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Neutron detectors are crucial in fundamental science, nuclear security, safeguards, and civil
applications. 3He-filled gas proportional counters are the gold standard for thermal neutron detection,
prized for their efficiency, neutron/gamma discrimination, and stability; however, the scarcity of 3He
has prompted the search for alternatives. Here, we introduce a neutron detector design based on a
scintillating composite consisting of 6Li glass scintillator particles dispersed in an organic matrix. A
detector consisting of this scintillating composite, photomultiplier tubes (PMTs) for optical detection,
and electronics for reading out the PMT signal in both pulse and current modes was prototyped and
characterized using various neutron and gamma sources. The prototype achieves a measured
intrinsic detection efficiency of 6.70 ± 0.01%, a die-away time of 10.3 ± 0.1 μs, a negligible gamma
misidentification probability, and response linearity up to at least 3.7 × 106 incident neutrons/s
established via a cross-calibration technique. This detector holds the potential to outperform
traditional 3He-gas-based neutron detection systems, offering a viable alternative amidst the ongoing
3He shortage and promising advancements in neutron detection technology.

Detecting neutrons amidst ubiquitous gamma-ray backgrounds is crucial in
various scientific fields, including nuclear physics, neutron scattering sci-
ence, fusion research, nuclear safeguards, security, nuclear engineering, and
industrial well-logging applications1–6. Because of their neutral charge,
neutrons do not produce ionization when passing through a material and
instead interact primarily with atomic nuclei through scattering or nuclear
reactions. As a result, direct detection via their induced charge, as is the case
for alpha or beta particles, is not feasible for neutrons. Instead, neutron
detection hinges on ionization by secondary particles, such as recoiling
nuclei (protons) or charged reactionproducts. The principalmechanism for
neutron detection also depends on the energy of the incident neutrons.
“Fast” neutrons, which have energies on the keV to MeV scale, interact
primarily through scattering on atomic nuclei, and the ionization induced
by the recoiling nucleus can be used as the means for detection. Materials
containing hydrogen are preferred for this application. Neutrons produced
in nuclear fission are an example of fast neutrons. For lower energy “slow”
neutrons (less than a few eV), most detection methods rely on nuclear
reactions that become more probable at low energy, such as neutron cap-
ture. Some key isotopes, such as 3He, 6Li, and 10B, have relatively high
neutron capture cross-sections for thermal neutrons (~ 25meV). These
reactions release a substantial amount of energy (hundreds of keV to a few
MeV) in the form of charged particles, making them relatively easy to
detect2–5.

Neutron detectors based on 3He gas proportional counters have tra-
ditionally been considered the gold standard for thermal neutron detection.
In such detectors, an incident neutron, usually first thermalized in a mod-
erator material such as polyethylene, interacts with the 3He gas via the
3He(n,p)3H neutron capture reaction, which has a large thermal neutron
cross-section (5330 barns4). The charge impulses induced by the p and 3H
interactions into the gas are then converted to logic pulses. Gamma rays, on
the other hand, interact only weakly with the 3He gas. When the voltage
pulses are viewed in a pulse-height spectrum, neutron capture produces
significantly greater pulse heights than gamma interactions, and neutrons
can thus be detected reliably as events having a pulse height greater than a
pre-set threshold. These detectors offer excellent performance, such as high
neutron detection efficiency, effective neutron/gamma discrimination, and
long-term stability, making them themost widely deployed type of neutron
detector4,5. According toA.Cho7 andF. Sacchetti et al.8, 84.5%of theusage of
3He gas in neutron detectors is dedicated to security applications, followed
by neutron scattering and scientific applications (10%).

The potential for special nuclearmaterial (SNM) to be lost, diverted, or
misused in the civil nuclear fuel cycle is a significant concern for the
international community. To address this concern, portal monitors, por-
table neutron detectors, and neutron well counters are commonly used
detector systems in nuclear security, non-proliferation, and safeguards to
detect potential nuclear material diversion for clandestine purposes.
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Another common application of 3He detectors is neutron multiplicity
measurements for nuclear material control and accounting (NMC&A).
Conventional passive neutron multiplicity counting (PNMC), using a
thermal neutron well-counter, is a well-established method for assaying
special nuclearmaterials like plutonium. In this technique, an item is placed
inside a well-counter comprised of numerous (dozens to more than a
hundred) 3He proportional counters embedded in high-density poly-
ethylene, with 3He gas pressure ranging from 4 to 10 atm. The charge
impulses collected from the 3He proportional detectors are converted into
logic pulses and summed together to create the pulse train. In PNMC, the
first three factorial moments of the neutron detected triggered count-rate
histogram are extracted from the pulse train. They are called Singles,
Doubles (correlated pairs), and Triples (correlated triplets); they are related
to the properties of the special nuclear material under assay. The
conventional 3He-based design has enabled the construction of thermal-
neutron well counters with high neutron detection efficiency, defined as
counts perneutronemitted from themeasurement item,with efficiencies up
to about 50–60% forfissionneutronswhen an item is located in the center of
the cavity. It is worth noting that in Doubles counting, the efficiency
increases with the square of the efficiency of the detector, and in Triples
counting, it increases with the cube of the efficiency, making the efficiency a
demanding property of a multiplicity detector system. The 3He-based sys-
tems offer a relatively short detector time response, so-called die-away
(some 10 s of µs), as a short die-away time allows to minimize accidental
coincidences5,9,10. Neutron/gamma separation, efficiency, short die-away,
and long-term stability are critical requirements for this application. In
recent decades, the limited supply and high cost of 3He have spurred
extensive research into alternative neutron detection technologies. Explor-
ing alternative techniques for neutron multiplicity counting – one of the
more demanding neutron detection techniques described above – presents
unique challenges11–19.

