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A B S T R A C T

We developed and characterized a new type (designated ZEBRA) of multi-layer composite heavy-oxide scintillator
detectors for fast neutron detection for homeland security and nuclear safeguards applications. In this heteroge-
neous detector medium, composite layers comprised of micro-granules of heavy-oxide scintillators (ZWO, CWO,
PWO, BGO, GSO(Ce), GOS(Ce) and others) dispersed in transparent plastic are alternated with layers of clear
plastic that serve as scintillation light guides and as a neutron moderator material. The physical peculiarities of
the neutron interactions and the principal mechanisms of fast neutron registration in these detectors are discussed
in detail. The fast neutron intrinsic detection efficiencies and sensitivities of ZEBRA-detectors based on BGO, ZWO
and GSO(Ce) composite scintillators in response to neutrons from 239Pu–Be and 252Cf sources were measured.
These detectors had cross-sectional areas ranging from 16 to 100 cm2. The sensitivities of such detectors of size
100 × 100 × 41 mm3 were found to be 40–51 cps/(nps × cm−2), a level that is comparable to the sensitivity of
a typical 3He counter of 1600 cm2 area. The intrinsic efficiencies and sensitivities of the ZEBRA-detectors also
compare favorably with those of fast neutron detectors based on large-size heavy-oxide single crystals, but the
multi-layer composite ZEBRA structures are much less expensive and can be easily manufactured in much larger
dimensions. This work represents a significant advance from earlier single-crystal detector types as part of our
effort to explore alternatives and improvements to conventional 3He counters.

1. Introduction

One of the main challenges in nuclear security is the creation of
detection systems for fast neutrons and mixed neutron/gamma radiation
that would be highly efficient, compact, inexpensive, robust with respect
to unfavorable conditions, and reliable in operation (see [1] and addi-
tional references therein). Reliable recognition of special nuclear ma-
terials (e.g., highly enriched Uranium and weapons grade Plutonium),
and other neutron-emitting radioactive materials requires the creation
of detectors with high detection efficiency for fast neutrons (intrinsic
efficiency not less than 50%–60%). At the same time, practically all
of the state-of-the-art detectors proposed for the replacement of 3He
counters due to the shortage of 3He [2] can directly detect only slow
and/or thermal neutrons, relying on the radiative capture reactions of
light nuclei such as 6Li or 10B with high thermal neutron absorption
cross-sections, but with relative insensitivity to fast neutrons. Many
types of such neutron detectors have been proposed (see, for example,
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[3–9]). The probability of detection of fast neutrons with these detectors
without using plastic moderators is orders of magnitude lower than
for thermal neutrons, and the intrinsic efficiency of detection of fast
neutrons therefore does not exceed a few percent. Even with massive
moderators to moderate and thermalize the fast neutrons, the intrinsic
efficiency of such systems for fast neutrons is ordinarily not higher than
10%–20%, and for 3He detectors about 10%.

Traditionally, organic liquid and solid scintillators, including organic
single crystals (anthracene, stilbene), and plastic scintillators have been
used for detection of fast neutrons. Recently there were proposed
composite capture-gated plastic detectors (see, for example, [10–13])
containing heavy nuclei such as 113Cd, 155Gd, 157Gd with very high ther-
mal neutron radiative capture cross-sections. Unfortunately, all these
detectors have relatively low sensitivity to fast neutrons and intrinsic
efficiencies not greater than 15%–20%. Moreover, plastic scintillators
have high sensitivity to gamma radiation which interferes with and
reduces sensitivity to fast neutrons.

https://doi.org/10.1016/j.nima.2018.06.074
Received 1 September 2017; Received in revised form 24 June 2018; Accepted 25 June 2018
Available online 4 July 2018
0168-9002/© 2018 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.nima.2018.06.074
http://www.elsevier.com/locate/nima
http://www.elsevier.com/locate/nima
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nima.2018.06.074&domain=pdf
mailto:sergei.naydenov@gmail.com
https://doi.org/10.1016/j.nima.2018.06.074


V.D. Ryzhikov et al. Nuclear Inst. and Methods in Physics Research, A 903 (2018) 287–296

At the same time, both actual experiments and numerical simulations
of the interaction processes of fast neutrons passing through materials
with heavy nuclei indicate that, alongside radiative capture (𝑛, 𝛾), for
which cross sections are not sufficiently large in the relevant energy
range, other interaction mechanisms – especially the reaction of inelastic
scattering

(

𝑛, 𝑛′𝛾
)

of fast neutrons (see [14–19] and references therein) –
can be used for improved fast neutron detection. It has been found [20–
22] that promising materials for detectors keying on such interaction
mechanisms are heavy-oxide scintillators which have relatively large
cross-sections for inelastic scattering of fast neutrons on the heavy and
medium nuclei of their component atoms, i.e., the nuclei Zn, Ge, Cd,
Gd, W, Pb, Bi, etc. Such scintillators – CdWO4 (CWO), ZnWO4 (ZWO),
PbWO4 (PWO), Bi4Ge3O12 (BGO), Gd2SiO5(Ce) (GSO(Ce)), etc. – were
used in our previous work for the creation of novel single-crystal
detectors of fast neutrons and mixed gamma-neutron fields [17–22].

In these scintillators the energy of fast neutrons is directly converted
into the energy of gamma-quanta and/or conversion electrons, without
relying on preliminary moderation of neutrons. In this case, the single-
crystal scintillator plays a double role as an efficient converter of
neutrons into secondary gamma-quanta and/or conversion electrons of
intermediate energies (from some tens of keV to hundreds of keV), and
as a scintillator that detects these internal gamma-quanta in either a
counting or spectrometric mode. These detectors showed high intrinsic
efficiency for detection of fast neutrons (in the range of 40%–50%) and
high sensitivity (up to 24 cps/(nps × cm−2)) with compact scintillation
assemblies using single crystals of dimensions ø40×80 mm coupled to
2-inch photomultipliers. This allows the use of such neutron detectors
in compact stationary systems and portal monitors for detection of
radioactive and fissionable nuclear materials [19]. Note that the primary
application of the ZEBRA detectors envisioned in this paper is for
pedestrian portal monitors rather than cargo monitors.

Our further studies [23–27] have also shown the possibility to
create fast neutron detectors of comparable efficiency and sensitivity
on the basis of a novel multi-layer composite scintillation structure
that also relies on direct detection of fast neutrons through their
interaction with scintillation materials of high effective atomic number
(𝑍𝑒𝑓𝑓 > 55) and high density. We developed an original heterogeneous
scintillation structure (brand ZEBRA), which is comprised of a series
of alternating layers of two types – composite layers consisting of
small particles of heavy-oxide crystalline scintillator material (CWO,
ZWO, PWO, BGO, GSO(Ce), etc.) or ceramics (for example, Gd2O2S(Ce)
(GOS(Ce)), etc.) embedded in an organic matrix (silicon rubber), and
layers of an optically clear plastic material — polymethylmethacrylate
(PMMA), polystyrene or others – to partially moderate incident fast
neutrons while simultaneously serving as light guides for out put of the
scintillation photons.

