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The Micro-Layered Fast Neutron Detector (MLFD) is a proton-recoil scintillator that incorporates the basic
concept of a Hornyak button detector with an improved design using a layered structure of ZnS:Ag and
PMMA (polymethyl methacrylate). The MLFD was predicted to have low sensitivity to gamma rays, hence
pulse shape discrimination was performed to determine the gamma-ray contribution. Presented in this paper
are the pulse-shape discrimination characteristics of the MLFD. The charge integration technique was employed
to discriminate between the neutrons and gamma rays using a fast digitzer. The MLFD was found to exhibit
excellent neutron/gamma-ray discrimination, with the highest Figure-of-Merit (FoM) being 4.56. With PSD,
the neutron signal is distinct from gamma-ray, Cerenkov and electronic noise signals. This clear separation
was achieved due to the large differences in decay times of the neutron and gamma-ray-induced pulses in
the ZnS:Ag phosphor. The MLFD can be employed in high gamma-ray exposure fields, up to at least 1287.7
mR/hr, without appreciable degradation in PSD performance.

1. Introduction

Both inorganic and organic scintillators have been used for fast
neutron detectors. Inorganic scintillators can be located adjacent to a
recoil medium, such as a hydrogenous material, and fluoresces from the
interactions of recoil ions entering the scintillator. Organic scintillators
are usually deployed as a combined recoil-fluorescence detector, in
which proton (or carbon) recoils from fast neutrons in the organic
compound subsequently fluoresce the scintillator. Presently, organic
scintillators are generally used over inorganic scintillators for fast
neutron detection. Although pulse height discrimination can be used to
distinguish between fast neutron and gamma-ray events, the distinction
can be greatly enhanced by using organic scintillators designed for
pulse shape analysis [1].

However, in applications which have intense gamma-ray fields,
the discrimination becomes less effective for organic scintillators due
to neutron signal corruption at higher gamma-ray fluxes [2], thus
limiting measurement of the neutron spectra. Additionally, inorganic
scintillators generally have higher light yield than organic scintillators.
Various sensors were designed at Kansas State University to combine
the positive traits of inorganic and organic scintillators [3,4]. Testing
and comparing performances of these sensors indicated that the Micro-
Layered Fast-Neutron Detector (MLFD) [5] is a promising new design
in fast-neutron detection systems. The MLFD takes advantage of the hy-
drogen content of plastics by using polymethyl methacrylate (PMMA)
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as the neutron converter, and also has ZnS:Ag as a high light yield
inorganic scintillator for heavy charged particles that has the added
advantage of low conversion efficiency for electrons [6]. The MLFD
exhibits a high detection efficiency for a bare 252Cf source (9.1% for
a 43-mm MLFD), has been theoretically predicted to greatly suppress
gamma rays and gamma-ray induced Cerenkov radiation inherently by
design, and can scale its efficiency by simply extending the length of
the detector [7]. The MLFD was thus characterized to determine its
usefulness in high flux mixed-radiation environments.

1.1. Sensor design and detection mechanism

The MLFD was originally conceived to image fuel displacement
in nuclear reactors subjected to transients for simulation of “accident
conditions”. To view fuel motion, an array of MLFDs would view line-
of-sight collimated “pixels” of the fuel real-time during a transient; a
beam of fission products induced in the fuel would be perpendicular
to the detector face. The MLFD is composed of multiple alternating
layers of PMMA and ZnS:Ag, adhered to one another using optically
clear epoxy (Fig. 1) [5,6]. The alternating layered design provides
several advantages. ZnS:Ag becomes relatively opaque to its own light
emissions for mass thicknesses beyond 25 mg/cm? (or 35 microns).
The layered design provides a solution to this limitation, where each
ZnS:Ag layer has a mass thickness of approximately 25 mg/cm? to
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Fig. 1. Mechanism of detection in the MLFD.

