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ABSTRACT

This paper presents an enabling technology for high-efficiency fast-neutron detection for the Transient Reactor Test (TREAT) Facility hodoscope. The hodoscope is
currently outfitted with 25.4-mm long Hornyak buttons for fast-neutron detection. However, they require improvements, as they suffer from low detection efficiency,
Cerenkov radiation contaminating the signal, and non-linearity of detector response at large transients. To address these issues, a layered ZnS:Ag device has been
constructed. The layered design provides various advantages: it incorporates greater scintillation volume, Cerenkov background is significantly reduced by eliminating
the need for additional light guides, and the detection process is simplified by achieving gamma-ray rejection using only pulse-height discrimination. The result is
a greater number of fast neutron counts with reduced background noise contaminating the signal. On being irradiated with a 252Cf source (whose neutron energy
spectrum closely mimics a reactor fission spectrum), a 25.4-mm long layered device was found to exhibit an intrinsic fast-neutron detection efficiency of 8.1% for
neutrons with an average energy of 2 MeV, while a 43-mm long device allows for a greater number of fast neutron to be detected, increasing the efficiency to 9.1%.
Further lengthening of the device up to 20 cm has been numerically predicted to exhibit even higher efficiencies. The detectors can be mass-produced easily and

inexpensively.

© 2018 Elsevier B.V. All rights reserved.

1. Research motivation

The 2011 Fukushima Daiichi disaster, which prompted the shut-
down of Japan and Germany’s nuclear power plants, sparked interest
in resuming nuclear fuel testing at the TREAT facility at the Idaho
National Laboratory (INL). In November 2017, the U.S. Department
of Energy restarted transient testing for the development of advanced,
safer, and more efficient fuels. To help regulators determine fuel-failure
thresholds, effects of high-power excursions, consequences of reactivity-
initiated and loss-of-coolant accidents [1], and establish performance
and safety limits, the TREAT instrumentation provides stress-testing
of nuclear fuels during which quick, high-energy neutron pulses are
generated that simulate severe accident conditions [2]. Detector arrays
are especially useful for monitoring fuel motion, to analyze angular de-
pendence, or to increase solid angle coverage for greater data collection.
This instrumentation includes the hodoscope for tracking fuel motion,
which consists of 334 steel-collimated channels coupled to ‘Hornyak
buttons’ for detecting fast-neutron pulses [3]. Stress-testing requires
statistical precision of fast-neutron count rates, which increases with
true-positive detector events. Hence maximizing fast-neutron detection
efficiency becomes imperative.
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1.1. TREAT hodoscope and the Hornyak button

The TREAT instrumentation includes the fast-neutron hodoscope,
which evaluates core changes from stress-testing transient experi-
ments [3]. The hodoscope has an inner concrete collimator and an outer
steel collimator, followed by thick lead shielding, finally leading to an
array of fast-neutron detectors. There are 334 slots formed from 10
columns and 36 rows. The slots were previously equipped with Hornyak
buttons, each connected to their individual photomultiplier tube to
provide information on real-time variations and spatial resolution of
fuel motion during transient experiments [3].

A Hornyak button deployed at TREAT consists of a scintillation
volume containing a mixture of 5% by weight [4] silver-activated zinc
sulfide (ZnS:Ag) and polymethyl methacrylate (PMMA) sandwiched
between two semi-circular PMMA light guides. One face of the Hornyak
button is coated with reflective material while the other face is coupled
to a photomultiplier tube (PMT) [3]. The total scintillation volume in a
25.4 mm-long Hornyak button is 16.7 mm3.

A pulse can be generated if a fast neutron elastically scatters within
the scintillation volume resulting in a recoil proton, and if the proton
then excites scintillation molecules to emit a photon that can reach
the photocathode window of a PMT to release a photoelectron. The
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Fig. 1. Hornyak button drawn with dimensions and direction of incident neutron beam.

