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Abstract

The feasibility of a full-scale lithium fluoride zinc sulfide (LiF/ZnS) based neu-

tron multiplicity counter has been demonstrated. The counter was constructed

of modular neutron detecting stacks that each contain five sheets of LiF/ZnS

interleaved between six sheets of wavelength shifting plastic with a photomul-

tiplier tube on each end. Twelve such detector stacks were placed around a

sample chamber in a square arrangement with lithiated high-density polyethy-

lene blocks in the corners to reflect high-energy neutrons and capture low-energy

neutrons. The final system design was optimized via modeling and small-scale

test. Measuring neutrons from a 252Cf source, the counter achieved a 36% neu-

tron detection efficiency (ε) and an 11.7 µs neutron die-away time (τ) for a

doubles figure-of-merit (ε2/τ) of 109. This is the highest doubles figure-of-merit

measured to-date for a 3He-free neutron multiplicity counter.
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1. Introduction1

Neutron multiplicity counting is a non-destructive assay technique that relies2

on time correlation between detected neutrons to characterize aspects of neutron3

emitting samples [1, 2]. Neutron multiplicity counters (NMCs) have historically4

used 3He as the neutron detecting material because 3He has: a large (n, p) cross5

section for thermal neutrons, high gamma-ray-to-neutron distinguishability, and6

3He is non-toxic and non-corrosive. NMCs built with 3He proportional-counter7

tubes are mature and reliable technology that have been in deployment for many8

years [3, 4]. A desire to reduce the time requirements for non-destructive assay9

of fissile samples along with the recent concern about continued availability of10

3He prompted investigation into alternative detectors for neutron multiplicity11

counting [5, 6].12

NMCs are used to determine plutonium mass, neutron self-multiplication,13

and the ratio of (α, n) to fission neutrons of plutonium-containing samples14

[7]. Different NMCs have different performance characteristics and may be15

optimized for specific assay applications, but they are often compared to each16

other with a doubles figure-of-merit (FOM) based on neutron detection efficiency17

(ε) and neutron die-away time (τ) and is defined for this paper as ε2/τ [8] .18

A full-scale lithium fluoride zinc sulfide based neutron multiplicity counter19

(LiNMC) was constructed and characterized. The LiNMC design was most influ-20

enced by the Epithermal Neutron Multiplicity Counter (ENMC) [3], the current21

highest performing NMC. For example, the LiNMC was designed to occupy the22

same footprint. Though not known at the time of development, the LiNMC23

independently adopted similar features to a previous lithium-based neutron co-24

incidence counter designs [9]. The LiNMC’s ε, τ , and FOM were determined25

using 252Cf neutron sources. Another quantity of interest in the development26

of 3He-free detectors is the gamma-ray sensitivity or in other words the number27

of gamma-ray induced events that are spuriously counted as neutron induced28

events (εγ). The gamma-ray sensitivity of the system was determined using29

137Cs and 60Co gamma-ray sources. The effect of the gamma-ray sensitivity on30
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the measurement of τ and ε was negligible, though its effect on plutonium mass31

