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ABSTRACT 

A new neutron coincidence counter with 
improved capabilities is being built as a commercial 
prototype. This counter uses 6LiF/ZnS(Ag) based 
scintillation detectors to achieve a short neutron die- 
away time (z < 5 ps), which increases the sensitivity of 
the counter to measurements of 240Pu by neutron 
coincidence counting. Greater sensitivity is required 
for measurements of residues, whose large apneutron 
yields create a high accidental coincidence rate in a 
counter with a relatively long z (for example, ones that 
use 3He detectors). 

Traditional problems of gamma-ray sensitivity 
in scintillation detectors have been overcome through 
pulse processing techniques. Intrinsic differences of the 
excitation processes associated with neutron and 
gamma-ray interactions in the 6LiF/ZnS(Ag) detector 
allow these particles to be separated via pulse shape 
analysis (PSA). Degree of neutronlgamma-ray 
separation, factors affecting separation, neutron 
detection efficiency, and the effects of pulse shape and 
energy thresholds in a small test detector using a 
combination of commercially available and custom 
electronics are discussed. Final custom pulse 
processing techniques and PSA results are also 
presented. 

INTRODUCTION 

Nuclear safeguards programs are supporting 
increasingly high-profile applications that require 
advanced neutron detection technology. Neutron 
detectors used for the quantitative analysis of nuclear 
material such as uranium or plutonium are routinely 
implemented for the control and accountability of 
stored or in-process materials, verification of stockpile 
items, verification of shipments, treaty verification, and 
certification of nuclear waste. Most applications count 
time-correlated neutrons from nuclear fission as a 
unique measure of an actinide quantity. The nuclear 
fission process and other actinide decay processes 
produce gamma-ray rates that exceed the neutron rates. 
This process requires neutron detection systems to 

either be insensitive to gamma rays, to contain large 
amounts of high-Z shielding, or to otherwise have the 
ability to discriminate against the gamma-ray 
component. 

A wide variety of detection systems has been 
developed and successfully implemented for the 
various needs of these nuclear safeguards programs [ 1 -  
51. However, as described elsewhere [6], certain 
materials such as salt residues from pyrochemical 
processes are difficult to measure with the current 
technology because of high rates of uncorrelated 
neutrons. The time required for a detector to complete 
the process of detecting coincident neutrons is referred 
to as a system's die-away time (z). The smaller the die- 
away time, the more capable a system is of accurately 
assaying the "hard-to-measure" materials because a 
shorter coincidence-resolving time can be used, thus 
reducing the accidental coincidence rates that limit the 
accuracy of neutron-coincidence counting. Current 
coincidence counters have a z ranging from -22 ps to 
-50 ps. A system with a shorter die-away time that is 
capable of distinguishing neutrons from gamma rays at 
high-rates is required for assay of materials like the 
above-mentioned residues. 

One possible detection system utilizes 
granular 6LiF mixed in a hydrogenous binder medium 
with ZnS(Ag) scintillator crystals. Neutron-capture 
scintillators based on 6Li/%nS have been tested in both 
thermal and fast neutron detection systems for a variety 
of applications [7-91. These scintillator systems benefit 
from both a relatively high density of neutron capture 
target nuclei and a homogeneous mixture of neutron 
moderator and capture material. This results in a more 
rapid detection of the incident neutrons and an 
anticipated die-away time much smaller than current 
technology. A drawback of scintillation detectors is 
that they are typically very sensitive to gamma-ray 
interactions. Neutron-capture scintillators based on 
6LiF/ZnS(Ag) have the benefit of intrinsic pulse shapes 
that depend on the charge density of the incident 
radiation, thus lending to the possibility of gamma-ray 
discrimination through PSA methods. It is the 
combination of a short die-away time and neutron/ 
gamma-ray discrimination potential that makes a 



6LiF/ZnS(Ag) neutron detector appealing. This paper 
investigates the PSA properties of a prototype 
LiF/ZnS(Ag) detector. 6 

20-LAYER DETECTOR DESCRIPTION 

A prototype 6LiF/ZnS detector was fabricated 
by BicronTM Corporation.' The prototype consists of 20 
alternating layers of 0.5-mm-thick capture/scintillation 
media coupled to 1-mm-thick mono-layers of BicronTM 
BCF-91A Wavelength-Shifting (WLS) fibers. The 
capture/scintillation screens are composed of granular 
LiF (95% 6Li) mixed with crystals of ZnS(Ag) in a 
hydrogenous binder (BicronTM BC-704). 