The present study focuses on developing a neutron detector as a viable
alternative to 3He-based neutron detectors. The detector presented here is
based on scintillating composites, wherein 6Li-enriched glass scintillator

particles serve asneutrondetection centers in anon-scintillatingmatrix.The
matrix acts as both a moderator and a light collector. The size and dis-
tribution of the glass particles governs the gamma sensitivity. Our focus is
primarily on nuclear safeguards and security applications, such as neutron
multiplicity counting. Similar to 3He, 6Li has a sizeable thermal neutron
capture cross-section (940 barns) via the 6Li(n,α)3H reaction (reaction Q-
value = 4.78MeV: 3H at 2.73MeV, and α at 2.05MeV)20. In contrast to 3He,
the 6Li+ ion can be a high atom density constituent of solid scintillators,
allowing sizeable neutron capture cross-sections to be realized.
Furthermore, 6Li is much more readily sourced than 3He and can thus be a
potential alternative for efficient neutron capture. The neutron detector
developed in this work utilizes scintillating composites consisting of small
6Li glass scintillator cubes (GS20TM, Scintacor, Cambridge, UK; 95% 6Li
enriched, 6.6 wt% 6Li21) of 1.5mm × 1.5mm × 1.5mm in size that are
dispersed in a non-scintillating optically transparent mineral oil matrix at a
density of 2.8 vol%17. Incident fast neutrons, such as fission neutrons, are
moderated to thermal energies within the organic matrix and subsequently
captured by 6Li in the 6Li glass scintillator cubes, where they convert to
charged particles through the 6Li(n,α)3H reaction. These reaction products
deposit their energy in the 6Li glass matrix, a portion of which excites the
Ce3+dopant,whichsubsequentlydecays to the ground state via the 5 d→ 4 f
optical transition around 395 nm (57 ns lifetime). Through this process,
~6,000 optical photons are emitted isotropically per neutron capture
event17,21. This scintillation light then propagates through the optically
transparent mineral oil matrix to photodetectors that are optically coupled
to the composite. In contrast, the secondary electrons ejected by gamma-ray
interactions within the 6Li glass scintillator and the mineral oil only deposit
relatively small amounts of energy in the small scintillator particles, most of
these electrons passing through the scintillator cube, producing significantly
fewer photons than the scintillation from a single neutron capture event. As
we will show, this enables excellent neutron/gamma discrimination via
simple pulse-height discrimination akin to 3He gas proportional counters
(see Fig. 1)16–18. An initial computational investigation provided directions
on the design parameters (particle size, spacing between scintillator

Fig. 1 | Schematic illustration of the operating principle of the 6Li-glass scintil-
lator composite neutron detector. a Fast incident neutrons (red arrow) are mod-
erated within the matrix consisting of 6Li glass (GS20TM) particles suspended in
mineral oil, where they undergo capture in the 6Li glass particle through the
6Li(n,α)3H nuclear reaction. Subsequently, the reaction products produce scintilla-
tion light within the 6Li glass particle, which propagates (green arrows) to the two

photomultipliers (PMT) for detection. Electric signals from the PMTs are pre-
amplified and shaped, followed by digitization and summing. bThe summed signals
are sorted in a multichannel analyzer to produce a pulse height histogram. The
channel number is proportional to pulse height. In this pulse-height spectrum, the
6Li neutron capture peak is evident andwell separated from the low amplitude signal
due to gamma interactions.
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particles) to minimize gamma misidentification while maintaining high
neutron detection efficiency18.

In the following sections, we present a comprehensive analysis of the
neutron detection properties of the 6Li glass composite scintillator detector
described above. This detector system showcases excellent capabilities:
excellent neutron/gamma discrimination, a short die-away time, and a
detection efficiency that is comparable or superior to traditional 3He
detectors embedded in high-density polyethylene moderators are demon-
strated. These properties are particularly favorable for the future con-
struction of thermal neutron multiplicity counters with performance and
attractive cost compared to the current 3He-based neutron multiplicity
counting systems. Additionally, we assess the performance of this 6Li glass
composite scintillator detector under exposure to a high-intensity 252Cf
spontaneous fission neutron source. The results indicate that the 6Li glass
composite scintillator detector significantly surpasses the performance of
the 3He-based detector system, presenting an attractive alternative for a
range of neutron detection applications in which high neutron fluxes
(continuous or pulsed) are present.

Results
The fabrication process of the scintillating composite neutron detector is
described in the Methods section (see Detector Fabrication). The detector
consisted of 8200 cubes of GS20TM (Scintacor, Cambridge, UK) 6Li glass
scintillator, each 1.5mm × 1.5mm × 1.5mm in size and attached to fused
silica rods. These assemblies were then immersed in mineral oil inside a
69.7mm diameter by 260mm long fused silica tube. Hamamatsu R6233
photomultiplier tubes were glued to each end of the fused silica tube. The
fused silica tube was wrapped with an optical reflector and finally with a
0.5mm thick sheet of cadmium. Figure 2 shows a picture of the detector.

