge profile images used to calculate the MTF. Left image shows a real photo displaying the scintillator mounted on an optical stand. The
mount affects the scintillator shape in the neutron images (right three images in the figure) for HPM 305, 306 and 307
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Fig. 7 The MTF plot, showing the resolution of scintillators

pairs per mm has been converted to a standard resolution
measurement in units of millimeters in Table 3.

Table 3 details the different samples, their light yields
and resolution obtained. While the phosphor paint
increased the light yield of the scintillator by a factor of 5,
this is mainly due to a thermal neutron capture by Lithium-
6 in the phosphor paint, and therefore did not provide good
high energy neutron imaging. The sensitivity to thermal
neutrons disqualifies the scintillator with the phosphor
paint from being a reliable fast-neutron imager. However,
it may be possible that phosphor paint made without Li-6
could still be a viable alternative to increase light yield in
fast neutron applications.

The specular reflector film redirected photons exiting the
back of the scintillator to the front of the scintillator,
allowing them to be captured by the EMCCD camera.

Adding the specular film to the scintillator increased the
light yield compared to that of a scintillator with a black
backing by about 120%. If photons created in the scintil-
lator originate at different angles, the addition of specular
film would be expected to increase the light yield as it
reflects those photons which would be absorbed at the rear
of a scintillator with a black backing.

The quantified light yield was also validated by attach-
ing the scintillators to a quartz light pipe connected to a
photomultiplier tube (PMT). In this case, the scintillator
was placed in the beam path of a neutron beam facility at
The Ohio State University Research Reactor (OSURR)
with the PMT and a gamma spectroscopy system to mea-
sure the emitted photon spectrum. The OSURR, a pool-
type research reactor utilizing uranium silicide (U,Si3) fuel
plates, 19.8% enriched in **°U fuel, operates up to a

Table 3 Relative light yields

and resolution of PVT samples Scintillator name

Image enhancement configuration

Normalized light yield Resolution (mm)

with different backings

HPM 305 Black backing 0.10 0.61
HPM 306 Specular film 0.22 1.35
HPM 307 Phosphor paint 1.00 0.82
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licensed thermal power of 500 kW [18]. The neutron beam
has a thermal equivalent flux of 1.27 £ 0.03 x 10" n/
(cmzs) at the end of the beam collimator when the reactor is
operated at a power level of 450 kW [18]. While the
OSURR supplied a primarily thermal neutron beam, its fast
neutron contents helped to confirm the light yield trend
observed under fast neutron irradiation. The thermal
equivalent flux and fast neutron flux at the imaging location
is measured at 4.4 x 10° n/(cmzs) and 4.4 x 10* n/(cmzs).

The black backing and specular film image enhancement
configurations were tested in the OSURR thermal neutron
beam. An image enhancement configuration of specular
film increased the light yield of the scintillator by about
58% when compared with the scintillator with the black
backing configuration. The difference in energies present in
the fast and thermal neutron beams most likely accounts for
the difference in light yield increase between the specular
film and black backing configurations. Both tests confirm
that the specular film offers a substantial increase in the
light yield. While the addition of specular film increases
light output, it degrades the imaging resolution of the PVT
scintillator to about 45% of its resolution with a black
backing. The decreased resolution occurs as the angle of
reflection for the photons striking the specular film delo-
calizes the photons from their original position. When
photons are displaced, the image becomes blurry, lowering
the resolution offered by the scintillator.

HPM 305, which had the black backing image
enhancement configuration, produced sufficient photons to
allow for neutron imaging. The challenge with HPM 305,
306 and 307 was obtaining an image with an accept-
able resolution. If spatial resolution is more critical to
improving the imaging compared to the brightness, it is
recommended to adopt the optical configuration using
black backing for fast neutron imaging applications. It will
be favorable, however, to use a specular backing in
applications where the scintillator light yield is too low,
overriding the need to have a higher spatial resolution.

Conclusions

In this study, we evaluated different plastic PVT scintil-
lators for fast neutron imaging. Results from using various
emitter dopants were compared to determine the optimal
dopant in fast neutron scintillation applications. An X-FI-
rpic emitter, doped in PVT at 2% was found to increase the
light yield in PVT by more than 2 x compared to tradi-
tional emitters used in plastic scintillators, such as TPB.
This work shows that PVT with X-Flrpic emitters can be
successfully utilized to increase photon production in PVT
under fast-neutron irradiation.
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Scintillator optical configurations were also explored to
optimize fast neutron response of PVT scintillators. The
specular reflector backing film was found to increase light
yield by 2 x over that of a scintillator with a black backing
configuration. However, the resolution with the specular
film was degraded to about 1/2 that of the scintillator with
black backing. In fast neutron imaging applications limited
by low light yield, it is recommended to add a specular
backing to increase the light yield, in order to enhance the
image acquisition throughput. However, in scenarios with
ample photon production, a black backing should be used
to maximize the spatial resolution.

Additionally, fast neutron imaging could be conducted
with PVT imaging screens of varied sizes to determine the
size and optical magnification that produces the best fast
neutron images. PVT doped with Iridium complex emitters
have been demonstrated as a superior fast neutron imaging
screen. Further studies to evaluate complex phantoms,
shielding configurations, optimized optics, and imaging
processing algorithms must be undertaken to realize the
full potential of MeV neutron imaging.
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