In detecting fast neutrons, such a detector medium utilizes, to
the maximum extent, not just one, but several different channels of
neutron interaction with heavy nuclei. In addition to direct detection
of incoming fast neutrons that inelastically scatter in the composite
layers, the structure also detects fast neutrons that have been elastically
scattered within the moderator layers (while retaining kinetic energy
above the inelastic energy threshold) and subsequently inelastically
scatter in the composite layers. Additionally, fast neutrons with ener-
gies below the inelastic threshold provide an interaction signal from
resonance and radiative capture of neutrons and elastic scattering in the
hydrogenous material comprising the moderator/light guide layers. The
detection of fast neutrons simultaneously over several different channels
of interaction substantially increases the total intrinsic efficiency of
detection.

It should be noted that similar exploratory research considering the
transition from homogeneous (single-layer) to heterogeneous (i.e., dual-
layer, three-layer and multi-layer designs of detectors) has also been
considered elsewhere in several experimental and simulation efforts
(see [28–30], etc.) to seek new, more efficient types of composite
neutron detectors.

In this paper, we report our studies of the technical characteristics
and the operating principles of a selected sample of our novel multi-
layer neutron detectors (i.e., detectors of the ZEBRA-BGO, ZEBRA-ZWO
and ZEBRA-GSO(Ce) types, having cross sectional areas ranging from
10 × 10 mm2 to 100 × 100 mm2), with the aim of understanding the
physical reasons of their very high intrinsic efficiency in detection of fast
neutrons, despite the much smaller volume of scintillator material (by
more than a factor of ten) in these detectors as compared with detectors
using heavy oxide single crystals.

2. Theoretical considerations

First consider the main interaction phenomena related to the in-
cident flux of fast neutrons with a typical energy from 100 keV to
10 MeV (i.e., a range that is most representative of the sources of
concern for security applications) with the constituent materials of the
composite scintillator layer of the ZEBRA structure, considering only
those possible neutron reactions which are most important with respect
to fast neutron detection by the ZEBRA-detectors. Although there are
other neutron reactions (including non-elastic processes apart from
inelastic scattering and radiative capture, etc.), those mechanisms are
of much lesser importance for these detectors and are not considered
further here.

The types of interaction mechanisms of greatest importance include
the following:

(i) inelastic scattering
(

𝑛, 𝑛′𝛾
)

(see, for example [31,32]) of fast
neutrons on heavy and medium nuclei in the composite scintillator
layers;

(ii) elastic scattering (𝑛, 𝑛) [33] and deceleration (moderation) of
neutrons of intermediate energies in the plastic layers of the
detector;

(iii) elastic (𝑛, 𝑛)𝑟𝑒𝑠 and non-elastic resonance interactions on heavy
and medium nuclei in the composite scintillator layers, including
resonance capture (𝑛, 𝛾)𝑟𝑒𝑠 of neutrons of resonance energies (from
several tens of eV to tens of keV) in the scintillator layers after
their moderation in plastic layers;

(iv) radiative capture (𝑛, 𝛾)𝑡ℎ of neutrons reaching the range of thermal
energies, which would be especially efficient for scintillators with
odd neutron-capturing nuclei, such as 113Cd, 155Gd, 157Gd, etc.

2.1. The role of inelastic scattering of fast neutrons

The main interaction of fast neutrons with energies 𝐸𝑛 less than
10 MeV on heavy (atomic mass 𝐴 > 150) and medium nuclei (𝐴 > 50) of
the scintillators used in the ZEBRA structures is the inelastic scattering
(

𝑛, 𝑛′𝛾
)

reaction [31,32]:

𝐴 + 𝑛→ 𝐴∗ + 𝑛′ → 𝐴 + 𝑛′ + (𝛾, conversion 𝑒−) , (1)

where 𝐴 is the target nucleus (Zn, Ge, Gd, W, Bi, etc.); 𝑛 and 𝑛′ are
the incident and scattered neutrons with corresponding energies 𝐸𝑛 and
𝐸𝑛′ , for which 𝐸𝑛′ < 𝐸𝑡ℎ < 𝐸𝑛, and energy 𝐸𝑡ℎ is the threshold of the
reaction, i.e., the energy of the first excited level of the residual nucleus
𝐴∗. In Fig. 1, a scheme of inelastic neutron scattering is presented, with
the possible generation of the following interaction products:

• The inelastically scattered neutron 𝑛′ and its associated prompt
gamma-quanta

(

𝑛, 𝑛′𝛾1
)

from the de-excitation of the compound
nucleus (𝐴 + 1, 𝑍)∗;

• Delayed (in the 0–30 μs range) gamma-quanta
(

𝑛, 𝑛′𝛾2
)

from the
de-excitation of the excited nucleus (𝐴,𝑍)∗;

• Possible conversion electrons 𝑒1 from the transfer of excess ex-
citation (𝐴,𝑍)∗ to the atomic orbitals of the final nucleus (𝐴,𝑍)
(for example, there is an internal conversion transition with 100%
probability for the excited state of 155Gd from its 121 keV energy
level);
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Fig. 1. Interaction products from inelastic scattering of fast neutrons with the heavy nuclei in the composite heavy oxide scintillator.

Neutron inelastic scattering
(

𝑛, 𝑛′𝛾
)

in heavy nuclei for neutron
energies 𝐸𝑛 up to 20 MeV occurs mainly through the formation of a
compound nucleus [31,32]. At fast neutron energies starting from 5 to
6 MeV, the excitation energy 𝑈𝑒𝑥 of heavy nuclei falls into a continuum
spectrum of the compound nucleus levels, which allows us to use the
statistical model of the nucleus [31]. The excitation energy is the sum
of the kinetic energy brought by the incident neutron to the nucleus,
and the separation energy 𝑆𝑛 ≈ 5.5–6MeV of the captured particle
(neutron), which then is followed by the emission of the 𝑛′ neutron from
the compound nucleus. Within this model, the excitation energy 𝑈𝑒𝑥 of
the compound nucleus is distributed onto the statistical fraction of the
level spectrum, which determines the so-called nucleus temperature 𝑇 .
The nucleus temperature is evaluated from the excitation energy 𝑈𝑒𝑥
as 𝑇 ≈

√

𝑈∗∕𝑎, where 𝑈∗ = 𝑈𝑒𝑥 − 𝑆𝑛, and the level density parameter
𝑎 ≈ 10MeV−1 for a nucleus with mass number 𝐴 ≈ 150. For nuclei with
𝐴 > 50 the recoil energy 𝐸𝑟𝑒𝑐𝑜𝑖𝑙 ≈ 𝐸𝑛∕𝐴 ≪ 𝐸𝑛 is a very small value.
Therefore, 𝑈∗ ≈ 𝐸𝑛.

Consider an incident neutron energy of about 𝐸𝑛 ≈ 4–5MeV, i.e., on
the order of the average energy of fast neutrons from a 239Bu–Be source
as used in our experiments. Then, for an excitation energy 𝑈𝑒𝑥 ≈ 5MeV,
the nucleus temperature is 𝑇 ≈ 0.7MeV. In the statistical model of
nucleus, the average nucleon energy in the nucleus is 𝐸 = 2𝑇 [31].
Therefore, the average kinetic energy 𝐸𝑛′ of a neutron emitted from
the compound nucleus is, in this case, approximately equal to 𝐸𝑛′ ≈
2𝑇 = 1.4MeV. In the residual nucleus, the remaining excitation energy
is 3.6 MeV. This corresponds to the excitation of several lower levels of
the residual nucleus.

