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A B S T R A C T

We describe the design and performance of an ultrathin (<2 mm) cold neutron detector consisting of
6LiF:ZnS(Ag) scintillator in which wavelength shifting fibers have been embedded to conduct scintillation
photons out of the medium to a silicon photomultiplier photosensor. The counter has a neutron sensitive volume
of 12 mm wide × 30 mm high × 1.4 mm deep. Twenty-four 0.5 mm diameter wavelength shifting fibers conduct
the scintillation light out of the plane of the detector and are concentrated onto a 3 mm × 3 mm silicon
photomultiplier. The detector is demonstrated to possess a neutron detection efficiency of 93% for 3.27 meV
neutrons with a gamma ray rejection ratio on the order of 10−7.

1. Introduction

Neutron scattering is a well-established technique for exploring the
structure and dynamics of condensed matter [1]. Traditional diffrac-
tometers and reflectometers at continuous sources use many means to
select out and direct a monochromatic beam of neutrons onto a sample
under study. Neutrons scattered from this sample are then detected by
a neutron sensitive detector. Recently, neutron scattering instruments
utilizing polychromatic beams at continuous sources have begun to
be developed, e.g., the Chromatic Analysis Neutron Diffractometer
or Reflectometer (CANDOR) spectrometer [2] at the NIST Center for
Neutron Research (NCNR).

In such an instrument, a polychromatic (‘‘white’’) incident beam of
neutrons illuminates a sample and the resultant scattered neutrons pass
through arrays of highly oriented pyrolytic graphic (HOPG) crystals set
at different angles with respect to the centerline of the array. Neutrons of
the appropriate energy are subsequently Bragg-diffracted by the crystals
into an associated neutron detector. By collecting the scattered radiation
in these discrete energy bins simultaneously, it will be possible to
perform measurements much more efficiently than is currently possible
on a traditional instrument of this type.

To achieve this enhanced rate of measurement (and to more ef-
ficiently use the neutrons produced by the source), it is essential to
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have as many of these energy-analyzing channels as possible packed
into a tight angular range. If the neutron detector is exceedingly thin
(∼2 mm), the spectrometer can accommodate numerous analyzing
channels.

The 3He gas filled proportional counter has been a mainstay tech-
nology for neutron detection for decades. It exhibits excellent gamma
rejection and its neutron sensitivity can be tuned by adjusting the
pressure of the counting gas mixture. Unfortunately, it is exceedingly
difficult to design a pressure vessel of the appropriate dimensions
to support so thin a counter with the desired sensitivity (>85% for
5 Å neutrons). This fact, coupled with the worldwide shortage of this
strategic material prompted us to investigate alternative technologies
for the neutron sensor.

Several groups have developed neutron detectors using 6LiF:ZnS(Ag)
scintillator read out with wavelength shifting fibers. Several groups
have manufactured position sensitive detectors using arrangements of
wavelength shifting fibers running along the surface of a scintillator
sheet [3–6]. Others have looked to this technology to create a substitute
for 3He gas filled tubes for neutron diffraction and spectroscopy [7,8].
As mentioned above, a leading requirement in the CANDOR application
is the minimization of the detector thickness to increase the number of
energy analyzing arrays in the analyzer package.
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Fig. 1. A—Schematic illustration of the detection process starting with the neutron capture, ionization and light transport. B—Geometrical simulation of the fiber
and scintillation mixture. C—Interaction between neutron and LiF grain. D—Blue light photons transported from a neutron capture occurring 0.35 mm from the
center of the fiber (only 7.6% of the light reaches the fiber compared to 15.8% when the neutron capture occurs 0.3 mm from the center of the fiber. E—Light
transport in the WLS fiber – only 5% of the green light created in the WLS fibers reaches the SiPM light sensor.

Fig. 2. Distributions of gamma and neutron events. Notice the large number of neutron events that are below the PHD threshold. Pure gamma datasets were acquired
using isotopic 137Cs.

2. 6LiF:ZnS(Ag) detector design

Our concept for an ultrathin neutron detector consists of slabs
of 6LiF:ZnS(Ag) scintillator which have been formed around an array of
wavelength shifting (WLS) fibers. The fibers are bundled together and
run to a silicon photomultiplier (SiPM) to detect the scintillation light.
The raw signal from the SiPM is amplified and digitized by fast ADCs.
The resulting waveform is then processed by a field programmable gate
array to discriminate neutron capture events from other signal sources.