Hornyak buttons have intrinsic detection efficiencies of 0.4% for neu-
trons with energies above 0.1 MeV [3], however, several complications
plague the authenticity of the neutron counts registered; for example,
background gamma radiation and high-energy gamma rays generated
in the collimator steel from neutron capture reactions can interact
with a Hornyak button and deposit a distribution of energies, based
on the type of gamma-ray interaction, leading to pulses that can be
misclassified as neutron counts. In addition, the electrons generated
from the interactions can generate Cerenkov radiation in the light guides
and the photocathode glass, which not only contributes significantly to
undesirable background, but also leads to non-linear detector response
at higher power levels (the refurbished Hornyak buttons still suffer
from this drawback [5]). Beyond 25 mg/cm?, silver-doped zinc sulfide
(ZnS:Ag) starts absorbing its own light, leading to further loss of events
occurring within the scintillation volume. Decay time-based pulse-
shaping discrimination techniques, and filters had been developed to
overcome light loss, Cerenkov background, gamma-ray background [6]
and non-linearity [3], but they complicate the detection system. With
TREAT restarting fuel testing, there is a need for higher efficiency
detectors. To enable more accurate data acquisition, and to improve
performance, a novel fast-neutron detector, the “Micro-Layered Fast-
Neutron Detector” (MLFD) has been developed to overcome these
drawbacks in a cost-effective and easily mass-producible manner. Exper-
imental investigation of the proposed device validates trends predicted
in numerical modeling of the same [4].

1.2. Material selection

The choices of scintillation and recoil proton-generating materials
are crucial for optimum detector performance. Desirable properties of a
scintillation medium include high light yield, light transparency, and
good response to its light-collection device. ZnS is a polycrystalline
scintillation material with a wide band gap (approximately 3.91 eV for
hexagonal and 3.54 eV for cubic form). Activating ZnS with Ag enhances
luminescence at 450 nm, which increases with dopant concentration
up to 2% by weight of Ag nanoparticles [7]. ZnS:Ag has a relatively
high light yield for heavy, charged particles (50,000 photons/MeV [8])
but a low conversion efficiency for fast electrons [9], thereby allowing
for discrimination of heavily-ionizing particles in an intense gamma-ray
background. ZnS:Ag also introduces additional neutron-induced proton
flux by a threshold (n, p) reaction with 32S (approximately 32% of
the counting rate observed from a ZnS-Lucite mixture [10]), thereby
further increasing fast neutron detection rate. In fact, this reaction
predominates when the discriminator bias is set beyond 2 MeV [3].
However, polycrystalline ZnS:Ag is opaque to its own luminescence for
thicknesses greater than 25 mg/cm2 [11].

To circumvent this limitation, the scintillation medium is oriented
in optically-independent alternating sections. A layered design would
facilitate the inclusion of a larger total amount of scintillating material
while simultaneously reducing the probability of light self-absorption
by limiting the thicknesses of individual layers. The refractive index
for ZnS:Ag is 2.47 at 450 nm, hence an optical couplant is required
to bridge the air gap between the PMT glass window and the detector.
Layered systems of hydrogenous substances and inorganic fluors have
excellent y-ray discrimination because even the largest electron-pulses
from the fluor layers are still low enough to be suppressed with simple
pulse-height discrimination. In the past, layered devices have been
investigated to achieve a higher gamma-ray discrimination ratio and
increase the interaction rate of neutrons [12], but their efficiency has
been limited mostly due to the opacity of the scintillation layers [13].

The neutron-converter material is typically selected based on its
hydrogen concentration and radiation-hardness. Paraffin, polymethyl
methacrylate (PMMA), and cellulose acetate have high hydrogen/
carbon ratios (2, 1.3 and 1.1 respectively). However, PMMA has
greater optical transparency than paraffin [10], is radiation-hard unlike
cellulose acetate [14], and exhibits the least autofluorescence among
all plastics [15], making it the most desirable candidate. Hydrogen and
carbon are both poor absorbers of gamma rays. Hydrogen, being the
lightest element, can transfer up to 100% of the neutron energy on being
elastically scattered. The MLFD, therefore, combines the superior light
yield from an inorganic scintillator and the superior neutron conversion
of a plastic scintillator.