Detector performance evaluation
Pulse-height spectra. First, the pulse-height spectrum of the natural
background radiation at Los Alamos National Laboratory (2198 m above
sea level) wasmeasured without any test source present (see Fig. 3a). This
background spectrum was then subtracted from the raw spectra mea-
sured with sources present. The detector was exposed to a 10.5 µCi 252Cf
fast fission neutron source, as well as to 137Cs, 60Co, and 232Th gamma
sources to determine the gamma/neutron separation in the pulse-height
spectrum and the associated gamma misidentification probability. Fig-
ure 3b shows the pulse-height spectrum for exposure to the 252Cf source.
The pulse-height spectrum comprises a peak centered around channel
1560 that is due to neutron capture events on 6Li followed by Ce3+

scintillation emission as well as a broad distribution at lower channel
numbers that is due to gamma-ray interactions and some neutron cap-
ture events that did not deposit their full energy because the reaction
products escaped the scintillator particle. A Gaussian fit to the neutron
capture peak (solid orange curve in Fig. 3b) indicates an energy resolution
(defined as full width at half maximum (FWHM) relative to the peak
centroid) of 15.3% with a centroid at channel 1560. The intersection of
the Gaussian fit to the neutron capture peak and the gamma distribution
was determined to be at channel 1310. As a result, the region of interest
(ROI), defining neutron capture events, was set from channel 1310 to

2000 (the highest channel recorded in themulti-channel analyzer) for the
measurements.

Figure 3c shows the pulse-height spectra due to pure gamma-ray
sources in comparison with the neutron distribution measured above. The
emission energies of the gamma source used here are 662 keV (137Cs), 1173
and 1333 keV (60Co), and 2614 keV (232Th). Notably, 137Cs is a significant
contributor to the gamma emission from irradiated nuclear fuel, given its
half-life of approximately 30 years5,22.

The excellent separation in pulse height between neutron and gamma
events observed in Fig. 3 is a direct result of the structure of the 6Li glass
composite scintillator. The ranges of the 3H and α produced by a neutron
capture reaction on 6Li are small compared to the 6Li glass scintillator cube
dimensions. On average, 3H and α deposit nearly all their energy into the
glass host, where part of it is converted to scintillation photons. In contrast,
gamma rays only deposit a small fraction of their energy into the 6Li glass
scintillator cubes, resulting in a significantly smaller number of scintillation
photons and, thus, a smaller detected pulse height when compared to
neutron capture events. Neutrons could, therefore, be detected with high
confidence by setting a pulse height threshold at channel 1310 (see Fig. 3b)
and counting events with pulse heights greater than this threshold.

To evaluate the probability of misidentifying a gamma event as a
neutron event, we define the gamma misidentification probability as the
fraction of the gamma distribution present in the ROI chosen for the neu-
tron capture peak (channels 1310–2000), which is indicated by the dashed
blue vertical line in Fig. 3c.Although the pulse-height spectrawere corrected
for background, the statistics achieved during the background spectrum
acquisition time (49089 s) was insufficient for the 137Cs and 60Co spectra to
converge to their actual values in the ROI. Instead, the Compton tails of the
137Cs, 60Co, and 232Th spectra were fitted by double-exponential functions to
obtain better representations of the respective gamma contributions in the
ROI. From these fits, we find a gamma misidentification probability of
9.41×10-3 for 232Th. In contrast, for 137Cs and 60Co, the Compton edges drop
off well below the ROI, and the respective gamma misidentification prob-
abilities are close to zero.

Note that, given the position and width of the neutron capture peak
relative to the gamma distribution in the pulse-height spectrum, there is
ample room to further reduce the gamma misidentification probability by
increasing the pulse-height threshold, i.e. increasing the lower channel
bound of theROI. Thiswould be particularly effective for 232Th,which emits
several gamma rays with high energy. The tradeoff of increasing the pulse-
height threshold is that some neutron capture events will then not be
counted. The choice depends on the needs of the application. The gamma
misidentification probabilities given above should, therefore, be viewed as
upper limits.

Neutron/Gamma discrimination stability to variation of high vol-
tages. Measurements were conducted to evaluate the sensitivity of the
neutron counts to variations in the high voltages (HV) applied to the
photomultipliers (PMTs). For this purpose, the variation of the combined
ROI count rate was measured for different PMT A and PMT B high
voltage settings with the detector exposed uniformly to a 252Cf neutron
source. The individual ROI count rates were initially matched by setting
PMT A to 1000 V and adjusting PMT B to 983 V, and then the resulting
combined ROI count rate served as the reference (shown in bold in
Table 1). The PMT voltages were then varied ±20 V from the gain-
matched condition to assess the resulting variation of the combined ROI
count rate relative to the reference.

The results inTable 1 show that the neutron count rate varied by only a
fraction of a percent when adjusting the PMT high voltages by ±20 V. This
stability of the neutron count rate in response to high-voltage changes
demonstrates the reliability of the 6Li glass composite scintillator detector’s
neutron counting performance. This characteristic is crucial to ensure
accurate measurements over extended durations. Furthermore, this beha-
vior resembles that of 3He proportional neutron detectors operating in the
so-called high voltage plateau, where the neutron count rate remains

Fig. 2 | Image of the full prototype equipped with two photomultiplier tubes.
Here, the 6Li glass scintillator composite is seen luminescing in a purple color under
the illumination with ultraviolent light (optical excitation of Ce3+ in the 6Li glass
scintillator). The cadmium sheet and the optical reflector surrounding the tube
containing the 6Li glass (GS20TM)/mineral oil (Drakeol®9LT) composite were
removed for this picture. The length of the cylindrical composite is shown for scale.
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practically independent of the high voltage variation (within a limited
specific range of operating voltage)5.