Within the 6LiF:ZnS(Ag), a neutron captured by a 6Li produces an
alpha particle and triton with a kinetic energy of 4.7 MeV [9–11]. The
alpha particles and tritons travel for a few microns (𝛼 ∼ 0.007 mm,
𝑇 ∼ 0.04 mm) [12,13], losing energy and ionizing the ZnS(Ag) phos-
phor. This ionization produces up to 170,000 photons per neutron
capture with a luminescence wavelength of 450 nm. The ZnS(Ag)
phosphor can also be ionized by gamma rays (75,000 photons/MeV).
The distinction between the two is that a gamma capture event is short
lived (<200 ns) and a neutron capture event can be quite long lived
(between hundreds of ns and ten μs). In addition, the scintillator itself
exhibits an afterglow which can last for more than 100 μs. Thermal noise
events in the photosensor are very short lived (<20 ns).

An array of 0.5 mm wavelength shifting (WLS) fibers [14] have been
embedded in the scintillator to collect the scintillation light and conduct
it to a photosensor out of the plane of neutron capture. The dye in the
WLS fibers (650 ppm) absorbs the blue light photons and emits green
light photons which travel down the fiber to a miniature solid state
photosensor (SiPM) [15]. This arrangement offers the thinnest possible
detector configuration and allows the detector thickness in the design
requirement to be realized.

Although the raw number of photons emitted per neutron capture
can be very large, the measurable amplitude of the light signal from
this event can be quite low for several reasons. Only a small fraction of
the photons is emitted in the direction of the WLS fiber. The efficiency of
the fiber for capturing, converting, and guiding photons via the fiber is
only about 5% for fibers with multiple cladding. Furthermore, the well-
known opacity of ZnS(Ag) to its own scintillation light further reduces
the number of photons which can even reach the WLS fibers depending
on the location of the capture event within the scintillator, see Fig. 1.
This can result in a distribution of the signal strength varying by as much
as two orders of magnitude.

3. Signal processing

Because the intensity of the signal for gamma and neutron events
can be similar, pulse height discrimination techniques are insufficient
to discriminate neutron events from other signal types (Fig. 2). Pulse
shape discrimination is much more sensitive as it can better differentiate
the signal types based on the decay of the waveform [16,17]. Fig. 3
demonstrates that for two different waveforms varying markedly in
their amplitude it is still possible to correctly identify a neutron. In
our studies, we used a pulse shape discrimination technique using two
integration windows defined relative to the rising edge of the waveform
(𝑡 = 0 ns): a prompt integration window (0–200 ns) and a delayed (or
tail) integration window (200–2000 ns).

In order to serve as a practical alternative to 3He gas filled detectors,
each scintillator detector must be able to discriminate neutron capture
events at rates exceeding 10 kHz. Event pileup is a real barrier to the
ability to count at even these rates. The tail of a particularly strong
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Fig. 3. Typical waveforms for strong (blue) and weak (red) neutron capture candidate events. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

neutron capture signal can maintain considerable intensity for durations
exceeding 20 μs. During this interval, it is possible that gamma capture
or thermal events (or even the stochastic burst of photons from the same
neutron capture event) could be incorrectly interpreted as a neutron as
they are superimposed on this long tail. Fig. 4 illustrates this possibility.
The net result is that neutron capture events will be counted more than
once.

One strategy to cope with the phenomenon of multiple counting
is to add an inhibit time of several microseconds after the successful
processing of a neutron event, but this will necessarily limit the event
processing rate of the system. To enable the ability to process high
neutron fluxes, the integration time of an event should be short relative
to the desired count rate. Based on Eq. (1) the true neutron rate 𝑁t is
10% higher than the measured neutron rate 𝑁m for a neutron flux of
10,000 neutrons per second and a dead time 𝜏 of 10 μS. The sensitivity
reductions for preset dead time and neutron flux can be evaluated based
on the following equation [18].