1.3. Cerenkov removal

Various techniques have been employed to reduce Cerenkov radia-
tion by filtering or subtracting the noise from the scintillation signal,
or by reducing its generation, but these techniques lead to increased
complexity in the detection system [16]. The most efficient optical
filtering reported removes 82% of the Cerenkov signal, but resulted in
losing 56% of the scintillation light as well [17]. Unlike the Hornyak
button, the layered design has no extraneous light guides to contribute
to Gerenkov generation. The minimal Cerenkov background that may
be generated in the PMMA layers can be removed by simple pulse-
height discrimination. Additional methods of Cerenkov removal are not
required [6].

2. Design, fabrication and principle
Keeping in mind the requirements of TREAT fuel monitoring, and the

capabilities and limitations of the materials, the MLFD was constructed
of alternating layers of PMMA and ZnS:Ag, as shown in Fig. 2. In the
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Fig. 2. Mechanism of fast-neutron detection in the MLFD (top view).

layered configuration, recoil protons have a higher probability of inter-
acting with ZnS:Ag grains on its forward-direction path. Furthermore,
the scintillation volume is not restricted by the opacity of ZnS:Ag layers,
enabling incorporation of a greater total volume. The layered design
also significantly reduces forward-propagating Cerenkov photons by
attaching light-collection devices on its side face parallel to the neutron
beam, thereby completely eliminating the need for extraneous light
guides. Gamma-ray discrimination can be achieved using pulse-height
discrimination alone, without pulse-shape discrimination. The PMMA
and ZnS:Ag layer thicknesses were numerically optimized, based on
the range of protons in PMMA, the opacity of ZnS:Ag to its own light,
and the ZnS:Ag volume necessary to increase chances of scintillation,
to be 200 pm and 12 pm, respectively [4]. The MLFD cross-sectional
area was chosen to be 8 mm x 3 mm based on the 6 mm X 6 mm
cross-sectional area of silicon photomultipliers (which would need to
replace the PMTs currently used in the hodoscope) as well as the
collimator slit aperture [3]. Mathematical modeling in Geant4 predicted
that increasing the length of the detectors up to 20 cm could maximize
detection efficiency [4]. MLFD’s of longer lengths have been confirmed
to be feasible for application, as their housing in the hodoscope can
accommodate a maximum length of 33 cm.

ZnS micro-particles doped with 0.01% by weight of Ag, obtained
from Eljen Technology, was mixed with a commercially-available 97%
optically-transparent epoxy. To maintain the same mass thickness of
ZnS:Ag as present in 12 pm, and to include the epoxy, the total layer
thickness was increased to 35 pm. Sheets of PMMA, obtained from
Astra Products, were coated with the ZnS:Ag + epoxy mixture and
stacked alternatingly. A ZnS:Ag layer-thickness of 35 pm was obtained
by bringing its platform vertically downwards, achieved by turning a
handlebar through a specific angle, as shown in Fig. 3A. The angle
corresponded to a vertical drop of 35 pm, which was then filled with
ZnS:Ag and epoxy. A second sheet of PMMA was then pasted over the
ZnS:Ag layer, and lightly tapped to ensure no air bubbles were trapped
in-between layers (Fig. 3B). This process was repeated until a stack
of desired length was achieved, which was then allowed to air-cure
for 24 h. Thereafter, a Minitech Machinery micro-miller was used to
cut small rectangles of cross-section 8 mm x 3 mm out of the stack
(Fig. 3C and D). These individual devices can be used either as one
single detector, or can be epoxied together (Fig. 3E) if longer lengths
are required. MLFDs of lengths 25.4 mm and 43 mm were fabricated.
The 25.4-mm long MLFD was used to compare to a 25.4 mm Hornyak
button, while the 43-mm piece was the largest possible device length
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that could fit the light guide used in this experiment. The 25.4-mm and
43-mm long MLFD comprised a total scintillation volume of 30.5 mm?3
and 51.9 mm?, respectively.

Photoluminescent (PL) intensity depends on the dopant concentra-
tion in the scintillator. Doping ZnS nanoparticles with 2% by weight
Ag yields maximum PL intensity [7]. However, the optimum dopant
concentration for microparticles has not yet been studied in open
literature. Thus, microparticles of pure ZnS and 0.01% Ag-doped ZnS
were excited with X-rays using a X-Cel X-ray Corporation AP75 X-ray
Generator in the 200-900 nm range to compare their PL intensities.