Neutron detection in a 6LiF/ZnS(Ag) screen 
occurs via the capture reaction in Equation 1, resulting 
in an alpha particle and a triton. Scintillation light from 
the interaction of the alpha-triton pair with the ZnS 
crystals must first reach and enter the fiber in an 
adjacent mono-layer where it is absorbed, re-emitted, 
and transported down the WLS fibers. The opposite 
ends of the fibers are cut, polished, and optically 
coupled to a pair of Burle S83049F photomultiplier 
tubes (PMTs). 

ti Li + n -+ a + t <Q = 4.7 MeV) (Eqn. 1) 

Figure 1 shows a picture of the prototype 
detector. The WLS fibers are visible at center. Note 
that the PMTs are not coupled in this figure. 

Fig. I :  Picture of 20-layer prototype LiF/ZnS detector 
slab. 

PSA DESCRIPTION 

A block diagram of the experimental 
electronics arrangement is showp in Figure 2. Pulse 
shape analysis was accomplished with an OrtecTM 552 
pulse-shape analyzer in conjunction with an OrtecTM 
566 time-to-amplitude converter (TAC). The outputs of 
the two PMTs were summed to provide an increased 
signal-to-noise ratio by canceling uncorrelated noise. 

The TAC output was split to provide one signal lead to 
a discriminator and one lead to a shaper/Analog to 
Digital Counter (ADC). The output of the discriminator 
could then be used to provide a veto input to the ADC, 
enabling either neutron or gamma-ray discrimination in 
the PSA spectra. The summed PMT signal was also fed 
to a separate shaper/ADC to provide Pulse Height 
Analysis (PHA) information related to the amount of 
energy deposited in the scintillator by each event. 

The shaper/ADC used to generate the PSA 
and PHA spectra are custom-designed 6U VME-based 
cards [lo]. In addition to the PSA discrimination 
mentioned above, on-board thresholds after the 3 y s  
shaping stage enable energy discrimination. The VME 
system clock was used to drive a scaler embedded in 
the Altera Field Programmable Gate Array (FPGA) on 
each board, providing an event timetag with 50 ns 
resolution. This timetag was then used to combine the 
energy and the PSA information of each event. 

DAQ Sptm 

Iq 
Fig. 2: Block diagram of experimental setup. 

RESULTS 

Figure 3 shows a digitized individual neutron 
and gamma-ray pulse taken at the PMT output of the 
prototype detector (using a '"Cf and I3'Cs source, 
respectively). The larger decay time constant of the 
neutron event is evident as are the statistical 
fluctuations of the PMT on the tail of the neutron 
pulse. 

Now Saint-Gobain Crystals and Detectors, Newbury, 
OH 
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Fig. 3: Single neutron and gamma-ray pulses. 

Figure 4 shows two PSA spectra. The solid line 
spectrum was taken with a 137Cs source, and the dashed 
line spectrum was taken with a 252Cf source. The Ortec 
552 PSA parameters for these spectra were set to 
trigger at 90% and 20% of the peak input pulse on the 
trailing edge. 
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Fig.4: PSA Spectrafi.om I3'Cs (solid line) and 252Cf 
source (dashed line). 
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There are several features to note about these 
spectra. The 252Cf source emits both neutrons and 
gamma rays, indicating that a two-peaked PSA 
spectrum is expected if these components are 
resolvable. The gamma-ray component of the PSA 
spectrum is expected to be the first of these two peaks 
as a result of the shorter tail as seen in Figure 3. This 
was confirmed with the gamma rays from the137Cs 
source (solid line). There is a downward shift in 
channels of about 3% in the 137Cs gamma-ray peak, 
which was determined to be the result of rate 
dependence in the shaper/ADC cards. 