𝑁t ≅ 𝑁m∕
(

1 −𝑁m ∗ 𝜏∕𝑇
)

(1)

where:
𝑁t—true neutron rate
𝑁m—measured neutron rate
𝑡—dead time
𝑇 − measurement interval
When using the equation with a dead time of 10 μs and a flux of

10,000 neutrons per second, about 10% of the events are statistically
lost. This problem can be addressed by employing a detection algorithm
with an adaptive inhibit time and trigger threshold level, to be described
in a forthcoming manuscript [19].

Using a benchmark setup of SiPM, preamplifier, shaping amplifier,
and multichannel analyzer, we determined that the area under the curve
for a single pixel discharge of the SiPM was approximately 0.005 V μs.
Typical photopeaks associated with neutron capture fell around 0.609
V μs while minimally detectable neutron captures fell lower, at about
0.191 V μs, or 40 photons.

4. Methods

Preliminary measurements with the prototype detector indicated
that the scintillator absorbed about 90% of the incident flux (3.27 meV
neutrons at our test station), but that the light output was low so the net
sensitivity was only about 45%. Improvements in performance would
require optimizations of the scintillator, the geometry of the WLS fibers,

Fig. 4. The long tail of an event with a large amplitude could be interpreted as
the signature of another, weaker neutron capture event.

the application of optical reflectors, and selection of the appropriate
photosensor.

The overall neutron detection sensitivity is driven by neutron ab-
sorption in the scintillator, the transport of the scintillation photons to
a photosensor, and the photodetection efficiency of the photosensor.
The sensitivity was determined by comparing the output of the signal
processing chain for the scintillator detector with a 1 inch (2.54 cm)
diameter 3He gas filled proportional counter used as a reference. The
sensitivity of the 3He tube was determined through gold foil irradiations
to be about 94% for 3.27 meV cold neutrons.

Fig. 5 shows the measuring apparatus at the NG1 detector test station
at the Center for Neutron Research. The reference detector was used to
measure the neutron absorption of the scintillator detector under test.

An additional diagnostic measurement is the accumulation of a pulse
height spectrum for the SiPM signal. While the pulse height is of limited
utility in discrimination of neutron events from gamma or thermal
events, it can be used as a measure of the light output of the scintillator.

For gamma rejection measurements, we used isotopic 137Cs and 60Co
sources of known activity placed directly on the scintillator in the
absence of neutrons (reactor off). We counted the number of candidate
neutron events passed through by the pulse shape discriminator per hour
and divided by half the source activity over the same period.
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Fig. 5. Top down view of detector test box on the NG1 beam line at the NIST
Center for Neutron Research.

5. Design studies

While initial efforts to select the appropriate scintillator stoichiom-
etry focused on larger proportions of 6Li, such prototypes displayed
low sensitivity (∼30%) despite having large neutron absorption (∼97%
at 3.27 meV). These results pointed us in the direction of improving
light production and transport. We found that increasing the weight
proportion of the putatively inert binder improved the light transmission
for all wavelengths of visible light. We increased the binder fraction to
0.6, but found that further increases in the binder fraction (to 0.75)
did not result in a commensurate increase in light transmission. Clearly
other strategies (e.g., changing the geometry and number of WLS fibers)
would have to be pursued to obtain additional gains.

The detector sensitivity is determined by the probability for neutron
capture (Li concentration), the amount and temporal distribution of
the light produced by ZnS(Ag) [20–22], the light transport properties
of the scintillator (including binder concentration), the light collection
properties of the WLS fibers, the ability of the WLS fibers to transport
the light to the photosensor, and the ability of the photosensor to detect
the light.

Using observations from these initial prototypes, we performed
GEANT4 simulations [23] to explore many new detector configurations.
Fig. 6 presents a simulation of the light spectra for 1 mm thick detector
configurations with 12 fibers, 20 fibers, and 20 fibers with a Vikuiti
reflector. The goal of these simulations was to find configurations that
would permit us to detect the largest possible fraction of neutrons which
were captured in the scintillator. We determined that increasing the
number of WLS fibers in the detector improved the sensitivity at the cost
of reducing the absorption of incident neutrons in the medium. We then
explored tuning the thickness of the detector to increase the neutron
absorption.