reduce light self-attenuation. Cerenkov radiation is propagated as a
cone in the direction of the ionizing particles (electrons). The original
design for the hodoscope detector had the PMT aligned with the
collimator system, and hence aligned facing the oncoming Cerenkov
radiation [8]. Consequently, gamma rays interacting in the PMMA
of the Hornyak buttons described in reference [8] would generate
Cerenkov radiation that would transmit directly into the PMT, thereby
increasing the background signal. In the present work the orientation
of the photomultiplier tube was placed perpendicular to the MLFD lay-
ers, thereby reducing the background light from forward-propagating
Cerenkov radiation generated in the PMMA from gamma-rays. The
working principle of the detector is transferring the energy from fast
neutrons to recoil protons in the PMMA layers, which then interact
in an adjacent ZnS:Ag layer to produce scintillation light. Scintillation
photons are emitted uniformly, and a considerable fraction reach the
PMMA to propagate to the photomultiplier window. Gamma rays in-
teracting in the PMMA layer may undergo Compton scattering, and the
resulting Compton electrons can also interact with the ZnS:Ag layer,
although with a significantly reduced response. Because the result-
ing pulse height from ZnS:Ag for Compton electrons is significantly
less than observed for protons, pulse height discrimination has been
moderately successful for rejecting gamma rays in a neutron field [9].
Described in the following work are results from the application of
pulse-shape discrimination technique to the MLFD.

1.2. Scintillator decay characteristics

Zinc sulfide, constituting of low-Z elements, is inefficient for
gamma-ray detection, but performs as a relatively bright scintillator
for heavy charged particles [10]. The reason for the low performance
for gamma rays is a compound effect. First, the relative energy loss of
electrons (-dE/dx) is small by comparison to that of protons. Second,
scintillation light must be born within 25 mg/cm2 mass thickness (~35
microns) of the light detector interface. Third, the index of refraction
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of ZnS:Ag is 2.36, yielding a critical angle of 39.5 degrees to a glass
interface. Hence, the amount of energy deposited within 35 pm of the
interface is small, and scintillation photons from these interactions that
reach the light detector produce small pulses. These properties make
ZnS:Ag capable of discriminating ionization caused by protons (fast
neutron recoils) from that caused by electrons (Compton scattering
of gamma rays), due to the differences in the emission kinetics of
the scintillation light pulses. Scintillation pulses can be characterized
by two time components: the fast (prompt) and slow (delayed) decay
component, as given by Eq. (1).
1 1

N(@) = wleiq + wze;a (@D)]
where N(t) is the time-dependent pulse, w, and w, are the proportional
light yield contributions of the fast and slow components, respectively,
and ¢, and 1, are the fast and slow decay times, respectively.

While the fast component usually dominates, both components can
be a function of the differential energy loss. When the energy loss
dependence is strong on the time components, the overall decay time
becomes dependent on the type of incident particle [11]. Such scin-
tillators enable pulse-shape discrimination. For ZnS:Ag, heavy particle
excitation has previously resulted in scintillation light pulses with a fast
decay component of 70 ns with a light yield contribution of 85%, an
intermediate component of 900 ns with 13% contribution, and a slow
decay component of 10,000 ns with a 2% contribution [12]. Electron
excitation of ZnS:Ag, on the other hand, has been observed to exhibit a
much different fast decay component of 10 ns [13]. The fast component
is considered to be an exponential decay relating to a mono-molecular
process, the intermediate component may either be exponential, or
a quadratic-hyperbolic decay relating to a bimolecular electron-hole
recombination process, while the slow component corresponds to the
thermal release of electrons from traps into the conduction band [14].
The difference in decay times for heavy particle and electron exci-
tation makes for a strong case to explore the decay characteristics
of the MLFD, in order to understand its pulse-shape discrimination
characteristics.