determination must be taken into account [10]. The purpose of this paper is to32

report the construction of a full-scale LiF/ZnS based NMC and its performance33

characteristics and compare it with other currently available NMC systems.34

2. Design and Construction35

Initial LiNMC development was based on Monte-Carlo N-Particle (MCNP)36

[11] simulations of the ENMC and was then modified to account for the LiF/ZnS37

technology. These modifications included changing the system from a circu-38

lar symmetry to square symmetry, replacing the 3He proportional tubes with39

LiF/ZnS and WSP sheets, reducing the HDPE in the detector regions, im-40

plementing modules to hold the detector regions, and implementing lithiated41

HDPE in the corners. Development followed an iterative process between sim-42

ulation and experimental measurement, with the most promising designs being43

kept and refined. Designs were generally kept that increased ε or reduced τ to44

maximize the FOM, or that reduced εγ .45

The core neutron detecting component of the LiNMC is a stack of EJ-426HD46

LiF/ZnS sheets and EJ-280 wavelength shifting polyvinyl toluene plastic (WSP).47

Each stack uses five sheets of 0.5 mm thick LiF/ZnS material with 0.5 mm of48

polyester backing on each side. The LiF/ZnS material is composed of ≈1049

µm diameter grains of LiF and ZnS suspended in a hydrogenous binder. The50

Li used in the manufacturing was enriched to 95% 6Li. These five neutron51

detecting sheets were sandwiched between WSP. The four interior pieces of52

WSP are 7.0 mm thick and the two exterior pieces 3.5 mm thick. The EJ-426HD53

LiF/ZnS sheets and EJ-280 WSP sheets were both produced by Eljen (Eljen54

Technology, Sweetwater, TX). Each stack had a 9821B Series PMT (Electron55

Tube Enterprises, Uxbridge, UK) on each end and was optically isolated to56

eliminate inter-stack cross talk. These detector elements are visually depicted57

in Fig.1 and Fig.2.58

The LiNMC uses three detector stacks in each of four light tight modules59
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Figure 1: A to-scale schematic of a horizontal slice through the center of the detector. The

aluminum panel boxes where designed to accommodate up to four detector stacks. The as-

built detector report in this work has only three detector stacks per panel as shown in the

figure.
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(a) Labeled cutaway render.

(b) Picture of the detector as built.

Figure 2: Two views of the detector. Panel (a) is a schematic view with both exterior and

interior elements labeled. Panel (b) shows the actual device with the data acquisition computer

hooked up to one panel and an overhead gantry to aid in inserting samples.
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arranged around a 20.3 cm wide by 20.3 cm deep by 71.0 cm high sample60

chamber. The sample chamber utilizes a vertically adjustable sample stand61

and is completely surrounded with 0.51 mm thick cadmium. 15.2 cm graphite62

plugs are placed above and below the sample chamber, and the corners of the63

LiNMC are filled with stacks of (7.56 weight% natural lithium) high-density64

polyethylene (HDPE) blocks from Shieldwerx (Bladewerx LLC, Rio Rancho,65

NM) in an “L” configuration 77.0 cm tall, and 5.1 cm thick, with 20.3 cm long66

arms. The purpose of this design choice is to moderate and reflect fast neutrons67

into the detector stacks while eliminating the slowest neutrons. The lithiated68

HDPE is a highly cost effective means of increasing ε and reducing τ .69

The neutron detection process of the counter begins with the capture of a70

thermal neutron by the 6Li. The resultant triton and alpha particles exit the71

micron sized LiF grain, traverse a low Z binder material and excite a fluorophore72

grain of silver activated ZnS. The scintillation light from the relaxation of the73

ZnS is absorbed and re-emitted by the WSP leading to more efficient transport74

of photons to the end of each stack than relying solely on total internal reflec-75

tion. At the end of each stack a PMT collects the light and produces a signal76

that is fed directly into the data acquisition system. Placing PMTs on both77

ends of the detector stacks allowed for improved discrimination between neu-78

tron and gamma-ray events since neutron captures tend to produce sufficient79

scintillation light to be detected by both PMTs, whereas gamma rays tend to80

produce insufficient scintillation light to be detected by both PMTs.81

Signals from the PMTs were digitized by 125 Msps (Linear Technology)82

analog-to-digital converters (ADCs) mounted on an FM116 peripheral board.83

The digitized waveforms were processed by a Kintex-7 field programable gate84

array (FPGA) (Xilinx, San Jose, CA) installed on a on a PC720 PCIe slot card.85

Both the FM116 and PC720 boards were manufactured by 4DSP LLC, Austin,86

TX. The firmware running on the FPGA was written in house to distinguish87

neutron induced events from gamma-ray events. A pulse rate filter was devel-88

oped for this purpose. The filter counts instances of the PMT signal going over89

a threshold within an adjustable time window. The filter takes advantage of90
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the observation that gamma-ray induced events tend to have a smaller number91