The results of simulations are summarized in Table 1. The overall
neutron detection sensitivity is optimized for stoichiometries based
on a 1:2 6LiF:ZnS(Ag) weight ratio. The simulation indicates that by
increasing the number of fibers we can achieve the goal of high neutron
absorption and very high (∼97%) light collection efficiency such that
every neutron captured in the scintillator may be detected. For a neutron
to be considered detected our simulations used a threshold of 2300
photons.

The main purpose of the WLS fiber is to collect light from a thin
tile-shaped scintillator by trapping the light and re-emitting the light in
the fiber for transport. The wavelength shifting capture efficiency can
be calculated per Eq. (2) [24] where 𝐶 is the dye concentration; Kp is a
constant set for each wavelength, and 𝑑 is the fiber diameter.

𝐼(𝜆) = 𝐼0(𝜆) × 1–10−(𝐾𝑝∗𝑐∗𝑑) (2)

The challenge of building an ultrathin scintillation detector using
such an opaque medium requires the optimization of the number and

Fig. 6. Simulation of the light spectra for detector configurations of 12 fibers
(red), 20 fibers (blue), and 20 fibers with a reflector (green). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. Absorption and emission curves for Kuraray Y11 WLS fiber. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

placement of the WLS fibers. We have investigated minimizing fiber
diameter and increasing the concentration of the dye in the fiber.
While higher dye concentrations in the fiber increase its efficiency for
capturing the blue scintillation photon, they increase the likelihood of
attenuating the transported signal (Fig. 7).

We selected Kuraray’s Y11 WLS fiber for our neutron detector. We
used a double clad version of the fiber to minimize attenuation losses
in the fiber itself and selected an overall fiber thickness of 0.5 mm to
maintain a thin detector. This small diameter fiber has poor capture
efficiency (72.5%) when the standard 200 ppm dye concentration is
used. By increasing the concentration of the dye to 650 ppm, the capture
efficiency increases to 98.5%. We measured the transmission of light
over 50 cm fiber lengths and found that the attenuation in the 650 ppm
fiber was ∼10% greater than for the 200 ppm fiber. (See Table 2.)

Through our study it became apparent that in using the 6LiF:
ZnS(Ag): binder as the scintillator in an ultrathin neutron detector, the
most important optimization is the balance between the neutron capture
probability and scintillation light transport. The greatest enhancement
to light collection is achieved through proper arrangement of the WLS
fibers in the medium. Fig. 8 presents the results of a GEANT4 simulation
of light collection in our detector. Each dot represents a neutron
capture event for which the number of scintillation photons exceeding
a threshold are successfully captured in the WLS fiber. It is clear in both
diagrams that most events producing detectable light are concentrated
on the leading edge of the scintillator slab. The figure shows that if
the photon detection threshold is increased from 200 to 2000 photons
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Table 1
Simulation results aimed to determine an optimal detector configuration.

Detector configuration Weight ratio
(LiF:ZnS:binder)

No. of WLS
Fibers

Reflector Total
sensitivity

Neutron
capture
probability

Light
collection
efficiency

1 mm thickness 1:2:0.3 12 Air 60.9 94.3 64.6
1 mm thickness 1:2:0.45 12 Air 69.4 93.3 74.4
1 mm thickness 1:2:0.6 12 Air 80.9 91.6 88.3
1 mm thickness 1:2:0.6 16 Air 85.8 89.9 95.4
1 mm thickness 1:2:0.6 20 Air 86.1 87.9 98.0
1 mm thickness 1:2:0.6 20 Vikuiti 87.0 87.9 99.0
1.1 mm thickness 1:2:0.6 20 Air 85.3 91.4 93.3
1.05 mm thickness 1:2:0.6 20 Air 86.5 89.8 96.3
1.1 mm thickness 1:2:0.6 20 Vikuiti 88.5 91.3 96.9
1.1 mm thickness 1:2:0.6 16 Vikuiti 85.2 92.8 91.8
1.1 mm thickness and 8 μm ZnS(Ag) layer on the front side 1:2:0.6 20 Vikuiti 89.7 91.4 98.1
1.1 mm thickness and 8 μm ZnS(Ag) layer on the front side 1:2:0.6 20 Alanod 89.2 91.4 97.6
1.1 mm thickness and 8 μm ZnS(Ag) layer, fibers are shifted 100 μm to the
front side

1:2:0.6 20 Alanod 89.7 91.4 98.1

Table 2
Blue light (430 nm) capture efficiency.