1.3. Pulse shape discrimination: charge integration technique

The charge integration method is a commonly-used technique for
PSD analysis, due to the method’s simplicity and the straightforward
hardware required. The relative amounts of charge from the prompt
and delayed fluorescence is used to determine a PSD ratio, which
separates neutrons from gamma rays. For each events, the current pulse
is integrated over two time intervals, and a PSD ratio is determined. The
amount of scintillation light reaching the PMT is computed as charge
under the current pulse, the total being proportional to the amount
of energy deposited in the detector. The ratio takes advantage of the
larger amount of delayed light emission (slow component) from a recoil
proton than that of the recoil electron. The difference in values of the
PSD ratio, as given by Eq. (2), is used to separate the neutron and
gamma-ray events.

Tail of Sigl‘lal _ QLong Gate — QShort Gate

PSD Ratio = full signal

@

QLong Gate

where Qg0 gare 1S the charge integrated during the short gate time
period, generally representing the fast component of the light output,
and Qy,,, Gare is the charge integrated during the long gate time period,
representing the total scintillation light output. It is imperative to
optimize the relevant parameters in order to maximize the detector’s
PSD capabilities.

1.4. Performance metric
Fast neutron detectors are often required in situations where a

significant background of gamma radiation exists. The ability of the
detector-PSD system to clearly separate the particles determines its
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Fig. 2. Experimental setup showing the source-and-detector orientation and the
electronics and components used to acquire pulse data.

usefulness in that situation. To provide a quantitative determinant of
the detection system’s capacity to separate particles, as well as to
compare different types of detectors to assess their applicability, a
standard Figure-of-Merit (FoM) is calculated. The FoM is also used
to optimize the values for short and long gates to select the most
appropriate combination. The FoM is a post-process calculation.

FoM=—— 5 &)

agamma + 5rleutron
where S is the distance between the centroids of the gamma-ray and
neutron peaks, and § is the full-width-at-half-maximum (FWHM) of
the gamma-ray and neutron peaks. The statistics governing the charge
integration method are modeled as a Poisson distribution, which can
be conveniently reduced to a Gaussian distribution. For a Gaussian
distribution, the FWHM is given by:

6 =2V2n2c )

where ¢ is the standard deviation. From Eq. (3), the higher the FoM,
better a detector can discriminate between different particles. To set
a benchmark for acceptable PSD, a reasonable definition for well-
separated distribution dictates that the FoM should be above 1.27 [15].

2. Experimental methods and data acquisition

A 40-mm long MLFD, with a cross-sectional area of 8 mm X 3 mm,
was wrapped in Teflon™ (a known Lambertian reflector) on all faces
except the one optically coupled to the light-collection device, which in
this case was a Hamamatsu R6231 photomultiplier tube (PMT). A bare
252Cf (32,279 neutrons/s) was used as the mixed neutron and gamma-
ray source, while 137Gs (125,800 y/s) was used as the gamma-ray
source, to irradiate the 8 mm x 3 mm face of the MLFD. 252Cf produces
approximately four gamma rays per neutron during its spontaneous
fission [16], so the 137Cs source and location was chosen such that
its activity and resultant field was close to the number of gamma rays
emitted from the 252Cf source. The scintillator, PMT and radioactive
sources were placed inside an electrically-insulated light-tight box.
The orientation of the MLFD with respect to the radioactive source
is shown in Fig. 2. The assembly was connected to a fast digitizer
and computer outside the dark box via bulkhead feedthroughs. Care
was taken to minimize cross-talk between cables and components. The
PMT was biased at 1000 V. The source was placed 10 cm from the
front face of the MLFD; this distance was chosen such that point source
approximations could be applicable. Digitized pulse data was acquired
using a CAEN 14-bit DT5730 digitizer [17], which has a sampling rate
of 500 MS/s. The DPP-PSD software was used to collect waveforms
for post-process analysis, while CAEN’s CoMPASS software produced
real-time PSD information. COMPASS also provided data for calculating
the FoM post-process. MATLAB codes were written post-process to
separate the neutron and gamma-ray waveforms for determining decay
characteristics.
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Fig. 3. Single neutron and photon pulses from the MLFD when irradiated with 252Cf,
as seen from the DPP-PSD software. The short and long gates can be varied according
to the user.