of very short pulses compared to neutron induced signals. As the data streams92

through the time window, the pulse-rate filter checks the current time steps and93

increments the pulse-rate value if the data entering the time window is above the94

pulse height threshold and decrements the pulse rate value if the data exiting the95

time window is above the pulse height threshold. A threshold is placed on this96

rate filter value to suppress gamma-ray and electronic-noise signals. A visualiza-97

tion of the filter operation is shown in Fig. 3. Only timestamps from neutron98

induced events were read out via the PCIe bus to a linux computer where a99

program imposed coincidence between the upper and lower PMTs of each stack100

and feed the results into a virtual shift register. List mode neutron timing data101

like, that output by the system has the advantage over using a hardware shift102

register in that it can be analyzed using different gate lengths making statistics,103

such as the neutron die-away time in the system easy to measure [12]. This data104

was evaluated with methods recommended in the Passive Neutron Multiplicity105

Counting chapter of the Passive Nondestructive Assay Manual [13], which use106

single, double, and triple neutron count rates to determine sample properties,107

including plutonium mass. The analysis was performed with a pre-delay value108

of 0 µs, gate vale of 32 µs, and plutonium sources values of vs1 = 2.154, vs2 =109

3.789, vs3 = 5.221, vi1 = 2.879, vi2 = 6.773, and vi3 = 12.630.110

3. Characterization111

PMT calibrations were conducted to ensure equal performance between all112

detector stacks. PMTs were roughly voltage matched by placing a LiF/ZnS113

sheet against their faces, placing each PMT and LiF/ZnS sheet in an HDPE cave114

with a 252Cf neutron source, and recording the PMT signal rate as a function of115

applied voltage. All PMTs had their voltages set to provide identical count rate116

performance based on the HDPE cave results, and PMTs with similar voltage117

settings were paired to the same detector stack. Fine voltage adjustments were118

made by placing a 252Cf source in the center of the LiNMC and adjusting each119
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Figure 3: The top trace is the waveform from a single channel of the detector as it experiences

a gamma and neutron capture events. The waveform is sampled every 8 ns by the ADC.

The bottom trace is the result of running the rate filter algorithm on the raw waveform. A

threshold is placed on this filtered output to suppress gamma-ray induced events and trigger

on neutron induced events.

PMT’s voltage until both PMTs in a pair produced the same signals rate, and120

each pair produced the same coincidence signal rate as each other pair in a121

symmetric location in the detector. These voltage settings were maintained for122

LiNMC characterization measurements.123

The neutron detection efficiency, ε, was measured with an 8.23 µCi (3.18 ×124

104 ± 7 × 102 neutrons/s) steel encapsulated 252Cf source at the center of the125

sample chamber. Data were recorded for 30 minutes, followed by 30 minutes of126

background, to provide a background subtracted rate. This calibration resulted127

in ε = 36 ± 1%. Source activity and uncertainty were determined from an in-128

house assay that was decay corrected to the measurement day accounting for129

the contribution of appropriate branching ratios.130

The neutron die-away time, τ , was determined by measuring time correlated131

events from the same 252Cf source. Data were recorded for 30 minutes and a132

histogram of neutron doubles rates as a function of the coincidence-time window133

was generated. An exponential function was fit to these data, where the constant134

of the exponential was taken as τ . This calibration resulted in τ = 11.7 ± 0.1135

µs.136
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Gamma-ray detection efficiency was measured with a combination of 137Cs137

and 60Co sources (1.08 × 106 γ/s total), as surrogates for a fission gamma-ray138

source, at the center of the sample chamber. Coincidence data were recorded139

for 12 hours, followed by an equal length background measurements. The range140

of measured gamma-ray detection efficiency is 10−3 to 10−4. Small changes141

to DAQ settings, particularly rate filter algorithm parameters, tended to have142

minimal effects on ε and τ measurements, but order-of-magnitude sized effects143

on gamma-ray detection efficiencies.144

These measured values were used to calculate a LiNMC FOM of 110 ± 6,145

where ε is in percent and τ is in µs. LiNMC performance results are compared146

to other constructed 3He and 3He-free neutron multiplicity counters in Table147

1. In addition to measurements of the detector properties a plutonium mass148

assay was conducted with minimal DAQ tuning. The accepted Pu mass was149

104.1 g and the LiNMC assay mass was 95.9± 6.6 g. The assay was 6.3± 2.5 %150

lower than the accepted Pu mass. This calibration result was based on singles,151

doubles, and triples rates of 4211 Hz, 471.8 Hz, and 43.48 Hz respectively [13].152