Cross calibration and dynamic range. Figures 4a and b show the
combined count rate and combined current from both PMTs of the 6Li
glass composite scintillator detector, respectively, measured at various
neutron fluxes. The variation in the neutron flux was achieved by posi-
tioning the detector at various distances ranging from 50 to 230 cm from
the 252Cf source (emitting 5.2×108n/s) located at the neutron-free-in-air
(NFIA) facility at the Central Health Physics Calibration Facility (CHPCF
at Los Alamos National Laboratory, TA-36). The neutron count rate was
found to depend linearly on the neutron flux up to ~2.6×103 n/(s·cm2),
corresponding to a count rate of ~3×104cps (see Fig. 4a). Deviation from
linear behavior was observed for greater neutron flux, as the dead time
correction processing in the multi-channel analyzer (Ortec 927 ASPEC)
became increasingly inaccurate for dead time fractions greater than 25%.
The Ortec 927 implements the Gedcke-Hale extended live-time method
for dead time correction23. This method may underestimate or over-
estimate the true count rate when the pulse pileup rate is too high. In
contrast, the PMT current depended linearly on all neutron fluxes mea-
sured in this experiment (see Fig. 4b).

The range of neutron fluxes <2.6×103 n/(s·cm2) defines a cross-
calibration regime in which the neutron count rate is not yet saturated
(Fig. 4a) and a PMT current can be measured (Fig. 4b). Using this data,
Fig. 5a plots the PMT current vs the neutron count rate in this cross-
calibration regime. The linear fit represents an approximation for the
charge per neutron capture event produced by the PMTs, allowing the
current to be cross-calibrated to the count rate. A cross-calibration con-
stant of 78.5 pC per neutron capture was found, a value characteristic of

this particular detector configuration. Note that this approach tends to
overestimate the charge per neutron capture event because the PMT
current results from all interactions that generate scintillation light
(neutron and gamma), while the count rate in the ROI is almost exclu-
sively due to neutron capture events. Being cognizant of this limitation,
the cross-calibration constant was then used to convert the current
measurements into neutron count rates, revealing thewide dynamic range
of the 6Li glass composite scintillator detector. As shown in Fig. 5b, the
detector response in current mode was found to be linear over a dynamic
range extending from single event neutron counting at background levels
up to the maximum total incident neutron flux of 3.7×106n/s that was
achievable at the NFIA facility.

Neutron detection efficiency. The neutron detection efficiency is
defined as the number of neutrons detected in the ROI per the number of
neutrons incident upon the detector. With reference to fission (fast)
neutrons, it was evaluated both experimentally (252Cf fission source) and
compared with Monte Carlo simulations. The slope of the linear fit in
Fig. 5b corresponds to the experimentally determined intrinsic neutron
capture efficiency, and a value of 6.70 ± 0.01% was found.

Additionally, Monte Carlo N-Particle (MCNP 6.2) simulations, with
the Evaluated Nuclear Data File (ENDF) VIII library, were performed,
assuming the National Institute of Standards and Technology (NIST)
calibrated 252Cf neutron sourcewas located 2.3meters from the center of the
detector, perpendicular to the detector axis24,25. In the MCNP code, the 6Li
glass particle/mineral oil composite prototype was simulated with the same
detector geometry as described in the Fabrication Section. The detector
model was integrated into a high-fidelity validated model of the NFIA
facility (see Methods section). Simulations of the experiment were per-
formed using an isotropic 252Cf source and the fullNFIA facility geometry to
accurately capture the effects of scattering in the room.The intrinsicneutron
capture efficiencywas calculated fromsimulations as the ratio of thenumber
of captures to the number of incident neutrons on the detector, yielding a
value of to be 7.3 ± 0.2%. The error was determined by propagating the
statistical errors in the number of captures (3.7×1010 histories) and in the
incident neutron flux.

Die-away time. The die-away time of the detector was measured using
the Rossi-α method5,9, which records the time distribution of neutron
events following every detected neutron on the pulse train chosen as the
initiating neutron event. The Rossi-α distribution is constructed by

Fig. 3 | Pulse-height spectra recorded for various radiation sources. aPulse-height
spectrum of the natural background (no sources present) recorded at Los Alamos
National Laboratory (elevation 2198 m above sea level) for a measurement duration
of 49089 s; this background was subtracted from all raw pulse-height distributions
measured for sources present (b and c). b Pulse height spectrum (blue dots) mea-
sured using irradiation with a 10.5 µCi 252Cf fission neutron source (measurement
duration 600 s). The solid red line is a least-squares fit of a Gaussian function to the
neutron capture peak using the data in the 1310–2000 channel range. The peak is at
channel 1560 with a full width at half maximum (FWHM) of 239 channels, yielding

an energy resolution of 15.3%. c Pulse height spectra due to gamma were measured
using irradiation with 137Cs (orange dots, measurement duration 4006 s), 60Co (red
dots, measurement duration 7981 s), and 232Th (green dots, measurement duration
6000 s) gamma sources. The count rates are shown on a log-scale. The pulse height
spectrum from Fig. 3b is shown for reference (blue dots). The channel 1310–2000
region of interest (ROI) is indicated by a dashed blue vertical line. The dashed black
lines are double exponential fits to the Compton tails of the respective pulse-height
spectra.

Table1 | Sensitivity of thedetector count rate to the variationof
the high voltages applied to the photomultipliers (PMTs)

PMT B

963 V 983 V 1003 V

PMT A 980 V 96.96% 99.12% 99.86%

1000 V 99.59% 100.00% 100.49%

1020 V 99.44% 100.34% 100.17%

The detector count rates for various PMT voltage settings are given as percentages of the detector
count rate measured for the nominal operating voltages of 1000 V (PMT A) and 983 V (PMT B).
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recording the time interval between subsequent neutron events within a
specified time window. The process involves moving to the next neutron
event trigger and repeating the acquisition of the arrival time
distribution5. Fig. 6a shows the detector die-away time response mea-
sured using the Rossi-α method. The constant background due to
uncorrelated neutron detection events was subtracted for clarity. The rise
of the transient at t < 2 µs is due to the 2 µs dead time of the multichannel
analyzer. The transient exhibits a fast component at early times (2 µs <
t < 8 µs), while at longer times (t > 8 µs), the behavior is dominated by
thermal neutron diffusion, and the decay is single exponential. The
red dashed line is a single exponential fit to the data in the 8–60 µs range,
yielding a decay time of 10.3 ± 0.1 µs.