Surface profilometry was used to study surface morphology and
roughness using a diamond-tipped L stylus of a Dektak 150 Profilometer
with a resolution of 0.139 pm. Optical and scanning electron microscopy
(SEM) with a Hitachi S-3400N SEM was used to characterize the
thicknesses and surface features of the PMMA sheets and ZnS:Ag layers.

2.1. Detector performance characterization

The MLFD was attached to the photocathode window of a bi-
alkali Hamamatsu R6231 PMT using an optical couplant. Optical grease
optimizes light transmission by bridging the refractive indices between
the scintillator and the photocathode glass. To reflect light towards the
PMT, the device was wrapped in Teflon, a known Lambertian reflector,
on all faces except for the face optically coupled to the PMT. The MLFDs
were irradiated with (a) 1%7Cs (4.5uCi) for background gamma-ray
rejection and determination of the discriminator bias threshold, and (b)
with an unshielded isotropic 252Cf (40,203n n/s) source for determining
the fast-neutron detection efficiency. To establish a basis of comparison
between the performances of the MLFDs and the Hornyak button, both
were tested using the same setup. The source, scintillator and light
guide were oriented as shown in Fig. 4. The orientation emulates the
placement of the Hornyak buttons in the hodoscope with respect to the
fast neutron beam from the fuel element (Fig. 1). The source was placed
100 mm away from the MLFD (there is no variation in flux across the
length of the MLFD at this distance), and each measurement was run
thrice for 10 h each.

A pulse height spectrum was used to determine the fast-neutron
detection efficiency. There are two categories of neutron detection effi-
ciency that can be determined, i.e., the absolute and intrinsic efficiency.
The absolute efficiency is defined by the following equation:

@

€, = N/Ng
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Fig. 3. Process of constructing the layered device: (A) The piston arrangement helped achieve the ZnS:Ag micro-layers. The crank is turned in the direction shown by the solid black
arrow while the dotted arrow represents stacking of alternating layers, (B) a 1-cm thick stack was composed of the alternating layers of PMMA and ZnS:Ag, (C) small rectangles were
micro-milled out of the stack, (D) the pieces had very smooth edges, and any jagged ends can be smoothed, as verified by surface profilometry, (E) the milled pieces were epoxied together

to form a longer piece, shown here optically glued to a PMT photocathode window for testing.

where ¢, is absolute efficiency, N is the number of neutron counts
recorded by the detector, and N is the number of neutrons emitted by
the source. However, ¢, depends on the geometry and orientation of the
detector and source, and would thus be futile to compare the detector
performances given the vastly different geometries of the Hornyak
button and the MLFD as well as their different orientations to the
neutron source. The intrinsic efficiency is defined as:

ei:N/ND

@

where ¢; is the intrinsic efficiency, N is the same as used in calculating
absolute efficiency, and N, is the number of neutrons incident on the
detector. ¢; eliminates the dependence of geometry by defining N, as:

3

where Q is the solid angle subtended by the detector to the neutron
source. Thus, the intrinsic efficiency was chosen as a parameter of
detection performance to provide a fair basis of comparison.

The PMT was made of a borosilicate glass window. 1°B has a
low cross-section for fast neutrons, but has a considerably high value
for thermal neutrons (to produce 0.48 MeV gamma-rays), which may
result from interactions with shielding and other materials. Gamma-
rays may also interact with the glass to produce Cerenkov radiation.

Np=Ng#Q
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To account for additional counts from such interactions, the bare PMT
was irradiated with 252Cf and the counts rejected by simple background
subtraction and pulse-height discrimination.