This excitation is removed, as a rule, by the emission of a series of
accompanying gamma-quanta and/or conversion electrons. The relative
output (on one scattering) of conversion electrons for such a nucleus as
155Gd or 157Gd may reach 30%–40%. For heavy nuclei, the energies
of the secondary gamma-quanta are in the wide range from several
tens of keV to several MeV. The conversion electron energy ranges
over the energies of the inner K- and L- atomic shells. Their output
is accompanied by characteristic soft X-rays and Auger electrons. The
energies of the X-rays are in the range of 50–70 keV for heavy elements
such as 64Gd or 74W and in the range 10–30 keV for medium elements
such as 32Ge or 48Cd.

A peculiar feature of fast neutron inelastic scattering on heavy nuclei
in the 2–10 MeV energy range is a rather significant (from 30% to
80%) energy loss as a result of this reaction. In the framework of above-
mentioned statistical theory of nuclei, the emitted gamma-quanta obey
a distribution of: 𝑝

(

𝐸𝛾
)

∼ 𝐸3
𝛾 exp

(

−𝐸𝛾∕𝑇
)

, with an average energy
𝐸𝛾 = 4𝑇 , so 𝐸𝑛′ ≈ 𝐸𝛾∕2 after the first inelastic scattering;𝐸𝑛′′ ≈
𝐸𝛾∕22 after the second scattering, and so on. Thus, the inelastically-
scattered neutron has much lower energy than the incident neutron,
and loses its energy in multiple inelastic scatters at an exponential
rate. Because of this, fast neutrons of energies up to 10 MeV are
subject to inelastic scattering an average of only once (or at most
a few times [14]), after which their energy becomes lower than the
threshold required for inelastic scattering. For many heavy nuclei, the
energy threshold for inelastic scattering is about several hundred keV

(see, for example, [34]). Below this threshold, the inelastic scattering
channel is therefore closed, and such neutrons do not provide an
inelastic scattering signal (i.e., they are not able to deposit their energy
in a detector based on further inelastic scattering within the heavy
oxide scintillator). Thus, when the scintillator thickness is increased,
the recorded signal from inelastic scattering becomes saturated when
such neutrons are detected. However, if the energy of these inelastically-
scattered neutrons could be lowered even more (to resonance energies
of 1–10 keV or to thermal energies below the cadmium threshold of
0.5 eV), an additional detection channel of resonance scattering and
radiative capture would be opened. In this channel, alongside potential
elastic scattering, the reactions of resonance scattering and radiative
capture, as well as thermal radiative capture are also possible.

2.2. The role of elastic scattering and moderation of fast neutrons

The next important neutron reaction for ZEBRA detectors is elastic
scattering, (𝑛, 𝑛) [33]. In the thin heavy-oxide composite scintillator
layers of the ZEBRA multi-layer media there is practically no decel-
eration of fast neutrons from elastic scattering reactions because the
energy transfer from neutrons to heavy and middle mass nuclei (as
well as to the oxygen nuclei of the silicon rubber) of the composite
scintillator material is inversely proportional to the atomic number; on
average, 𝛥𝐸𝑛 = 2𝐸𝑛𝐴∕ (𝐴 + 1)2 ≈ 𝐸𝑛∕𝐴 for 𝐴 ≫ 1, and, therefore, the
energy loss on average does not exceed several percent of the neutron
energy, 𝛥𝐸𝑛 ≪ 𝐸𝑛. Since the ZEBRA detector includes periodically
alternating plastic layers, which contain large amounts of hydrogen
with 𝐴 = 1, the picture is substantially changed (i.e., 𝛥𝐸𝑛 ≈ 𝐸𝑛∕2).
For example, PMMA plastic contains about 53 atom percent hydrogen.
Theoretical estimates show that 35–40 mm of the total thickness of
the PMMA plastic layers is sufficient to moderate an initial neutron
energy of 1–2 MeV to 1–2 keV. Moreover, moderation by each single
plastic layer of 5 mm thickness results in a certain output of neutrons
with energies below 10 keV (i.e., below the typical threshold energy
for emergence of resonance neutron scattering on heavy nuclei in the
composite scintillator layers). We emphasize here that the multi-layer
design of the ZEBRA detector is better than a well-known double-layered
design (i.e., one layer of scintillator plus one layer of moderator) or a
three-layered design (i.e., a scintillator layer between two moderator
layers), because the several separated scintillation layers can record
more completely the total flux of all resonance neutrons — coming from
deceleration of both the initial neutrons by elastic scattering in all of the
plastic layers and the secondary neutrons formed by inelastic scattering
in the outer scintillation layers.

2.3. The role of resonance and thermal neutron radiative capture

The second main mechanism of registration of neutrons by ZE-
BRA detectors is resonance capture (𝑛, 𝛾)𝑟𝑒𝑠 of moderated neutrons at
resonance energies as well as radiative capture (𝑛, 𝛾)𝑡ℎ of thermalized
neutrons (a part of incident neutrons flux moderated down to thermal
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energies) that may be described by the following equation:

(𝐴,𝑍) + 𝑛→ (𝐴 + 1, 𝑍)∗ → (𝐴 + 1, 𝑍) + 𝛾 + {conversion 𝑒−} (2)

with the emission of prompt gamma-quanta from the transition from
the excited levels of the compound nucleus (𝐴 + 1, 𝑍)∗. In some cases
(see Table 1) it is possible for there to be an internal conversion transfer
from a low-energy level of an excited (𝐴 + 1, 𝑍)∗ nucleus to a stable
state (𝐴 + 1, 𝑍) with the emission of conversion electrons and delayed
gamma-quanta, as well as a beta-decay of the excited parent nucleus
(𝐴 + 1, 𝑍)∗ into the ground (𝐴 + 1, 𝑍 + 1) or excited (𝐴 + 1, 𝑍 + 1)∗ state
of the daughter nucleus with the emission of high-energy electrons
from beta-decay, delayed gamma quanta and/or conversion electrons
and Auger electrons emitted from the transition of the excited nucleus
(𝐴 + 1, 𝑍 + 1)∗ to the ground state.

All of these mentioned capture reactions may occur in the nuclei of
the heavy-oxide scintillators. Note that certain nuclei have large cross-
sections for such interactions (see Table 1). Resonance and thermal
capture is accompanied by the emission of prompt and delayed gamma-
quanta (and/or conversion electrons with characteristic X-rays radia-
tion) in a broad energy range. Thus, the recording of this secondary
radiation can substantially increase the fast neutron detection efficiency.

Note that the resonance neutron cross-sections (mostly due to ra-
diative capture) for the identified heavy and middle mass nuclei are
not generally less than the characteristic cross-sections for inelastic
scattering of neutrons, and sometimes they are even much larger.
Comparative values of microscopic radiative capture cross-sections,
based on the JENDL nuclear data base [34], are presented in Table 1.
They include cross-section data for radiative capture 𝜎𝑡ℎ (in the energy
range from 0.0253 eV to 0.5 eV), resonance scattering 𝜎𝑟𝑒𝑠 with gamma-
quanta escape (the resonance integral covers the energy range from
0.5 eV to 10 MeV), and inelastic scattering 𝜎𝑖𝑛 (for a fixed fast neutron
energy of 14 MeV, representative because this value tends to remain
fairly constant over a considerable energy range) on natural nuclei that
are constituents of our heavy oxide scintillators comprised of BGO, ZWO,
GSO(Ce), CWO or PWO.