As for the efficiency,MCNPMonte Carlo simulations were performed
to estimate the neutron die-away time25, and the results are presented in
Fig. 6b. The time distribution was fitted with a simple exponential model
within the 8–60 µs range to determine the detector’s die-away time, and a
value of 10.21 ± 0.16 µswas found. This aligns closely with the experimental
value of 10.3 ± 0.1 µs.

The die-away time is dominated by thermal neutron diffusion through
themineral oilmoderator to the 6Li glass scintillator cubes. The high density
of 6Li neutron capture centers throughout the moderator leads to a shorter
average diffusion path compared to a detector consisting of 3He tubes
encased in polyethylene. Thus, the die-away time in the composite detector
is shorter than the several tens of µs die-away time that is typical of 3He
proportional counter-based systems embedded in polyethylene. This
characteristic is crucial as it minimizes the impact of accidental coincidence
in neutron coincidence/multiplicity type detector systems (see Discussion
section of the paper)9,10.

Position sensitivity of the neutron flux interaction. Scintillation light
experiences some attenuation as it propagates through the composite. If a
neutron capture event occurs in the middle between the two PMTs, the
resulting scintillation light is attenuated equally as it propagates the same
distance, on average, to each of the PMTs, and the pulse heights registered
by the PMTs are, on average, equal. If, however, the neutron capture event
occurs closer to PMT A than to PMT B, then the resulting scintillation
light is attenuated less on its shorter path to PMTA, and the pulse height
registered by PMT A is thus greater than that registered by PMT B. This
effect can be utilized to detect the location of neutron capture events
along the composite cylinder’s long axis.

Figure 7 shows the change in thepulse-height spectra recordedbyPMT
A (red curves) and PMT B (green curves) for a 252Cf source placed at five
different positions along the long axis of the composite cylinder, with z ¼ 0;
indicating the center of the composite cylinder. The pulse-height spectra
recorded for uniform illumination of the detector are also shown for
reference. Each pulse-height spectrum contained 105 neutron capture
events. Note that the pulse-height spectra shown here are for the individual
PMTs, and the pulse-height resolution is, therefore, significantly worse than
that shown in Figs. 1 and 3, which used the combined PMT A and PMT B
signals.As expected, the individual pulse-height spectra ofPMTAandPMT
B for the symmetrical case of z ¼ 0 were found to be identical as the
scintillation light propagation losses from the center toPMTAand from the
center to PMT B are identical. A symmetric case was also realized for
uniformneutron illumination, resulting in identical pulse-height spectra for
PMT A and PMT B. In contrast, the pulse-height spectra deviated as
the source was moved away from the center of the composite cylinder, and
the respective light propagation losses became different. As expected, the

Fig. 5 | Cross calibration of the 6Li glass composite
scintillator detector. a PMT current vs neutron
count rate in the region of interest (ROI) using the
data shown in Fig. 4 for neutron fluxes of <2.6 × 103

n/(s·cm2). The slope of the linear fit (red dashed line)
corresponds to the charge per neutron capture event
produced by the PMTs, and this cross-calibration
constant was found to be 78.5 pC (R2 = 0.9950) per
neutron capture for this detector configuration.
b PMT current (from Fig. 4b) converted to neutron
count rates using the above cross-calibration con-
stant vs the total neutron flux on the detector,
assuming a lateral surface area of 181.22 cm2. The
slope of the linear fit (red dashed line) corresponds
to the neutron detection efficiency and was found to
be 6.70 ± 0.01% (R2 = 0.99999). The error bars in
both figures represent the ±1 standard deviation of
the statistical measurement uncertainty.

Fig. 4 | Photomultiplier (PMT) count and current
signals under high-intensity 252Cf irradiation.
a Combined (PMT A+ PMT B) neutron count rate
in the region of interest (ROI) for various neutron
fluxes. The red dashed line is a linear fit to the data
up to a neutron flux of 2.6 × 103 n/(s·cm2).
b Combined (PMT A+ PMT B) PMT current for
various neutron fluxes. The red dashed line is a
linear fit to the full data set with the y-axis intercept
set to zero. It yielded a slope of 9.611 × 10-10 C·cm2/n
with R2 = 0.999986. The error bars in both figures
represent the ±1 standard deviation of the statistical
measurement uncertainty.
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changes were found to be anti-symmetrical in that the pulse-height spectra
for z ¼ ± 5 cm and for z ¼ ± 11 cm they were identical except for PMTA
and PMT B being reversed.

We define the dispersion variable

ξ ¼ A� B
Aþ B

ð1Þ

where A and B are the background-corrected pulse heights registered in
PMT A and PMT B for a single neutron capture event. For each source
position, a histogram of 105 single-event ξ values [Eq.(1)] was calculated,
and a normal distribution was fit to the histogram to obtain the mean
dispersion variable, �ξ. Figure 8 plots the 252Cf source positions, z, versus the
respective�ξ. As indicatedby the least squaresfit z ¼ a�ξ þ b, there is a strong
linear relationship (R2 ¼ 0:9934) between z and �ξ. From the standard
errors in a and b (see inset in Fig. 8), we calculate the 1σ error in the
predicted 252Cf source position to be σz ¼ ± 0:36 cm for the source located
in the center along the composite (z ¼ 0 cm) and σz ¼ ± 0:61 cm for the
source located at either end (z ¼ ± 11 cm) of the composite. This position
sensitivity may be attractive for applications requiring precise spatial
information in neutron detection, such as nuclear security (e.g., verification
at ports)7 and neutron radiography.