Although the energy response of ZnS:Ag to protons is not well-
characterized, inorganic materials have been known to show non-
proportional response to nuclear recoils, especially at lower ener-
gies [18]. Using characteristic gamma-ray energies would also prove
futile for calibration, as the scintillation light yield for a nuclear recoil
of a given energy is quenched, and thus less than the output from an
electron recoil of the same energy [19]. The ability of the MLFD to reject
gamma radiation was measured by the “n/y ratio”, as described by the
following equation [4]:

Intrinsic fast-neutron detection ef ficiency

C)

n/y ratio = — - —
Intrinsic gamma-ray detection ef ficiency

The lower level discriminator (LLD) was set at the channel for which
the count rates from 137Cs were negligible in comparison to the counts
from 252Cf. It should be noted that while [4] models its setup based on
a mono-directional neutron beam, this paper reports results using an
isotropic fast-neutron source.
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(b)

PMT Cover

Fig. 4. (a) MLFD mounted to a PMT relative to a 2>2Cf source. The PMT cover ensures a light-proof setup; in this diagram it is shown to be translucent to emphasize the experimental
orientation of the MLFDs, (b) same setup from different axes view. The ‘x’ marks the plane the neutrons are perpendicularly incident upon (figures not drawn to scale).

3. Results & Discussion
3.1. Luminescence testing

Shown in Fig. 5 is the photoluminescence spectra of ZnS doped
with 0.01% by weight Ag. The ZnS:Ag microparticles fluoresced ap-
proximately four times as intensely as pure ZnS at a wavelength of
450 nm. Both the un-doped and doped spectra exhibited a peak at
about 450 nm, although the latter exhibited a sharper peak. Both the
un-doped and doped peaks were asymmetric. There is a steeper rise on
the higher-energy (lower wavelength) side than on the lower-energy
(higher wavelength) side. The asymmetry could be attributed to valence
band-tail recombination which develops due to fluctuations of charged
defects. The PL spectra indicates that increased doping increases the PL
intensity at 450 nm.

3.2. Surface and layer analysis

SEM imaging showed that the ZnS:Ag layer thicknesses had an
average value of 35 pm with a 22.8% standard deviation measured over
106 layers in a 25.4-mm MLFD, while the PMMA sheets had a 20%
tolerance about 200 pm. The darker areas on the 10-mm long device
shown in Fig. 6(a) formed as a result of contrast-dependence due to
local sample charging from secondary electrons, and are not indicative
of any surface anomaly. The surface roughness over a 25.4 mm MLFD
has a standard deviation of 3.2 pm (Fig. 7). Microscopy and surface
profilometry indicates that the method of construction yields ZnS:Ag
layers of consistent thickness. The detector has a smooth surface to
reduce surface scattering, and thus optical transmission can be assumed
to be well described by Snell’s law.

3.3. Detector performance and characterization

The average pulse height of a photon, and hence the LLD, was
250 mV (corresponding to channel 22 in the multi-channel analyzer
software). Although a direct correlation between energy and pulse
height has not been established yet, it is commonly known that pulse
height increases with increasing energy deposition. Thus, it has been
reasonably assumed that in Figs. 8 and 9, as one moves to the right
of the x-axis, the energy deposited increases. Shown in Fig. 8 is the
pulse-height spectrum obtained from irradiating the MLFDs with a
137Cs and a 252Cf source. The fast-neutron net count rate for the 43-
mm long MLFD was 1.12 times greater than that of the 25.4-mm long
MLFD at higher channels. The neutron detection efficiencies and their
respective n/y ratios are listed in Table 1. The efficiencies reported
can be approximated to correspond to 2 MeV, the average neutron
energy from a continuous spectrum of energies emitted by 2°2Cf. The
n/y ratio increases with increasing LLD (Fig. 9), although raising the
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Fig. 5. PL spectra of (a) undoped ZnS, and (b) 0.01% by weight Ag-doped ZnS.

LLD beyond channel 22 would start rejecting a significant portion of
fast neutron-induced counts, thereby reducing the neutron detection
efficiency. However, it is interesting to note that the 25.4-mm MLFD has
an initial higher n/y ratio than the 43-mm MLFD, but beyond channel
51, the longer MLFD has the higher n/y ratio. Finally, to provide a basis
for comparison, the Hornyak button intrinsic efficiency was determined
to be 3.22%.

With increasing length of the MLFD, there is an increase in the
number of hydrogen atoms and total scintillation volume, resulting in an
increase in the probability of generating recoil protons and scintillation
photons, respectively. Additionally, the epoxy might contribute to a
higher net count rate (due to the presence of hydrogen), as well as to
Cerenkov radiation.