The resonance integral for the resonance capture cross-section of
such nuclei as 184W or 155,157Gd can reach hundreds of barns (see
Table 1). Therefore, for recording of resonance neutrons, a sufficient
thickness of composite scintillators like ZWO or GSO(Ce) should not
exceed 1 mm. Thus, with additional detection of resonance neutrons,
the detection efficiency is increased, even though the total thickness
of the active layers of heavy oxide composite scintillators in our
heterogeneous detectors is much smaller than the thickness of a single
crystal scintillator made of the same material (used in a conventional
neutron detector with comparable efficiency).

Analysis of data from Table 1 shows that promising scintillators
for the production of multi-layer ZEBRA-detectors might be composite
materials based on: (i) BGO, due primarily to resonance neutron capture
and inelastic scattering on the stable nuclei 70Ge, 74Ge, 76Ge and the
large internal conversion potential for the excited nuclei 71Ge*, 73Ge*
(inelastic scattering), and 75Ge*; (ii) ZWO due to resonance capture on
all the stable nuclei 182W, 183W, 184W, 186W and internal conversion on
excited 183W* (inelastic scattering), 185W*, 187W*; and (iii) GSO(Ce)
due to the huge resonance capture and internal conversion electron
emission for the stable and excited nuclei 155Gd, 157Gd, respectively.

3. Design and operating principles of multi-layer ZEBRA-detectors

3.1. Design and peculiarities of multi-layer ZEBRA-detectors

In our previous work [23–27], we proposed and tested a new
design (Fig. 2) of the multi-layer composite scintillation detector, which
could detect mixed neutron and gamma radiation. The ZEBRA detector
(see photo in Fig. 3) consists of alternating and optically connected
(i.e., glued) parallel planar layers of two types: (1) 5–6 plates (films)
of the comprised of granules of scintillator material dispersed in a

transparent organic matrix (rubber glue), with a thickness of ∼1–2 mm;
and (2) 7–8 plates of a transparent plastic, with a thickness of ∼5–7 mm,
which act both as a moderator for neutrons and as a light guide for
collection and transport of the scintillation photons.

The first layer type (i.e., the thin layers containing the dispersed
heavy scintillator particles) required a transparent organic glue-like
material with low-molecular weight and thermal shock resistance. For
this layer type, we used SKTN-B™, a synthetic rubber material with a
refractive index of 𝑛𝑔𝑙𝑢𝑒 = 1.42. The average size of the heavy-oxide
crystalline scintillator fragment in these composite scintillator layers
was about 150–200 μm. The overall concentration of the small crys-
talline fragments (granules) was chosen such that the volume fraction
of the active scintillator in the composite material was not less than
60%–70%.

For the second layer type (i.e., the thicker light guides), the trans-
parent optical plastic polymethylmethacrylate (PMMA) with a refractive
index of 𝑛 = 1.49 (at light wavelength of 540 nm) and an absorption
coefficient of 𝛼 = 0.03 cm−1 was used.

The outer surface of the detector is covered with a diffuse light-
reflecting coating (except at the one end that is attached to the light
receiving device to provide optical contact and spectral matching). As
an outer coating, a polytetrafluoroethylene (PTFE) membrane with a
diffuse reflectivity coefficient of about 98% was used. The external
reflector is very important for good light collection and high detection
efficiency. An internal reflector as shown in Fig. 2 (i.e., an aluminized
Mylar film in the middle of the composite layers) was considered
but was found not to be essential and is therefore omitted in some
of the detector variants tested. Although it provides a small increase
in the scintillation output, it introduced production difficulties that
did not justify the small improvement in performance. Nevertheless,
we tested detectors of both types. The tested detectors without this
internal reflector in the composite layers were found to have detection
efficiencies approximately the same as those with reflectors.

It was experimentally found that a high intrinsic detection efficiency
of fast neutrons (up to 40%–50%) required that the full thickness of the
multi-layer detector be just 40 mm. This dimension is comparable to the
diameter of the large heavy oxide single-crystal homogeneous neutron
detectors we have previously developed and tested [19].

We prepared and tested a set of ZEBRA-detectors of large size
(100 × 100 × 41 mm3) on the basis of different scintillators — BGO,
ZWO and GSO(Ce). Each detector had 6 composite layers of thickness
1 mm and 7 layers of transparent plastic with thickness 5 mm (Fig. 3).
The sensitive detector area under irradiation by neutron flux from the
side (i.e., in the direction transverse to the plates) was 100 cm2. In the
general case, the multi-layer detector can be comprised of an arbitrary
number of plates, without any limitations on their area or the total
detector thickness.

For the transparent light-guide layers, we also considered using
a scintillating plastic transparent material. We tested both types of
such detector configurations. The neutron detection efficiency for the
detectors incorporating scintillating plastic as the light-guide material
was determined to be better, but the neutron/gamma rejection ratio
was not as good. It is expected also that the production cost of this
alternate configuration would be somewhat higher. Further research
and development of the ZEBRA-detectors with scintillating plastics is
anticipated to be included in our future work.

The main difference between ZEBRA-detectors and well-known con-
ventional ‘‘capture-gated detectors’’ [10–13] is that the latter are loaded
by materials with ‘‘capture-gated’’ nuclei (such as 113Cd, 155Gd, 157Gd)
with very large thermal neutron radiative capture cross-sections only
for detection of thermal neutrons. In contrast, ZEBRA detectors include
layers of composite heavy oxide scintillators with ‘‘heavy’’ (Bi, W,
Gd, others) and/or ‘‘medium’’ atomic mass (Ge, Zn, Cd) nuclei with
high probabilities of both fast-neutron (above about ∼1 MeV) inelas-
tic scattering and resonance neutron interactions (mainly, resonance
capture with gamma quanta and conversion electron emission) in an
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Table 1
Neutron interaction parameters for key nuclei in heavy oxide scintillators. Average cross-sections for neutron interactions with nuclei (mixtures of natural isotopes) based on data from
[34]. Internal conversion electron emission (with relative intensity more than 10% for a single interaction) and beta-decay data (with decay half-lives) are taken from [35]. Cross-section
values are given in barns (1 barn is equal to 10−24 cm2).

Nuclei/ atomic number 𝜎𝑡ℎ 𝜎𝑟𝑒𝑠 𝜎𝑖𝑛 Conversion electrons from
(𝑛, 𝛾) ,

(

𝑛, 𝑛′ 𝛾
)

reactions
Fastest beta-decay nuclei in
(𝑛, 𝛾) reaction

30Zn 1.063 2.539 0.619 – 69Zn, 56.4 m
32Ge 2.218 5.997 0.566 71,73,75,77Ge* 77Ge*, 52.9 s
48Cd 3.294 × 103 6.659 × 101 0.416 111Cd* 117Cd, 2.49 h
64Gd 4.119 × 104 4.011 × 102 0.652 155,157,159,161Gd* 161Gd, 3.66 m
74W 1.819 × 101 3.551 × 102 0.428 183,185,187W* 187W, 24.00 h
82Pb 0.154 0.142 0.324 206,207Pb* 209Pb, 3.23 h
83Bi 0.342 0.172 0.361 – 210Bi, 5.01 d

Fig. 2. Design and function of the multi-layered composite detector (only several layers
are shown, and the layer thicknesses are not to scale): 1 — internal reflector made of
aluminized Mylar (it is absent in many ZEBRA detectors variations); 2 — active layer
of composite scintillator material; 3 — passive layer of light-conducting plastic; 4 —
photoreceiver (PMT or Si-PM).