Discussion
The performance of neutron multiplicity counting relies on crucial factors,
including neutron detection efficiency, die-away time, sensitivity to gamma
rays, count rate capability, and counting stability during extended mea-
surements. To assess the performance of the present 6Li-glass particle
detector for a proposed use in neutronmultiplicity counting, we conducted
initialMonteCarlo simulations using theMCNP6.2 code. The results of the
previous sections demonstrate that MCNP simulations can effectively
replicate the detector’s performance. The MCNP simulations involved
filling a counter with 6Li-glass-composite material, mimicking the form
factor of the widely used Active Well Coincidence Counter (AWCC)5 – a
typical system used in nuclear safeguards based on 3He counters embedded
in high-density polyethylene. Themodeling assumed uniformly distributed
1 mm3 lithium glass particles with a 4mm pitch. While light transport was
not considered, the calculation estimated the neutron reaction rate. Addi-
tionally, different from the original AWCCbased on 3He, detectionmaterial
was filled in the well’s top and bottom end plugs, enabling a detector solid
angle of approximately 4π. This is a possibilitywhichwas impracticablewith
the traditional 3He-based neutron counter. The results of the Monte Carlo
simulations revealed impressive performance improvements for the
AWCC-6Li-composite-based detector. It exhibited approximately 2.5 times
higher absolute efficiency (ε) and around 3.6 times shorter die-away time (τ)

Fig. 7 | Pulse-height spectra for irradiating the 6Li glass composite scintillator
detector at different positions along the composite. Pulse-height spectra recorded
by photomultiplier (PMT) A (red curves) and PMT B (green curves) for a 252Cf
source placed at five different positions along the long axis of the composite cylinder,
with z ¼ 0 indicating the geometric center of the composite cylinder. The pulse-

height spectra recorded for uniform neutron exposure of the detector are also shown
for reference. Note that, because the PMT outputs were not summed but rather read
out individually, the pulse-height spectra shown here have lower resolution com-
pared to the pulse-height spectra shown in Figs. 1 and 3a, where the output of the two
PMTs were summed.

Fig. 6 | Die-away time of the 6Li glass composite
scintillator detector. a Top panel: Detector die-
away transient measured using the Rossi-αmethod,
where the constant background of the Rossi-α dis-
tribution has been subtracted for clarity (solid cir-
cles). The red dashed line is a single exponential fit to
the data in the range 8–60 µs (as indicated by
arrows), and it yielded a decay time of 10.3 ± 0.1 µs.
Bottom panel: Residual between the measured data
and the fit. b Top panel: Die-away transient calcu-
lated using MCNP (open circles). The red dashed
line is a single exponential fit to the data in the range
8–60 µs (as indicated by arrows), and it yielded a
decay time of 10.21 ± 0.16 µs. Bottom panel: Resi-
dual between the calculated MCNP data and the fit.
Plots (a) and (b) were normalized to 1 at 8 µs.
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compared to the 3He-based AWCC. This achievement brought the per-
formance of the 6Li-glass-particle-based AWCC on par with the exemplary
characteristics of the Epithermal Neutron Multiplicity Counter (ENMC)26

but with a significantly reduced footprint. The performance metric, often
expressed as Figure-of-Merit (FOM) for multiplicity neutron detectors, can
be represented by the equation FOM ¼ ε=

ffiffiffi

τ
p

. A higher FOM corresponds
to better multiplicity detector performance11,14. Results are presented in
Table 2. For reference, the ENMCboasts a FOMof 13.9, while the simulated
6Li-glass-particle-based AWCC demonstrated an impressive theoretical
FOMof17.6. Even considering the loss due to light transport, the simulation
results suggest that our design outperforms 3He-based multiplicity systems.
In addition, the performance calculated so far assumes a “point” item at the
center of the cavity. Note that the position-sensitive characteristic of the 6Li
composite detector may provide further information related to the dis-
tribution of the nuclear material in the item under analysis. These findings
promise to advance neutron multiplicity counting capabilities in various
scientific and nuclear security applications.

The detection of shielded nuclear material in nonproliferation and
safeguards applicationshas seen advancements throughactive interrogation
techniques, which involve using intense neutron pulses to interrogate the
presence of nuclear material, particularly uranium items27. Recent devel-
opments in laser-driven pulse neutron sources have showcased the pro-
duction of highly intense, pulse-forward neutron beams, opening the door
to a new generation of active interrogation systems28,29. Neutron yields on

the order of more than 1010 neutrons per sr per pulse have been demon-
strated with about 80 J laser energy, in a conversion two-step approach
where laser light impinging on a suitable target produced a burst of ions that
are converted in material such as Be or Li. A pulse of fast neutrons with a
distribution of several MeV is produced in a few ns. These laser-driven
neutron sources for applications in global security systems demand high-
performance neutron detectors in terms of efficiency and dynamic range to
measure induced neutrons28–31. In this context, the 6Li-glass particle detector
offers advantages over traditional 3He detector systems for such
applications.

The compactness and modularity of the present 6Li glass particle
detection system are essential features. They are particularly valuable for
nuclear security and emergency applications, where portability is crucial. In
such cases, Silicon Photomultipliers (SiPMs) can be utilized instead of
Photomultiplier Tubes (PMTs) to ensure even greater compactness with a
weight reduction. In addition, the form factor (e.g., square size for the
detectors) can be selected to facilitate modularity and portability, where
several detector modules can be easily arranged to assemble a coincidence/
multiplicity counter directly in the field. The neutron detection technology
presented in this study holds significant promise for enhancing active
interrogation capabilities and addressing nuclear security challenges.
Additionally, 6Li-glass scintillator composite detectors canplay a crucial role
in fundamental science.For instance, thesedetectors canfindapplications in
pulsed neutron measurements around large-scale accelerators and TRIGA
burst reactors32,33, in measurements of β-delayed neutron emission34–38, in
neutrino experiments39, and inmeasurements of cross-sections40. Finally,we
mention here that we have been developing a solid version of the detector in
a separate effort. This solid version is intended for applicationswhere an oil-
filled detector may not be suitable.