Kp 0.00638 0.00638 0.00638 0.00638 450 nm
C 650 200 500 850 Dye concentration
d 0.44 0.44 0.44 0.23 Net diameter without the cladding
Trapping efficiency Eq. (2) 98.5 72.5 96.1 94.3

Fig. 8. Simulation made with GEANT4. A—The interaction location of events that produce light signature above a threshold level of 200 photons. B—The interaction
location of events that produce light signature above a threshold level of 2000 photons.

entering the fiber there are pockets in that leading edge which do not
contribute to the overall neutron count. Thus, our optimized (and more
easily manufactured) configuration places the WLS fibers side by side
so that they touch.

6. Reflector

Significant gains in performance can be realized by incorporating
reflectors into the detector geometry. Neutron capture events occurring
at the very edge of the scintillator are the most difficult to sense as
fully half the photons produced are emitted in a direction away from
the light collecting fibers and those emitted in the direction of the fibers
must travel through more of the largely opaque scintillator. Reflectors
at the leading and trailing faces of the scintillator will redirect photons
back to the WLS fibers. In the GEANT4 simulation we found that the
addition of reflectors increased the sensitivity from 85% to 88%.

Dramatic changes can be seen when a Vikuiti reflector is added to
the outside faces of the scintillator slab (Fig. 9). While the total number
of events for each curve is similar, the addition of the reflector shifts the

distribution of photons to higher energies. A reflector on the front face
(red curve) has the greatest effect. Adding a second reflector to the rear
face provides a small enhancement.

We evaluated both Vikuiti ESR film [25] and Alanod Miro [26]
backing as reflectors. The Vikuiti film has excellent specular reflectivity,
but because it is a polymer product it contains a large proportion of
hydrogen which can scatter neutrons before they are absorbed in the
scintillator. The Alanod Miro-Silver film also has excellent reflectivity,
but is based on an anodized aluminum and therefore is less likely to
scatter neutrons. Our tests demonstrated that a Vikuiti film on the
leading face of the detector scattered fully 2% of the incident neutrons,
leading to a misleadingly low net sensitivity. Placing the Alanod film on
the leading face did not result in such losses. The current configuration
of the detector places Alanod on the leading face of the detector and
Vikuiti on the trailing face.

Another type of reflector that bears mentioning is a reflector for the
light transported via the WLS fiber. As a single photosensor is used to
read out the scintillation light, that sensor is located out of the plane of
the scintillator at a point where the WLS fibers may be concentrated.
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Fig. 9. Light spectra measured with and without Vikuiti reflector. The huge enhancement of the light signature improves neutron detection; however, the Vikuiti
contains a high hydrogen concentration that scatters about 2.5% of the cold neutrons. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

The other end of the fiber can be terminated with or without a reflector.
A configuration that we have used is a simple loop in the fiber which
acts as a perfect reflector. We have found that this configuration leads
to better light transport even though it uses more than twice the amount
of WLS fiber. Performance tests indicate that the configuration with
the loop provides a 3% net gain in neutron detection sensitivity over
configurations in which the loop has been cut.

7. Detector block design

We elected to take a layered approach to building up the detector.
A row of WLS fibers packed side by side is placed just slightly towards
the front of the sensor to take advantage of the greater proportion of
neutron capture events taking place there. The fibers are then coated
with a thin ‘‘primer’’ layer of scintillator with a higher proportion of 6LiF
(1:2:0.6 6LiF:ZnS(Ag):binder) to increase the probability of neutron
capture while reducing the amount of light produced per event. Thicker
slabs of bulk scintillator backed on a reflector are then pressed into that
primer layer, which also serves the purpose of adhering these layers of
scintillator together.