The CAEN DT5730 digitizer allowed for on-board real-time pulse
shape discrimination according to previously-set short, long and pre-
gates, while also enabling post-processing data offline. The gates can be
set by the user before data acquisition takes place, along with a range
of other settings [18].

3. Results and data analysis

Shown in Fig. 3 are the short and long gates selected to separate
neutrons (proton-induced pulse) and gamma rays (electron-induced
pulse). The charge integration starts from a negative pre-gate, and
a baseline gate is determined to set a reference for the total charge
integration within the long and short gates.

3.1. Pulse shape discrimination

Shown in Fig. 4(a) shows the response of the MLFD to a bare 252Cf
source with a short gate of 40 ns and a long gate of 300 ns. Two
clearly separated bands can be seen, with a vertical band overlapping
the bottom band under ADC channel 500.

The identities of the various peaks and features in Fig. 4(a) were
verified by performing separate irradiations (Fig. 4(b),(c),(d)). The
response of the MLFD to the 252Cf was first compared to its response
to a 137Cs source of an activity that matched closely with the gamma-
ray emission from 252Cf. The results of Fig. 4(b) clearly demonstrate
that the lower band comes from gamma-ray irradiation, while the
upper band in Fig. 4(a) is from neutrons, which is not present in the
response from 137Cs irradiation. Fig. 4(c) was obtained by irradiating
the PMT without the MLFD (in the same orientation as with the
MLFD) to account for Cerenkov illumination and direct gamma-ray
interactions in the PMT photocathode and glass envelope. Although the
amount of Cerenkov generated in the PMMA layer was not experimen-
tally determined, models predict that the Cerenkov light produced in
MLFD is negligible [5]. Another experiment was performed with no
source present, but with the MLFD coupled to the PMT, to account
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Fig. 4. Pulse-shape discrimination contour plots showing MLFD-PMT system responses to irradiation with (a) 252Cf, (b) '¥Cs, (c) 22Cf without the MLFD, and (d) no source

present [color online].

for electronic noise and background radiation. The vertical band in
Fig. 4(d) under ADC channel 500 has developed clearly from electronic
noise. Comparing Fig. 4(c) and (d), Cerenkov radiation has a moderate
contribution to the detected light. The response plots indicate that
the electronic noise, Cerenkov and gamma-ray induced pulses have
similar PSD ratios. The gamma-ray band is also quite shorter than
the neutron band across the x-axis, a phenomenon that is in marked
contrast with the longer gamma-ray bands found in plastic scintillator
responses [19]. These results demonstrate the inherent ability of the
MLFD to reject gamma rays. A very clean separation of neutrons from
gamma rays, Cerenkov and electronic noise is achieved in the MLFD.
To quantify the goodness of neutron-gamma separation, the FoM for
the 300-40 ns long- and short-gate (respectively) combination was
determined. To obtain the centroids and the FWHM values of the
neutron and photon peaks, a Gaussian fitting was performed (Fig. 5),
which accurately described the data (R> = 0.99 for the photon peak,
R? = 0.90 for the neutron peak). The taller of the peaks represents the
counts collected from electronic noise, Cerenkov and gamma rays. The
other peak represents counts almost exclusively from neutrons.

The selection of the gates can have a large impact on the quality
of separation of particles. Data acquisition with several combinations
of long and short gates was performed; the FoM for each combination
being the determinant in selecting an optimum combination. From
Table 1, the 300-40 ns combination of long-short gate has the highest

Table 1
The different combinations of short and long gates used and their corresponding FoM
calculated in order to determine the optimum gate windows.