Fig. 3. Photo of a typical ZEBRA-detector on the basis of the heavy-oxide composite
scintillator ZWO with dimensions 40 × 40 × 41 mm.

intermediate energy range from 10s of eV to 10s of keV. In addition to
inelastic scattering, the resonance neutron interaction (capture) reaction
is a key reaction for operation of ZEBRA-detectors.

The ZEBRA detectors are designed for the direct detection of fast neu-
trons and for the discovery of small quantities of transuranic elements
(by also detecting the accompanying gamma-radiation). Detectors of
this type are characterized by the following features:

(i) it is possible to prepare detectors of arbitrarily large working area
of the detecting plates, which allows a substantial (by many times)

increase in the sensitivity of such detectors in comparison with
detectors based on inorganic single crystals;

(ii) the preparation of large area layers of composite scintillators (on
the basis of small-crystalline fractions of broken crystal fragments
or micro-crystalline powders obtained by solid-phase synthesis) is
much simpler and less expensive than the growth of costly large-
sized single crystals, the maximum size of which is essentially
limited by the growth technology;

(iii) within the framework of a multi-layer design for such detectors,
engineering combinations using different scintillation materials
are possible, aiming at optimization of its productivity for different
tasks.

3.2. The principle of operation of multi-layer ZEBRA-detectors

The principle of operation of ZEBRA detectors is as follows. The
incident neutron flux interacts with the active layers of the composite
heavy-oxide scintillator and plastic. The composite scintillator layers
contain heavy nuclei with high cross sections for both inelastic scatter-
ing and radiative capture in the region of resonance neutron scattering
(the energy of epithermal and intermediate neutrons). The alternating
transparent plastic layers serve as a moderator of fast neutrons (slowing
them down from fast energies to epithermal/intermediate energies) and
simultaneously as optical light guides through which the scintillation
light transmitted. Fast neutrons interact directly with the layers of the
composite scintillator through an inelastic scattering reaction if their
energy is high enough for this (i.e., exceeding the energy threshold
for inelastic neutron scattering (usually at least several hundred keV)).
Additionally, incident neutrons also interact with the heavy nuclei of
the composite scintillator material as a result of the resonance scattering
reaction if their energy falls into the appropriate energy interval after
moderation in the plastic layers. The moderation of the incident neu-
trons mainly occurs in the ‘‘thick’’ layers of hydrogen-containing plastic
as a result of the elastic neutron scattering reaction. Elastic neutron
scattering inside the ‘‘thin’’ layers of the composite can be neglected,
since the volume fraction of the organic filler is small, and the energy
loss due to scattering in the heavy oxide scintillator granules is inversely
proportional to the atomic mass of the heavy nuclei (𝛥𝐸𝑛 ∝ 𝐸𝑛∕𝐴 ≪ 𝐸𝑛
if 𝐴 ≫ 1). Following elastic scattering in the transparent plastic layers,
moderated neutrons will move in any direction, so most of them will
reach the composite scintillator layers except the small fraction that are
scattered outward in the two outer plastic layers.

A feature of the ZEBRA detector is that the composite scintillator
material consists of heavy nuclei with a large value of the resonance
integral for the reaction (𝑛, 𝛾)𝑟𝑒𝑠 and/or concomitant resonance capture
reactions with emission of conversion electrons. If the value 𝜎𝑟𝑒𝑠 reaches
several hundred barns (e.g., W, Gd, see Table 1), then it can be shown
that each neutron slowed down to the resonance energy region is highly
likely to be absorbed and recorded as a secondary gamma quantum in
a rather small volume of the scintillator of thickness of several hundred
microns. Consequently, with high probability, fast neutrons moderated
to resonance energies may be registered in each layer of the composite
scintillator.
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As a result of the reactions
(

𝑛, 𝑛′𝛾
)

and (𝑛, 𝛾)𝑟𝑒𝑠 gamma quanta are
produced in the thin composite layers in the energy range of 5–300 keV,
an energy range that allows their signal to be efficiently detected
following collection and transport to the photodetector. Gamma rays
emitted in one active layer can be registered both in the same and
in several adjacent layers of the heavy-oxide composite scintillator.
Because of the relatively small thickness of the transparent plastic layers
(as well as its low effective atomic number and density), there is no
significant attenuation of the secondary gamma radiation in them. The
most likely energy of gammas released by inelastic neutron scattering
is from 10s of keV to 100s of keV. The energies of gammas from
resonance neutron capture (and/or energy of conversion electrons by
accompanying reactions) are mainly about 10s of keV, although they
may reach 100s of keV or even MeVs for some nuclei. The most probable
interaction of gammas with the heavy-oxide composite scintillator is the
photo-effect because the energy of these gammas lies mainly in the range
below 300 keV as indicated by our experiments.

The scintillation light obtained by the interaction of the secondary
gamma quanta (and/or conversion electrons) with the scintillator mate-
rial first passes from the composite layer to the transparent plastic layer,
and is then transmitted to the photodetector (see Fig. 2). The geometry
of the layers and the optical parameters of the multi-layer detectors
(including the optical and spectral correspondence of the scintillator and
light-guide layers, the interface to the photodetector, the characteristics
related to total internal reflection and Fresnel losses and the optical
transparency of the composite scintillator and transparent plastic media,
etc.) have been chosen specifically to optimize the light output.

Due to its special design, ZEBRA-detectors have 2–3 times lower
gamma ray sensitivity in comparison to their neutron sensitivity (per
incident particle with the same energy). That is one of the achievements
of fast neutron detectors based on multi-layer heavy-oxide scintillators
in comparison with those based on organic (plastic) scintillators. For fast
neutron detection against background gamma radiation, high-energy
external gamma rays are rejected by the choice of a special spectrometry
range below of 300 keV as previously proposed in our fast neutron
detection method (see references [17–20]). Lower energy gamma rays
from background are rejected by external filters and detector calibration
(i.e., the use of initial and/or real-time special algorithms and software
designed for neutron portal monitors based on our detectors). Moreover,
Compton gamma rays may be rejected by special separation methods in-
cluding those developed previously and referred to as the ‘‘spectrometry
windows’’ method [20].

Unlike a homogeneous single-crystal detector, in a heterogeneous
detector such as the ZEBRA system, neutrons are detected by each
active layer with a sensitive area equal to the cross-sectional area of
the detector. Each active layer plays the role of an ‘‘internal’’ neutron
mono-detector. In fact, neutrons are simultaneously recorded not by one
but several such ‘‘internal’’ mono-detectors. The total area of all internal
active layers will be higher than the sensitive area of the detector itself.
Therefore, the sensitivity of the multilayer detector as a whole increases
substantially, as indicated in our experiments. With a total active-layer
thickness of 6–7 mm, the detection sensitivity of fast neutrons by a
multilayer ZEBRA-detector is comparable to the sensitivity of a single-
crystal scintillation detector in which the scintillator layer is ten times
thicker in the direction of transmission (this is further discussed in
Section 5).