4. Conclusion

An improved technology has been developed and characterized for
fast-neutron detection. Manufacturing the detectors is straightforward,
and the devices can be mass-produced inexpensively. The main features
of the MLFD includes high-efficiency fast-neutron detection and maxi-
mum background reduction. Obviously, the technology can be improved
upon in a multitude of ways, the investigation of which is still ongoing,
and will be the topic of future papers.
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Intrinsic fast-neutron detection efficiencies and their n/y ratios for different MLFD lengths, with the LLD set at 250 mV.

MLFD length (mm) Intrinsic gamma-ray Fast-neutron net Intrinsic fast-neutron n/y Ratio
detection efficiency (%) count rate (cps) detection efficiency (%)

25.4 0.012 0.65 8.10 + 0.13 675.00

43.0 0.021 0.73 9.15 + 0.14 435.71

ZnS:Ag + epoxy

oum: 192.7um

41.80m . 34.7um o8

Fig. 6. SEM images of (a) a 1 cm-long MLFD, and (b) a magnified portion of the detector
showing the individual ZnS:Ag layers.
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Fig. 7. Surface morphology over a 1000 pm long line (top) sampled on a 25.4-mm long
MLEFD. The bottom image (obtained using optical microscopy) shows the line scanned by
the stylus.

The PL spectrum and past trends with ZnS:Ag nanoparticles indi-
cate that further increasing the dopant concentration may raise the
PL intensity at 450 nm. Hence, an optimized dopant concentration
needs to be determined to achieve higher detection efficiency. Different
doping concentrations can be achieved by mixing ZnS microparticles
with Ag and fusing them together at elevated temperatures to obtain
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Fig. 8. Net count rates from irradiating (a) 25.4-mm and (b) 43-mm MLFD with 2>2Cf,
and (c) 25.4-mm and (d) 43-mm MLFD with 137Cs.
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Fig. 9. Intrinsic fast-neutron detection efficiencies for (a) 25.4-mm and (b) 43-mm MLFDs
with their corresponding n/y ratios for (c) 25.4-mm and (d) 43-mm MLFDs. The dashed
vertical line represents the LLD (set at channel 22) to achieve a favorable combination of
n/y discrimination and efficiency.

doped crystals. Additionally, ZnS:Ag nanoparticle performance should
be investigated for comparison with microparticles.

The most striking ability of the layered design is enabling the
incorporation of a larger amount of scintillation volume without incur-
ring light loss. Furthermore, the design eliminates Cerenkov radiation
originating from light guides by eliminating the light guide altogether.
Transient testing of the MLFDs needs to be conducted to determine if the
pulse non-linearity at higher transients has been improved by reducing
Cerenkov background. Energy calibration of the detectors is currently
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being investigated using mono-energetic neutron sources. Alternatives
to PMTs, such as silicon photomultipliers (SiPMs), are currently being
investigated as light collection devices. Their compact and robust size,
coupled with low-voltage operation, insensitivity to magnetic fields and
higher quantum efficiency, make them an excellent replacement for
PMTs, especially for longer lengths of detectors wherein PMTs would
become unfeasible. The 25.4-mm and 43-mm long MLFDs exhibited
fast-neutron detection efficiencies of 8.1% and 9.1%, respectively. Thus,
increasing the length of the detector raises the neutron count rate and
the efficiency. Although setting the LLD at 250 mV yields a high n/y
ratio, a higher LLD would further reduce gamma-ray counts. However,
this comes at the expense of rejecting too many neutrons as well, thereby
lowering the efficiency. Pulse-shape discrimination is currently being
studied to determine its necessity, as it increases the detector dead time
and adds complicated electronics to the detection system.

Device testing at TREAT will be necessary to evaluate their per-
formances in fuel-motion monitoring. Given that manufacturing longer
MLFD lengths is a) only dependent on purchasing more material, b)
unbounded by the hodoscope width, and c¢) made feasible by substitut-
ing PMTs with inexpensive SiPMs, the efficiency can be easily scaled
higher. Construction and characterization of longer lengths of detec-
tors are currently underway. Although initially designed for accident-
tolerant fuel testing at the TREAT hodoscope, the diverse features
offered by MLFDs promises additional applications in low-background
experiments, Special Nuclear Material (SNM) searches, and detection of
illicit materials transport.
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