To confirm that the second peak was the result 
of neutron interactions in the detector, four runs were 
performed with increasing amounts of 1.9-cm-thick 
polyethylene moderator slabs placed between the 

source and the prototype detector. Additionally, a fifth 
run was performed with three polyethylene slabs and a 
0.04-cm-thick cadmium sheet. The addition of 
polyethylene provided an incrementally higher thermal 
neutron flux incident on the detector, thus indicating by 
increased count rate the portion of the PSA spectrum 
that could be attributed to neutrons. Furthermore, by 
addition of the cadmium sheet, a strong neutron 
absorber, additional confirmation could be provided. 
The count rate in the second peak increased with 
increasing polyethylene thickness and decreased with 
the addition of the Cd sheet, confirming that the second 
peak is the result of neutron interactions in the detector. 
The results of these tests are shown in Figure 5 ,  
expressed as a detection efficiency (solid angle not 
included) of the 20-layer test detector. For comparison, 
the detection efficiencies calculated from the Monte 
Carlo Neutral Particle (MCNP) code [6] are also shown 
in Figure 5 ,  and agree fairly well with the measured 
values. 
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Fig. 5: Count rate in the secondpeak of the PSA 
spectrum as a function of the number ofl.9-cm-thick 

polyethylene moderator slabs. 

In determining the number of counts in the 
second peak, a PSA threshold was chosen. A series of 
runs was performed to assess the number of neutrons 
and gamma rays lost as a function of PSA threshold. 
The threshold was set to veto 98.7% of the gamma rays 
with only a 3% neutron loss. The amma-ray veto 
effect was determined by running a lg7Cs source at a 
rate comparable to that the observed for the gamma 
rays from the 2s2Cf source. The integrated PSA 
spectrum was then analyzed as a function of PSA 
threshold. To determine the neutron losses, two runs 
with a moderated 2S2Cf source were performed: one 
with the Cd screen placed between the source and 
detector, and one without. The two spectra were then 
subtracted, and the resultant spectrum was integrated 
and analyzed as a function of the PSA threshold. 



Figure 6 shows the complement of the two-spectrum 
integral plotted as a loss percentage vs PSA threshold. 
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Fig. 6: Neutron and gamma-ray losses as a function of 
PSA threshold. 

The traditionally used Figure-of-Merit (FOM) 
for PSA resolution is defined as the ratio of the 
difference in PSA peak centroids to the sum of their 
Full Widths at Half Maximum (FWHM) Ell]. The 
FOM value from Figure 4 was determined to be 1.23 
for the prototype system. Note that the second 
(neutron) peak in Figure 4 has a significantly greater 
FWHM than the gamma peak. The FWHM of a peak in 
the PSA spectrum is determined by two partially 
coupled factors relating to the decay time 
measurements: the jitter on the tail and the slew rate of 
the pulse at the PSA triggering points. In Figure 3, the 
PSA trigger points are marked on the individual 
neutron and gamma-ray pulses. The statistical 
fluctuations around the 20% trigger point on the long 
tail of the neutron pulses are most likely responsible 
for the broadening of the neutron peak in the PSA 
spectra. Discussed below is work aimed at reducing 
this effect. 

A second method of particle separation was 
investigated. By combining the energy of each event 
with information about its pulse shape, we were able to 
examine whether an energy cut alone, or a multi- 
parameter cut, would offer greater particle separation 
than the PSA technique. As mentioned above, the 
energy and time of each event were obtained from the 
shaper/ADC card with a 3-ps integration time. The 
OrtecTM 566 TAC output was also integrated and 
timetagged. This information was then provided as list- 
mode data in the form of energy ADC value, energy 
event time, PSA ADC value, and PSA event time. The 
data were analyzed offline for coincidences between 
the energy and PSA ADCs and plotted as energy vs 
PSA. Figure 7 shows one such plot for a '"Cf source. 
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Fig. 7: Energy (PHA) is plotted vs pulse shape (PSA) 
for a '"Cf source. The vertical band above PSA ADC 

channel 160 is the result of saturation of an 
operational amplifer in the shaping stage and is 

attributed to extremely long-tailed events. 