Methods
Detector fabrication
A GS20TM 6Li glass scintillator plate (Scintacor, Cambridge, UK), with
dimensions of 158mm × 158mm × 1.5mm and polished to an optical
finish on each side, was diced into 1.5 mm×1.5mm×1.5mmcubes using a
diamond cutting wheel. The resulting cubes had two opposing polished
faces and four as-diced rougher faces. Next, UV-curable NOA88 optical
adhesive (Norland Products, Cranbury, NJ) was used to glue the 6Li glass
scintillator cubes to the outer surfaces of fused silica tubes having a cross-
section of 2.7 mm × 2.7mm, a wall thickness of 0.35mm, and a length of
256.8mm (Technical Glass Products, Inc., Painesville Twp., OH). 50 scin-
tillator cubes were affixed with a center-to-center spacing of 4.7mm to each
lateral side of the square tubes, using the as-diced sides of the cubes as a
gluing interface. The linear array was offset by 2.35mmon adjacent sides of
the square tube.A total of 8200GS20 scintillator cubeswereused to fabricate
41 such scintillating tube assemblies. A hexagonal pattern (7.24mm lattice
constant) of 45 holes (4.0mm diameter) was drilled into two 4.0mm thick
and 65mm diameter disks of Solacryl® SUVT acrylic (Spartech Polycast,
Maryland Heights, MO). These two disks and four square fused silica tubes
(without GS20 cubes) were used to create a structure to support the

Table 2 | Comparison of neutron multiplicity counter performances

Characteristic AWCC (3He) ENMC (3He) AWCC (6Li particle-based
4-mm pitch)

Outer dimension [cm] 48 (diameter) 66 (per side, box geometry) 48 (diameter)

Weight (estimated) [kg] 84 280 122

Neutron detection efficiency (fission/fast neutrons) with item in the center of the
cavity

26% 65% 66%

Die-away time [µs] 51 22 14

Multiplicity. FOM ¼ ε=
ffiffiffi

τ
p

[(%)/(µs1/2)] 3.6 13.9 17.6

The table compares the performance of the existing 3He-based Active Well Coincidence Counter (AWCC) and Epithermal Neutron Multiplicity Counter (ENMC) with that of a modeled 6Li particle-
based AWCC.

Fig. 8 | Position sensitivity of the 6Li glass composite scintillator detector. As
indicated by the least-squares linear fit (dashed red line), there is a strong linear
relationship (R2 ¼ 0.9934) between the 252Cf source position, z, and the mean dis-
persion variable, �ξ. The respective fit parameters are shown in the inset. The source
position error is ±0.1 cm, and the error bar shown for�ξ corresponds to the ±1σwidth
of the Gaussian distribution obtained from a least-squares fit to the respective his-
togram of 105 single-event ξ values.

https://doi.org/10.1038/s42005-024-01903-3 Article

Communications Physics |            (2025) 8:10 7

www.nature.com/commsphys


41 scintillating tube assemblies that were inserted through the holes in the
acrylic disks.

This assembly was then inserted into a fused silica tube of 69.7 mm
internal diameter, 2.25mm wall thickness, and 260mm length (Technical
Glass Products, Inc., Painesville Twp., OH), which also had two tubular
ports at each end of the lateral surface. This assembly defined the active
volume of the prototype built.

Next, the windows of two Hamamatsu R6233 photomultiplier tubes
were glued to each open end of the fused silica tube containing the scintil-
lator rod assembly. This produced a liquid-tight cylindrical container that
was then filled with Drakeol®9LT (Calumet Specialty Product Partners,
Karns City, PA) mineral oil through the two tubular ports, thus completely
submersing the scintillating tube assembly in mineral oil. After sealing the
tubular ports, a 250-µm diameter silica optical fiber was spiral-wound (7
windings) around the length of the fused silica tube to create an air gap for
the subsequentwrappingwithVikuitiTM Enhanced SpecularReflector (ESR)
film (3M Company, Maplewood, MN). The air gap ensured that scintilla-
tion light emitted within the assembly and incident on the lateral surface of
the fused silica tube with an angle greater than the angle of total internal
reflectance (TIR) would undergo lossless TIR rather than lossy reflection at
the ESR film. The latter only interactedwith the fraction of light that did not
undergo TIR and escaped from the fused silica tube assembly. Finally, a 0.5-
mm thick cadmium sheet was wrapped around the outside of the assembly
to prevent any thermal neutrons from entering the detector through the
lateral surface. This comprehensive fabrication process successfully created
the oil-based scintillating detector, a picture of which is shown in Fig. 2.

Pulse height spectra measurement setup
Pulseheight spectrawere recordedby summing theoutputs fromthe anodes
of the two PMTs and conditioning it with an in-house charge-sensitive pre-
amplifier with a sensitivity of 10mV/pC and a decay constant of 200 µs,
followed by anOrtec 672 shaping amplifier set to a gain of 34 and a shaping
time constant of 1.5 µs. The processed signal pulses were then analyzed
using anOrtec 927ASPECmulti-channel analyzer (MCA).Data acquisition
wasperformedwith theOrtecMaestro software. The voltages of PMTAand
PMT B were adjusted to 1000 V and 983 V, respectively, to match the
respective positions of the 6Li neutron capture peak in the pulse-
height histograms, thus ensuring equal gain of the two PMT/pre-ampli-
fier chains.