Long gate (ns) Short gate (ns) FoM
300 50 4.38
300 40 4.56
300 30 4.18
250 40 3.92
150 50 3.68
150 40 3.89
150 30 3.58
80 40 2.54

FoM. This combination was used throughout the rest of the study. It
is interesting to note that all of the combinations produced an FoM
of over 1.27, the threshold value for acceptable discrimination. It is
evident that the delayed component plays a more significant role than
the prompt component in determining the PSD ratio.

3.2. Discrimination in increasing ggmma-ray fluxes
It is known that liquid scintillators and other PSD scintillators are re-

duced in their discrimination capabilities in active environments where
the gamma-ray flux can be quite high [2]. For plastic scintillators,
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Fig. 6. Measured FoM values of the MLFD for increasing gamma-ray dose rates from
AmBe.

degradation in PSD performance was previously observed at an X-
ray flux of about 3 x 107 y/s, possibly due to pile-up effects at high
count rates corrupting the digital PSD algorithm [20]. To gauge the
performance of the MLFD in higher gamma-ray backgrounds, it was
irradiated with a 0.1 Ci AmBe source. The distance of the source from
the MLFD was decreased from 17 cm to 0.3 c¢m to increase the gamma-
ray flux incident on the MLFD. The FoM decreased from 4.68 at 0.4
mR/hr (17 c¢cm) to 4.05 at 1287.7 mR/hr (0.3 cm) of gamma-ray dose
rate, as shown in Fig. 6. It should be noted that the FoM remains above
4 even in high gamma-ray fluxes, hence the quality of discrimination
remains acceptable even in high-flux mixed radiation fields.
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Fig. 7. Notable features of the contour PSD plot for 252Cf irradiation of the MLFD
[color online].

To summarize, Fig. 7 represents the different features of the MLFD
response to bare 252Cf. The neutron signal is represented by (i), and
(ii) represents gamma-ray and Cerenkov signals. The origin of (iii) has
been deduced to be from pulse-pile up of gamma-rays from 252Cf, as
this feature was not present in the MLFD response to 137Cs (Fig. 4(b)).
Electronic signal contributes to (ii), and is also responsible for the ver-
tical line labeled (iv). The effect of performing PSD on the MLFD light
output spectra upon irradiation with 252Cf is shown in Fig. 8. Shown
in the top image is the spectrum before performing PSD, while the
bottom figure is obtained after separating the neutron and gamma-ray
events. The bottom figure includes signals from gamma-rays, Cerenkov
and electronic noise as part of the ‘gamma-ray’ spectrum. With the
lower level discriminator (LLD) set to O, both neutrons and gamma
rays are mixed in the spectrum. The bottom image shows the light
output spectra from neutron and gamma rays, separately. The different
spectra prove that although pulse height discrimination is sufficient
for rejecting gamma-rays in MLFDs, if LLD is set at channel 2000
approximately, a significant portion of neutrons is also discounted. For
achieving higher reliability of data, pulse shape discrimination becomes
necessary.

3.3. Decay times of the MLFD

The decay times of the MLFD were characterized to better under-
stand the nature of the discrimination produced in the detector. An
algorithm was developed in MATLAB to collect pulses (from 252Cf
irradiation) from the DPP-PSD software, and according to the long
and short gates, sorted the pulses into neutron (proton)-induced and
gamma-ray (electron) induced pulses. 100- and 1000-pulse averages
were taken for neutrons and gamma rays respectively, but the high
number of particles incident upon the detector produced extremely
large data files, making it difficult to collect a greater number of
pulses for averaging. The average neutron-induced pulse, as shown in
Fig. 9(a), was fitted by a 3-component exponential fitting function,
given by:

N, (1) = 0.0754¢” BT + 0.1704¢™ 026 + 0.754¢” 757 )

where N, (7) is the fitting function for the average neutron-induced
pulse, and t is the time.
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Thus, neutron-induced scintillation pulses show 3 exponential decay
times: a fast component of 76.37 ns with a light yield contribution of
75.4%, an intermediate component of 702.66 ns with a contribution
of 17.04%, and a slow component of 9920 ns with a contribution
of 7.54%. Gamma-induced pulses from 252Cf show a fast exponential
component of 12.03 ns (Fig. 9(b)), given by:

N, () = 1.096¢” 7% )

where N, (7) is the fitting function for the average gamma-ray induced
pulse.