4. Method of fast neutron measurements and gamma shielding
geometry

We have carried out studies of intrinsic detection efficiency and
sensitivity of the prepared ZEBRA-detectors under irradiation by 239Bu–
Be and 252Cf fast neutron sources. For these detectors, a large volume
and a large sensitive area are characteristic features. This requires
substantial changes in the procedures and geometry of measurements
as compared with our previous studies on neutron detection carried

Fig. 4. Detection of fast neutrons in spherical geometry. Compensation is required for
narrow neutron beams primarily scattered in the source shield either out of (re-scattered
beams ‘‘Elastic 1’’ and ‘‘Inelastic 1’’) or into (re-scattered beams ‘‘Elastic 2’’ and ‘‘Inelastic
2’’) the neutron flow directed toward the detector.

out for compact single crystals. In particular, we had to substantially
increase (up to 100 cm) the distance from the source to the detector to
preserve the geometry of a narrow (parallel) neutron beam falling on the
detector, to avoid the effects of broad beam geometry and the related
edge effects, corrections, etc. Also, in detecting fast neutrons against the
background of accompanying gamma-radiation from one and the same
source, one has to use shielding filters (as a rule, shields are made of
lead or iron with a thickness of up to 40–50 mm) for suppression of low
and medium energy gamma-quanta. In the filter material, as well as
in the objects surrounding the source and the detector (concrete walls,
construction elements, parts of experimental installation, etc.), scattered
radiation may appear due to elastic and inelastic scattering of the fast
neutron flux. Also, this stray emission can accumulate with time if long-
lived nuclides are formed in interaction reactions with fast neutrons.
This scattered radiation can distort the results of fast neutron detection
by tens of percent or more.

An efficient compensation of scattered radiation can be obtained
if the measurements are carried out not in planar, but in spherical
geometry [36], using filters that fully surround the source and/or the
detector (Fig. 4).

If the substance of which the shielding is made (in the form of an
ideal sphere of radius 𝑅) can mainly scatter neutrons, but practically
does not absorb them (e.g., an iron or lead sphere), the number of
neutrons coming out of the sphere will not change along any direction
from the source to detector (due to spherical symmetry), so the neutron
current will be unchanged in any point of the detector. Scattering
of neutrons, i.e., their escape from the narrow beam directed to the
detector, in certain points of the spherical layer is compensated by
scattering of neutrons (with their ‘‘joining’’ the beam) in other points.
The resulting neutron flux onto a finite-sized detector will be also un-
changed. An important condition for this is the isotropic character of the
radiation source. Otherwise, after scattering, the angular distribution
of the radiation will be changed, and, consequently, the beam falling
onto the detector will also be changed (in contrast to the situation of
an unshielded source). However, if the distance between the source and
detector is sufficiently large (e.g., 𝑟 > 4𝑅), the isotropic character of
the radiation is preserved, and the inverse square law 𝐼 (𝑟) ∝ 𝐼0∕𝑟2 for
the flux intensity at the distance 𝑟 from the source is not violated. If
we neglect also the dependence of intrinsic detector efficiency upon
neutron energy, 𝜀 (𝐸) ≈ 𝜀 = const, the counting rate 𝑉 of the detector,
if spherical shielding from gamma-quanta is used, can change only
because of possible absorption of neutrons in the shielding material.
The appropriate correction, which is the same for all measurements, is
determined with an error of less than several percent. It is equal to:

spherical shield∶ 𝑉 → 𝑘𝑐 𝑉 ; 𝑘𝑐 =
𝑉 ∗

𝑉 ∗
0

= exp
(

−𝑛𝜎𝑎𝑑𝑠𝑝ℎ
)

, (3)

where 𝑘𝑐 is the correction coefficient for the case when spherical shield-
ing is present, 𝑛 is the concentration of heavy nuclei in the shielding
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material, 𝜎𝑎 is the absorption cross-section of fast neutrons and 𝑑𝑠𝑝ℎ is
the thickness of spherical layer. Readings of calibration measurements
with a test detector with and without shielding are denoted as 𝑉 ∗ and
𝑉 ∗
0 , respectively.

Let us carry out calculations according to (3), e.g., for lead shielding
with a spherical layer of 4 cm thickness. The concentration of nuclei
𝑛 = 𝑁𝐴 𝜌∕𝑀 , where 𝑁𝐴 = 6.023 × 1023 mol−1 is the Avogadro number, 𝜌
is the density of shielding material and 𝑀 is the molar (atomic) mass.
For lead, the molar mass is 208 g mol−1, the density is 11.3 g cm−3, the
neutron absorption cross-section averaged over the energy spectrum of
235U fission is 𝜎𝑎 = 0.0024 barn, whence 𝑘𝑐 ≈ 0.97, i.e., losses of the full
neutron beam in the shielding are about 3%. For other spectra of fast
neutron energies, these losses are typically smaller. Thus, in lead the
capture cross-section of neutrons for 14 MeV energy is 0.00011 barn,
which gives neutron losses in the gamma shielding not exceeding 0.14%.

The multiple elastic scattering of neutrons in the shielding substan-
tially distorts the simple expression (3), since multiple changes in neu-
tron direction would violate the spherical symmetry of the distribution
of scattered beams, and the advantages of the spherical geometry of
irradiation are lost. However, elastic neutron scattering cross-sections
are not large for heavy nuclei such as iron and lead in contrast to light
nuclei (in lead, the mean free path reaches 15 cm at a neutron energy
of 4 MeV). This makes it possible to use spherical shielding of large
thickness, which will be sufficient for full absorption and discrimination
of gamma-quanta emitted by the source up to energies of several MeV.

According to our method of fast neutron detection using heavy oxide
single crystals and multi-layer composite scintillators, neutrons are de-
tected mostly by gamma-radiation that is emitted by scintillator nuclei
in the reactions

(

𝑛, 𝑛′𝛾
)

and (𝑛, 𝛾)𝑟𝑒𝑠. To suppress the accompanying
gamma-radiation from the neutron source, we prepared a filter in the
form of a lead sphere with an outer diameter 100 mm, a spherical shell of
thickness 40 mm and an internal well to place the source in the center
of the sphere. To exclude the effects of external high energy gamma-
quanta upon detector readings, we chose the spectrometric range of
gamma-quanta detection as 20–1000 keV. For a quantitative account
of the effects of spherical shielding on measurements, it is sufficient to
measure the counting rate with and without a filter by a detector with
calibrated efficiency. We used a detector based on a 6LiI(Eu) scintillator
of dimensions ø15×10 mm. It was found that for a 239Bu–Be source
inside the said lead sphere, the neutron flux is weakened by not more
than 3%–4%.

For scintillators of small volume (1–10 cm3) the differences in
measured intrinsic neutron detection efficiency for cases of planar or
spherical shielding from the source gamma-quanta are not significant.
For detectors of larger size, better results are obtained with mea-
surements in spherical geometry, when the scattered radiation in the
shielding is compensated better (see the previous section).