A systematic study of the detector response with respect to neutron source type153

and activity was beyond the scope of this study.154

4. Conclusion155

The LiNMC is the highest performing 3He-free neutron multiplicity counter,156

in terms of doubles figure-of-merit, at the time of this writing and has shown157

very promising preliminary results for development into a deployable system for158

safeguard applications, including material verification, accountancy, and iden-159

tification. The LiNMC’s basic components have been brought together and160

validated and provide strong evidence that LiF/ZnS is a viable material for de-161

velopment of high performance 3He-free neutron detectors, including neutron162

multiplicity counters.163

Lithium-based neutron detectors may be a high performance alternative to164

3He for neutron multiplicity counting. 3He neutron detectors have been opti-165
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Neutron Counter ε (%) τ (µs) FOM

3He Based Systems

ENMC [14] 65 22 192

Inventory Sample Verification System [15] 31–42 45 21–39

High Level Neutron Coincidence Counter [15] 17.5 43 7.1

Uranium Neutron Coincidence Collar I [15] 16 59 4.3

Uranium Neutron Coincidence Collar II [15] 15.4 59 4.0

3He Free Systems

LiNMC (this work) 36 11.7 110

Water-Based Well Counter [16] 28 16 49

†LiF/ZnS High Level Neutron Coincidence Counter [15, 8] 25.4 31 20.8

†LiF/ZnS Uranium Neutron Coincidence Collar [15] 18.7 18 19.4

Novel LiF/ZnS Neutron Multiplicity Counter [9] 37 83 16

†Boron Straws Detector [8] 26 50 13.5

†BF3 Based Neutron Correlation Counter [15] 28.7 73.7 11.2

†BF3 Proportional Tubes [8] 26 85 8.0

Boron-Coated Straw Based Neutron Coincidence Counter [15, 8] 13.6 26.0 7.1

High Level Neutron Counter – Boron [15] 18.8 75 4.7

10B-Lined Proportional Tube Neutron Collar [15] 11.6 75 1.8

LiF/ZnS Based High Level Neutron Coincidence Counter [15, 8] 8.5 52 1.4

† Predicted values based on modeling

Table 1: Doubles figure-of-merit performance comparison between LiNMC and other neutron

multiplicity counterss.

10



mized over many decades, whereas lithium-based neutron multiplicity counting166

is an emerging technology with many avenues for potential improvement. Future167

LiNMC development is anticipated to increase the FOM by increasing ε and/or168

reduce τ . It has been demonstrated through modeling and limited testing that169

this could be accomplished by 1) replacing the four lithiated HDPE “L” blocks170

with four more modules of detector stacks, 2) increasing the LiF/ZnS sheet171

packing density, 3) adding a fourth detector stack within each module, and 4)172

continuing to optimizing materials and geometries for maximum ε with mini-173

mum τ .174

Although the LiNMC’s current gamma/neutron discrimination ratio in the175

range of 10−3 to 10−4, is insufficient for many samples, MCNP shielding simula-176

tions, and pulse shape discrimination tests indicate that these gamma/neutron177

discrimination ratio of approximately of 10−8 should be achievable. Even lower178

gamma/neutron discrimination ratios may be achievable through optimizing179

DAQ settings, particularly the rate filter algorithm, or by sacrificing some neu-180

tron detection efficiency. Overall measurements of the current system perfor-181

mance are encouraging and many avenues exist for continued improvement.182
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