Pulses from Cerenkov radiation show a similar exponential decay
component to that of gamma rays, of 12.93 ns. This similarity explains
why the gamma-ray and Cerenkov signals have similar PSD ratios, and
why they occupy the same peak in Fig. 4(a). Both the neutron and
photon decay times agree with values from literature, assuming proton
and alpha-particle (both heavy ions) excitation in ZnS:Ag phosphors
share similar decay characteristics. The difference in decay times is
evident in Fig. 9(a) and (b), where the neutron-induced pulse has
a considerably longer tail than the photon-induced pulse. The large
difference in decay times of neutron and photon-induced pulses explain
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the distinct PSD ratios for neutrons and photons, thereby providing a
clean separation between the bands.

4. Conclusions

The 3 mm X 8 mm x 40 mm Micro-Layered Fast Neutron Detector
was tested for its ability to discriminate neutrons from gamma rays in
a mixed environment for applications such as active and passive inter-
rogation, and SNM searches. The MLFD was irradiated with a mixed
neutron-gamma source (>>2Cf), and a gamma-only source (137Cs). The
pulse data was acquired using a fast digitizer with a sampling rate
of 500 MS/s, and pulse-shape discrimination was performed using
the charge integration method. It was found that the MLFD is inher-
ently able to suppress gamma-ray signals in a mixed neutron-gamma
environment, with pulse height discrimination alone. However, for
applications requiring greater reliability of data, pulse shape discrimi-
nation is required. Upon analyzing the decay mechanisms of neutron-
and gamma-ray induced pulses in the MLFD, the neutron pulses were
found to have three exponential decay components (76.37 ns, 702.66 ns
and 9920 ns) while the gamma-ray pulses had one significant ex-
ponential decay component (12.03 ns). The Cerenkov-induced pulses
had a decay component (13.34 ns) similar to the gamma-ray decay
component. The neutron pulse has a relatively much longer tail than the
photon pulse. The vast difference in the gamma-ray, prompt Cerenkov
light, and neutron decay times in ZnS:Ag phosphors enables very
distinct separation of neutrons from photons. Almost no overlap in
the neutron and gamma-ray signal was observed. A Figure-of-Merit
of 4.56 was reported for PSD in an MLFD. Further, no degradation
in PSD performance was observed on irradiating the detector with a
strong AmBe source, making it operable in regions of high gamma-ray
background.

The results of this paper indicate that inorganic scintillators like
ZnS:Ag make exceptional PSD detectors, due to its ability to distinctly
separate neutrons from photons, especially in high gamma-ray flux
environments. The efficiency of the detector is currently limited by its
small size, and the neutron detection efficiency can be scaled higher
by increasing the dimensions of the detector. Although the thicknesses
of the PMMA and ZnS:Ag layers have been optimized by Geant4 for
the highest detection rate and light collection, the cross-sectional area
has room for improvement, while it has already been reported that
the addition of layers will increase the neutron detection rate. In fact,
the size of the MLFD is capable of being scaled according to its end-
use; with various sizes optimized for different detection requirements
(the current version is well-suited to neutron-imaging of nuclear fuels
subjected to reactor transients). The small MLFDs are inexpensive and
easy to manufacture on a large scale. A larger MLFD is potentially easy
to produce. Ongoing efforts also include replacing bulky PMTs with
compact Silicon Photomultipliers (SiPMs) for constructing a portable
detection system.
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Fig. 9. Pulse averages for (a) neutron-induced pulse (left), and (b) gamma-ray induced pulse (right). An exponential curve was used to fit the decay component of the pulses.
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