5. Experimental results and discussion

5.1. Experimental setup

Based on our studies, we developed an experimental scheme (Fig. 5)
and prepared an experimental board for recording fast neutrons by
single crystal and multi-layer ZEBRA-detectors of different sizes. The
neutron flux density at the detector location was determined according
to the reference data of the source. Two different sources were used in
our measurements:

• 239Bu–Be isotropic source, with average neutron energy 4.5 MeV,
output neutron flux 1.06×105 neutron/s and flux density 0.76
neutron/(s cm2) at 𝑟 = 100 cm from the source; source dimensions
were ø20 × 30 mm;

• 252Cf source with average fast neutron energy 2.13 MeV, activity
20×106 Bq, output neutron flux 2.35×106 neutron/s and flux
density 2.34 neutron/(s cm2) at 𝑟 = 100 cm from the source.

The neutron spectra of the 239Bu–Be and 252Cf sources are different (see,
for example, [37]). In the first case, it is a characteristic spectrum of the
nuclear reaction 9Be (𝛼, 𝑛)12 C due to capture of alpha-particles formed
as a result of 239Pu decay. In the second case it is a spectrum of sponta-
neous fission neutrons. However, after passing through the spherical
lead shielding, the transformed neutron spectrum also resembles the
fission neutron spectrum. Therefore, the measurements of parameters of
fast neutron detectors (detection efficiency and sensitivity) using both
sources can be considered equivalent in the spherical geometry.

5.2. Neutron detection efficiency and sensitivity of new fast neutron detec-
tors

Within the experimental framework (Fig. 5), we carried out a set
of measurements for detection of fast neutrons by heavy oxide single
crystal and multi-layer composite scintillators, including measurements
of the spectrometric response of these detectors to spectra of gamma-
quanta emitted in nuclear reactions of fast neutrons with heavy scin-
tillator nuclei and measurements of neutron detection efficiency. This
intrinsic efficiency is defined as ratio 𝜀 = 𝑁𝑟𝑒𝑔∕𝑁 , i.e., the ratio of the
number of registered neutrons to the total number of neutrons entering
the detector during a specified time interval.

In the spectrometric mode, cutting out the working energy range
from the detector’s output spectrum and summing up the number of
recorded pulses, we can determine the counting rate 𝑉 for pulses of
all recorded neutrons, as well as counting rate 𝑉0 without the source.
The counting rate can also be measured in the counting mode. As can
be seen from our measurements, the intrinsic detection efficiency in the
counting mode is about 30% higher than in the spectrometric mode with
the window 𝐸𝛾 = 5−300 keV (i.e., not all of the pulses from the reactions
of neutrons with scintillator material are recorded in the spectrometric
mode). After calibration of the detecting system, we obtain the detection
efficiency as:

𝜀 = 𝑘𝑐

(

𝑉 − 𝑉0
𝐹 − 𝐹0

)

, (4)

where 𝑘𝑐 is the calibration coefficient (3) in the case when shielding
from gamma-quanta is present; 𝐹 and 𝐹0 are neutron fluxes from the
source and in the absence of source (background), respectively, at the
point of recording by the detector. This efficiency is normally expressed
as a percent.

The sensitivity 𝜂 is defined as the ratio of the counting rate of the
useful signal to the flux density of the incident neutrons:

𝜂 =

(

𝑉 − 𝑉0
)

(

𝐼 − 𝐼0
) , (5)

where 𝐼 — neutron flux density of source and 𝐼0 — neutron flux
density of background. The sensitivity is expressed in area units, [𝜂] =
cps∕

(

nps × cm−2) =
[

cm2]. Within the geometric framework of planar
parallel ‘‘narrow beams’’, the following relationship can be obtained:

𝜂 ≈ 𝜀𝑆𝑒𝑓𝑓 , (6)

where we introduce the effective area 𝑆𝑒𝑓𝑓 = 𝑆𝑑𝑒𝑡 ⟨cos𝜓⟩ of the total
sensitive surface of the detector; 𝑆𝑑𝑒𝑡 is the apparent area of the detector
surface in the direction of irradiation; ⟨cos𝜓⟩ is the average value of
the cosine of angle between the normal surface and the direction of
irradiation. For scintillators of rectangular shape, 𝑆𝑒𝑓𝑓 coincides with
the area of their side surface in the direction of irradiation (normal to
the surface). Therefore, for a cubic single crystal of dimensions 10 ×
10 × 10 mm3, the detector sensitivity is 𝜂 = 𝜀 × 1 cm2. For scintillators
of cylindrical shape 𝐷 ×𝐻 with irradiation onto the circular end face,
𝑆𝑒𝑓𝑓 coincides with the area of the cylinder cross-section 𝑆𝑒𝑓𝑓 = 𝜋𝐷2∕4,
and under irradiation onto the side normal to the cylinder axis 𝑆𝑒𝑓𝑓 =
(2∕𝜋)𝐷𝐻 ≈ 0.64𝐷𝐻 . For single crystals of dimensions ø40 × 80 mm
under side irradiation 𝜂 ≈ 𝜀×20.37 cm2. For multi-layer ZEBRA detectors
of dimensions 40 × 40 × 41 mm, 100 × 40 × 41 mm and 100 × 100
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Fig. 5. Experimental set-up for the measurement of fast neutron detection efficiency in a direct spherical geometry of the source with shielding from gamma-quanta: 1 — photoreceiver
(2′ or 3′′ Hamamatsu R1307 PMT and 5’’ ET Enterprises Limited 9390 KB PMT in correspondence with the different sizes of scintillation detectors from 10 × 10 × 10 mm3 up to
100 × 100 × 41 mm3 volume), 2 — light protective housing, 3 — detector under study, 4 — lead sphere, 5 — neutron source, 6 — supporting surface with source movement mechanism
and scale bar.

× 41 mm under irradiation normal to the plates the sensitivities are
𝜂 ≈ 𝜀 × 16 cm2, 𝜂 ≈ 𝜀 × 40 cm2 and 𝜂 ≈ 𝜀 × 102 cm2, respectively.

In Table 2 we present, for comparison, the measured fast neu-
tron intrinsic detection efficiency and sensitivity for single crystal and
multi-layer composite heavy-oxide scintillators comprised of ZWO, BGO
and GSO(Ce). The measurements for the multi-layer ZEBRA-detectors
were carried out using composite scintillators comprised of ZWO, BGO
and GSO(Ce), with the same number and thicknesses of the layers
(i.e., with the same total thickness of the detector), but with different
sensitive (cross-sectional) areas. The measurements were carried out
in conditions of broad beam and spherical geometry accounting for
corrections for natural background. However, the experimental instal-
lation was placed in a closed space, and near the detector and neutron
source there were elements of metal construction, laboratory furniture,
concrete walls etc., so, there was high potential for accumulation of
scattered radiation from reactions of fast neutrons

(

𝑛, 𝑛′𝛾
)

(iron) and
(𝑛, 𝛾) (concrete, etc.), as well as from scattered gamma radiation emitted
by the neutron sources and scattered by external metal and concrete
materials. We measured the intrinsic detection efficiency (Table 2)
under these conditions and we used the definitions (4)–(6). According
to our estimates, the measured values were somewhat higher than the
detection efficiency of fast neutrons that would be measured under
ideal conditions. However, in real conditions where the detection of
hidden nuclear materials would be carried out, the intrinsic efficiency
and sensitivity of detection systems would likely correspond to our
results.

An important fact should be noted. The sensitivity to fast neutrons
of the proposed multi-layer ZEBRA-detectors of dimensions 100 × 100 ×
41 mm is two times higher than the sensitivity of detectors based
on heavy oxide scintillator single crystals, and is comparable to the
sensitivity of a typical 3He counter with a size and weight that is more
than 10 times larger.