Die-away time measurement setup
To measure the time distribution of neutron detection events, the PMT
outputs from both sides were fed into a chain consisting of a preamplifier,
Ortec 672 shaper/amplifier, followedby anOrtec 551 timing SingleChannel
Analyzer (SCA). The SCA threshold was adjusted only to include the
neutron peak from the system’s pulse height spectrum. The arrival times of
the pulses were then recorded using a pulse train recorder34.

Position sensitivity measurement setup
To assess the position sensitivity capability of the composite detector, we
conducted experiments using a 252Cf fission neutron sourcemounted inside
a 2-inch (5.08 cm)diameter and 4-inch (10.16 cm) long cylindrical tungsten
cylinder that had a 3/8 inch (0.9525 cm) opening through the center. The
source was pushed to one side of the tungsten holder and placed in direct
contact with the detector. This source assembly was placed at various
positions along the lateral surface of the composite detector to measure its
position sensitivity. The signals from thePMTs on each sidewere connected
to independent preamplifiers and shaper channels (not summed) with the
same parameters as described in the Pulse Height Measurement Setup
section. The high voltages of both PMTs remained as described in the Pulse
Height Measurement Setup configuration to preserve the gain matching.
The pulses from each side were recorded in coincidence using a digital
oscilloscope. To calculate a residual metric, 105 electrical pulses were
accumulated at each spatial position.

Cross calibration and dynamic range measurements setup
A series of experiments were conducted at the Central Health Physics
Calibration Facility (CHPCF at LosAlamosNational Laboratory, TA-36) in
the neutron-free-in-air (NFIA) facility, which is designed to reduce unde-
sired neutron scattering by the experimental hall. A 252Cf fission neutron
source with a NIST (National Institute of Standards and Technology)
traceable calibration was used. To obtain the total neutron flux [neutrons/
(s·cm2)] at the various 6Li glass composite scintillator detector distances
from the 252Cf source, both direct and scattered contributions were calcu-
lated using MCNP6.2 coupled with the ENDF VIII library (see section
Reference measurements and neutron flux at the Central Health Physics
Calibration Facility).

Referencemeasurements and neutron flux at the Central Health
Physics Calibration Facility
The Central Health Physics Calibration Facility (CHPCF) is a secondary
standards laboratory at LANL that maintains several neutron, gamma, and
beta reference fields for the routine calibration of health physics instru-
ments. These fields are alsomade available for special studies by researchers
both within and outside the Laboratory.

As a secondary standards lab, all reference fields at the CHPCF are
traceable to a national or international standard. Of interest to this study is
the neutron-free-in-air (NFIA) reference field located inside a large hall
(12m×12m×7m).Theneutron sources (252Cf) are storedbelowgrade and
raisedpneumatically froma control console outside thehall. The sources are
raised about 4m above the concrete floor to a low-scatter aluminum plat-
form upon which sits the irradiator assembly. A linear positioning stage
(LPS) locatedon theplatformallowsprecise positioningof instrumentswith
respect to the irradiator. Positioningof theLPSatdistances ranging from30-
300 cm from the source is also done remotely from the control console.
Instruments placed on the LPS are aligned vertically and horizontally using
lasers. The wall directly behind (and nearest) the irradiator is made of
drywall to minimize scattering. The remaining walls in the hall are con-
structed of concrete.

The NFIA sources are calibrated at NIST (National Institute of Stan-
dards and Technology) with respect to 4π emission rate using a Mn-bath
techniquewith typical uncertainties on the order of 1.6% (k = 1).MCNP6.2,
coupled with ENDF VIII cross-section library, was used for calculations of
neutron fluence based on a comprehensive model of the NFIA facility
(including the source and irradiator construction) normalized per source
neutron to provide the neutron (spectral) flux. These MCNP-calculated
quantities were then scaled based on theNIST-calibrated emission rate. The
irradiator software at the control console automatically applies a decay-
corrected dose rate for each source and distance daily.

For the purposes of the performance evaluation of the 6Li-
composite-based detector, the direct and scattered contributions to
neutron fluence at selected distances from a neutron source were cal-
culated using MCNP6.2 as described before, but this time considered the
source term to be comprised of not only the doubly encapsulated source
but also the aluminum rabbit and the immediate environs of the irra-
diator assembly. The rest of the hall was modeled as a void, and point
detector tallies (F5 type, detector fluence in neutron/cm2 24,25) at distances
of interest were used to determine the “direct” fluence based on the total
F5 tally score. Subtracting these results from those based on the earlier
comprehensive model gave the combined contribution of room and air
scatter to the total fluence and dose. The least squares fit of the “direct”
fluence showed a 1/d2 dependence for distances ranging from 30 to
300 cm, as expected for a point-like source as it is a 252Cf fission neutron
source. When calculated in this fashion, the “direct” fluence was 10%
higher in the horizontal (i.e. the instrument) plane than based on just the
bare source 4π emission rate. This increase was partly due to the inherent
anisotropy of the cylindrical source capsule ( ~ 2% effect) supplemented
by scatter within the extended source term. Measurements using neutron
spectrometers such as Bonner spheres and ROSPEC have validated the
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dose rates derived using the approach described above. A detailed
uncertainty budget analysis for the NFIA indicated typical total uncer-
tainties on the fluence of ±6.0% for the NFIA 252Cf sources (k = 2).

Data availability
All data generated and analyzedduring the current study are presentedhere.
Raw data can be available from the corresponding authors upon reasonable
request.
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