The primer layer of scintillator is doped with nickel to shorten the
decay time of light produced in a neutron capture event [27,28]. Capture
events near the WLS fibers will produce a great deal of light which could
potentially be counted as more than a single neutron. The primer layer
is thin (∼50 μm on each side of the fibers). The weight ratio for this layer
was selected as 1:2:0.6 to increase the probability for neutron capture
while the amount of light produced in each interaction is less important
because of the geometrical proximity of the event and the WLS fibers.

The second layer is the detector main bulk layer. The detector
sensitivity is strongly affected by a tradeoff between neutron capture
probability and light transport; hence the mixture weight ratio for this
layer was considered. Simulations of the scintillator detector indicated
that if the thickness of the sensor is increased slightly and the density
of 6LiF absorbers is decreased, we would experience gains in light
generation and collection. Fig. 10 shows pulse height distributions for
two samples (1.1 mm thick 1:2:0.6 and 1.35 mm thick 1:3:0.6) with the
same neutron absorption. The amount of light detected in the thicker
sample was greater, leading to a greater likelihood that a captured
neutron will be detected.

An enhancement we considered was the addition of a thin layer
(∼8 μm) of ZnS(Ag) phosphor to increase the light yield from neutron
capture events occurring on the outside edges of the bulk scintillator
slabs. While our early testing of this feature was promising, offering

a net gain of 3% overall neutron sensitivity, the technical challenges
associated with manufacturing working sensors with this thin layer were
significant. The final versions of our sensors do not include this feature.

In the CANDOR detector bank the width of the beam down the
array is 10 mm. Projecting the takeoff angle due to Bragg diffraction
from each analyzer crystal on to the sides of the array we arrived at a
maximal width for each sensor of 12 mm. For the sake of modularity,
we packaged three sensors side by side in a triple frame in an overall
width of 5 cm. For the sake of manufacturability, those three sensors are
formed in a single large window. Crosstalk between sensors is prevented
by ensuring that WLS fibers from adjacent detectors are no closer than
1.7 mm, longer than the maximal free path light in the scintillator.

The coupling between the WLS fibers and the SiPM [29] is achieved
using a machined ‘‘fiber block’’. The WLS fibers are bundled into an
area smaller than the active area of the SiPM and epoxied in place. The
fibers are first cut with a hot knife just above the plane of the block
and are then polished using successively finer grits of sandpaper until
they are flush with the metal. The SiPMs are located on a printed circuit
board which registers them with respect to the placement of the fiber
bundles. A thin layer of optical grease is applied between the SiPM and
fibers to make the optical connection between them. A schematic of this
design both with and without the ‘‘perfect reflector’’ fiber loop is shown
in Fig. 11.

8. Comparing detector performance

An optical Figure of Merit (FOM) was used to gauge the optical yield
from a detector. We have tested several equations for the FOM (a unitless
shape score) that scales with the light output of a scintillator, but also
remains constant as a function of electrical gain of the preamplifiers,
SiPM voltage, and shaping amplifier gain. The FOM determined in
Eq. (3) represents a constant value with only ±5% change over a range
of gain alteration up 300%.

By dividing the counts of different regions of the spectrum the
equation is also normalized to the total number of counts.

FOM =
(

𝑃ℎ𝑜𝑡𝑜𝑝𝑒𝑎𝑘 𝐶ℎ𝑎𝑛𝑛𝑒𝑙
𝑉 𝑎𝑙𝑙𝑒𝑦 𝐶ℎ𝑎𝑛𝑛𝑒𝑙

)

×
(

𝑃ℎ𝑜𝑡𝑜𝑝𝑒𝑎𝑘 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦
𝑉 𝑎𝑙𝑙𝑒𝑦 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

)

(3)

We base our comparison of detector configurations on the principle
that a higher optical FOM corresponds to a higher average photon yield.
We found that detectors with an optical FOM of 10 or greater reliably
have better identification of absorbed neutrons using a digital pulse
shape discriminator with a gamma rejection ratio on the order of 107
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Fig. 10. Pulse height distributions measured for scintillators with ratios of 1:3:0.6 (blue) and 1:2:0.6 (red). Both samples have thicknesses tuned such that the neutron
capture probability is 90% for 3.27 meV neutrons. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

Fig. 11. Exploded assembly diagrams and photographs of the triple frame neutron detector in two different configurations. A: Exploded assembly of triple frame
with a loop. Layer ‘‘a’’ consists of a 1:2:0.6 Ni-doped scintillator ‘‘primer’’. Layer ‘‘b’’ is a slab of 1:2:0.14 scintillator. Layer ‘‘c’’ is the Alanod reflector on the leading
face. Layer ‘‘d’’ is the Vikuiti reflector on the trailing face. The SiPMs are mounted on a carrier board mating to the WLS fibers (e). B: Photograph of triple frame
with the fiber loop. C: Exploded view of the triple frame with a terminal reflector (f) on the frame end. D: Photograph of triple frame with terminal reflector.