As can be seen from Table 2, within experimental errors the in-
trinsic detection efficiency of fast neutrons depends only on the total
thickness of the active and passive layers of the detector, and it is only
weakly dependent upon the area of the plates over a broad range. The
detection efficiency reaches 40%–50%, which means very high ability
of ZEBRA-detectors to discover fissionable nuclear materials hidden
in containers. The detection sensitivity for detectors of dimensions
100 × 100 × 41 mm3 reaches the value of 51 cps/(nps × cm−2). If we
assume that the activity of 1 ng of ‘‘fresh’’ nuclide 252Cf per unit solid
angle is 2.314 × 103 nps ng−1 (see, for example, [38]), the flux of fast
neutrons at a distance of 200 cm passing through a surface of area 𝑆,
expressed in [cm2] units, is equal to 0.058 × 𝑆 nps ng−1. Hence, we
obtain a convenient relationship between detector sensitivity 𝜂 and the
equivalent threshold 𝜂252𝐶𝑓 of the counting rate for reliable recording of

the 252Cf source at the distance 2 m from the detector:

𝜂252𝐶𝑓 ≈ 0.058𝜂. (7)

For ZEBRA-detectors of dimensions not less than 100 × 100 × 41 mm3

with sensitivity 𝜂 above 50 cps/(nps × cm−2), the equivalent threshold
for detection of 252Cf, calculated according to (7), is 2.9 cps/ng,
which is greater than the generally accepted standard IEC 62244 [39]
for portal monitors — sensitivity to fast neutrons should not be less
than 2.5 cps/ng. Therefore, our ZEBRA-detectors can be considered as
promising for the creation of a new generation of solid-state portal
monitors as an alternative to stationary 3He counters.

Comparative analysis of the results presented in Table 2 leads
to two important conclusions. First, the intrinsic detection efficiency
of fast neutrons obtained with multi-layer detectors with thickness
comparable to characteristic dimensions of large and expensive single
crystal heavy oxide scintillators (dimensions from ø40 × 80 mm and
higher), is comparable to the latter, reaching 50%. Also, the sensitivity
of these multi-layered detectors is several times higher as compared
with detectors using single crystals and can be increased even more by
enlarging the sensitive area of the detecting plates.

It should be noted that measurements of the detection efficiency of
ZEBRA-detectors based on one and the same heavy oxide scintillation
material are dependent upon: (i) the choice of the direction of irradi-
ation, which can fall onto the multi-layer detector parallel or normal
to the layers; (ii) the total thickness of the detector; (iii) the number
and thickness of layers in the composite scintillator; and (iv) the height
of the detector in direction of the output window (i.e., the distance
between the outer boundaries of the detector and the photoreceiver).
The optimum detector design allows the avoidance of losses in detection
of neutrons. Studies of these aspects are the subject of continuing
investigations.

6. Conclusions

In this work, we have carried out qualitative and quantitative studies
on the effects of possible nuclear reactions (channels of interaction of
neutrons with scintillator nuclei) upon the efficiency of fast neutron de-
tection by heavy oxide single crystal detectors and multi-layer composite
detectors. Our experiments have convincingly shown that the main role
in fast neutron detection by heavy oxide single crystals like ZWO, CWO,
BGO, GSO(Ce) etc. is played by the reaction of inelastic scattering of fast
neutrons. Experiments on detectors with external moderators, as well
as theoretical estimates, show that it is possible to improve intrinsic
detection efficiency by involving additional mechanisms of resonance
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Table 2
Intrinsic efficiency and sensitivity of fast neutron detection by single crystal detectors and multi-layer ZEBRA-detectors. The measurements were carried out in the counting mode. 239Pu–Be
(at distance 100 cm from detectors) and 252Cf (at distances 65 cm, 100 cm and 125 cm from detectors) neutron sources were used. The measurement errors do not exceed a few per cent.

Detector type Scintillator size,
mm

Neutron flux,
nps cm−2

Count rate,
cps

Sensitivity, 𝜂
cps/nps cm−2

Intrinsic efficiency, 𝜀
%

BGO single crystal ø40 × 80 0.76 7.47 9.83 48
ZWO single crystal ø45 × 73 0.76 8.63 11.35 54
GSO(Ce) single crystal ø12 × 10 0.76 0.26 0.35 46
ZEBRA-BGO-1 40 × 40 × 41 3.85 24.64 6.40 40
ZEBRA-BGO-2 100 × 40 × 41 1.70 27.20 16.00 40
ZEBRA-BGO-3 100 × 100 × 41 1.08 43.20 40.00 40
ZEBRA-ZWO-1 40 × 40 × 41 3.85 27.10 7.04 44
ZEBRA-ZWO-2 100 × 40 × 41 1.70 19.38 11.40 45
ZEBRA-ZWO-3 100 × 100 × 41 1.08 49.68 46.00 46
ZEBRA-GSO(Ce)-1 40 × 40 × 41 3.85 30.03 7.80 49
ZEBRA-GSO(Ce)-2 100 × 40 × 41 1.70 33.32 19.60 50
ZEBRA-GSO(Ce)-3 100 × 100 × 41 1.08 55.08 51.00 51
3He countera 1000 × 160 × 50 N/A 21.00 48.00 3

aWith an additional massive 1000 × 200 × 50 mm plastic moderator of weight about 10 kg.

scattering and radiative capture in the case when the scintillator mate-
rial contains heavy nuclei with large scattering cross-sections for these
reactions.

An optimum combination of inelastic and resonance scattering, as
well as thermal neutron radiative capture (in the presence of such
nuclei as 113Cd, 155Gd, 157Gd) is possible in the developed multi-layer
ZEBRA-detectors on the basis of heavy oxide composite scintillators.
Despite a much lower amount of the active substance (i.e., the heavy
oxide composite scintillator material) that detects neutrons in such
detectors, fast neutron detection efficiency in such detectors reaches
40%–50%, which is practically comparable with detection efficiency
of expensive and large-sized heavy oxide single crystals. At the same
time, the detection sensitivity and detection thresholds of hidden special
nuclear materials by ZEBRA-detectors are several times higher. With a
sensitivity to fast neutrons of about 50 cps / (nps × cm−2) and better,
these detectors are comparable to 3He counters, but have much smaller
(by tens of times) size and weight.

An important distinction of the proposed physical approach from all
the known ways to replace 3He counters by solid-state or gas discharge
detectors is that practically all these methods propose to replace 3He by
other media that detect satisfactorily only thermal neutrons (6Li and 10B
technologies), i.e., the basis for detection of fast neutrons requires the
use of massive plastic moderators. Without such external moderators,
intrinsic fast neutron detection efficiency for these primarily thermal
detectors is extremely low, and even with moderation, does not exceed
a few percent (for fast neutron energies greater than ∼1 MeV). In our
approach, fast neutrons are detected directly by heavy oxide scintillators
in the crystal itself or in a multi-layer composite detector, which ensures
much higher detection efficiency – up to 40%–50% – with improved
sensitivity of the detector to fast neutrons. As a consequence, the
sensitivity of such detectors in detection of special nuclear materials,
including those hidden in protective containers, will be substantially
higher.
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