The separation of gamma rays from neutrons 
along the PSA axis remains clear. Figure 7 indicates, 
however, that a PHA (energy) cut alone will not 
provide an effective gamma-rayheutron separation. 
The energy of the gamma rays from the "'Cf source 
(up to -1.5 MeV) is much less than the 4.7 MeV of the 
neutron-capture-created alpha-triton pair. The gamma 
rays and the majority of the neutrons in Figure 7 appear 
to deposit comparable energy. Either these "high 
energy" gamma rays are sitting on the long-tailed 
neutron pulses, and thus integrating out to an 
apparently comparable energy in the multiparameter 
plot, or the alpha-triton pair is not depositing full 
energy. The mean free path of the alpha particle in the 
LiF crystal is comparable to the crystal size and 

therefore may be depositing only a small portion (or 
none) of its energy in the ZnS scintillator. Particle 
separation based on energy alone would therefore rely 
almost entirely on the energy deposited by the triton 
(up to 2.7 MeV) and would result in a high neutron 
veto rate. Furthermore, offline multiparameter analysis 
appears to offer no more added benefit to particle 
separation than PSA alone. 

6 

CUSTOM PSA APPROACH 

Custom electronics were designed, 
prototyped, and tested to improve the separation of 
neutrons and gamma rays by using PSA techniques. 
The two primary contributions to the broadening of the 
neutron peak mentioned above, slow slew rate, and 
statistical fluctuations were specifically addressed in 
this design. It was decided that a combination of pre- 
filtering and delay-line shaping coupled with a 
modified time pick-off approach would result in better 



neutrordgamma-ray discrimination. Figure 8 shows a 
shaped neutron and gamma ray pulse using this 
technique. 

counter will have -30% neutron detection efficiency 
and excellent die-away time characteristics. 

Fig. 8: Shaped neutron and gamma-ray pulses. 

To determine the timing for the PSA, the 
modified time pick-off uses the first peak and zero- 
crossing of the shaped pulse. The advantages of this 
approach are that the PSA is very insensitive to the 
slew rate of the raw pulses, and the pulse throughput of 
the PSA is higher than on a commercially available 
system. 

Figure 9 shows a PSA spectrum using the 
custom system. The FOM separation is at least a factor 
of five better than previously obtained. 

a 60 1w ilia ?w alia sw 360 4W 460 
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Fig. 9: PSA Spectrum from 252Cf source. 

FUTURE WORK 

Bicron Corporat ion has  finished 
manufacturing and has provided all four sides of the 
LiF/ZnS(Ag) well counter. The partially assembled 

counter is shown in Figure 10. The dimensions of a 
single side are 64 layers of 20-cm x 30-cm 
6LiF/ZnS(Ag) screens alternating with fiber 
monolayers, glued together with the hydrogenous 
binder. The 64 layers are grouped into three segments 
with a PMT attachment at each end of each segment. 
MCNP calculations indicate that the completed well 

6 

Fig. I OrParti'ally constructed 'LiF/ZnS well counter 
showing all four detector sides mounted in the 

pamew ork. 

The final custom electronics are currently 
being fabricated. The electronics will be connected to 
the well counter, and final gain calibrations will be 
performed. The well counter will then be characterized 
prior to initial Special Nuclear Material (SNM) 
measurements. 

CONCLUSIONS 

Initial testing of the article discrimination 
properties of a prototype 'LiF/ZnS(Ag) detector 
indicates neutrodgamma-ray separation with a Figure- 
of-Merit value of 10.05. A straight PSA cut was 
determined to provide the best neutrodgamma-ray 
separation, enabling 98.7% of the gamma rays to be 
vetoed while only losing 3% of the neutrons. The 
measured neutron detection efficiency was found to 
agree well with MCNP calculations. 
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