Fig. 12. Neutron absorption versus optical FOM for four different batches of sensors.
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Fig. 13. Neutron identification rate (neutron events discriminated/neutrons removed from beam flux by scintillator detector) as a function of optical FOM for four
different batches of sensors.

and very high probability of producing a distinguishable signal for every
captured neutron.

Fig. 12 plots the neutron capture probability versus the optical FOM
for four production batches, each of which consists of more than 25
detectors. The goal of an optical FOM above 10 was achieved on the
third batch (black dots) by optimizing the mixture and slightly reducing
the probability for neutron absorption (∼2%) to a range of 85% and
improving the light transport to the desired FOM. The absolute neutron
capture probability was estimated based on our testing box described
in Fig. 6 and a gold foil activation measurement. The figure also shows
that the procedures set for the production process resulted in a quantity
of scintillators with relatively uniform performance (neutron absorption
and FOM).

Fig. 13 shows the probability for detecting a neutron which has been
captured by the sensor. Not all the neutrons absorbed by the detector
are detected.

We compared the number of events counted by our pulse shape dis-
criminator with the number of neutrons that we believe were absorbed
by the detector. This ratio is the Discriminator Conversion Efficiency.
The Discriminator Conversion Efficiency increased, until the optical
FOM reached a value of 10. Above 10, the discriminator conversion
efficiency plateaus indicating that nearly all absorbed neutrons were
counted.

Summary

We present the design and performance of an ultrathin (∼1.5 mm)
neutron sensitive detector using 6LiF:ZnS(Ag) scintillator with a wave-
length shifting fiber readout. The scintillation light is read out using
silicon photomultipliers as the photosensors and the resulting signal
processed using pulse shape discrimination techniques. Prototypes we
have tested thus far exhibit 94% neutron absorption and greater than
93% neutron sensitivity for 3.27 meV neutrons. Simulations indicate
that by stacking layers of our detector we could obtain sensitivities
exceeding 90% for thermal neutrons as well. Pulse shape discrimination
has resulted in excellent gamma rejection (2 × 10−7) measured using
isotopic gamma sources.

The structure of the scintillator proper is driven by the competition
between neutron absorption and scintillation light transport and col-
lection. Layers of scintillator material have been crafted to maximize
the likelihood that scintillation photons from neutron capture events
occurring far from the WLS fibers will travel through the medium to the
WLS fibers where they will be collected. Reflectors added to the leading
and trailing faces of the scintillator slabs enhance the probability that

photons produced in neutron capture at the boundary of the scintillator
are reflected towards the WLS fibers where they can be collected.
WLS fibers are spaced close together to eliminate ‘‘dead’’ spaces in the
scintillator.

When the neutron detectors are both exceedingly thin (∼1–2 mm)
and highly efficient (93% for 3.27 meV neutrons), it is possible to
position many of energy-analyzing channels of the CANDOR spectrom-
eter side by side. With a large bank of energy analyzing channels
it will be possible to collect entire reflectivity curves in just a few
settings of the spectrometer, allowing not only greater throughput for
standard structural measurements but also possibly enabling classes of
time resolved measurements which have heretofore not been practical.
Furthermore, we estimate that this detector design has the potential to
become a building block for other neutron detection applications by
providing high performance and an affordable alternative to the 3He
gas-filled proportional counter.

Disclaimer

Certain trade names and company products are identified to ad-
equately specify the experimental procedure. In no case does such
identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the
products are necessarily the best for the purpose.

This work benefitted from the Center for Neutron Research at the
National Institute of Standards and Technology; this facility is funded
by the U.S. Department of Commerce.
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