
1562 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 64, NO. 6, JUNE 2017

Using Backscattering to Enhance Efficiency
in Neutron Detectors

T. Kittelmann, K. Kanaki, E. Klinkby, X. X. Cai, C. P. Cooper-Jensen, and R. Hall-Wilton

Abstract— The principle of using strongly scattering materials
to recover efficiency in detectors for neutron instruments, via
backscattering of unconverted thermal neutrons, is discussed
in general. The feasibility of the method is illustrated through
Geant4-based simulations involving thermal neutrons impinging
on a specific setup with a layer of polyethylene placed behind
a single-layered boron-10 thin-film gaseous detector. The results
show that detection efficiencies can be as much as doubled in the
most ideal scenario, but with associated adverse contributions
to spatial and timing resolutions of, respectively, centimeters
and tens of microseconds. Potential mitigation techniques to
contain the impact on resolution are investigated and are found
to alleviate the issues to some degree, at a cost of reduced gain
in efficiency.

Index Terms— Backscattering, boron-10, geant4, Monte Carlo
simulations, neutron detectors, polyethylene (PE).

I. INTRODUCTION

THE ongoing construction of the European Spallation
Source (ESS) [1], [2] has initiated significant develop-

ment of novel neutronic technologies in the past 5 years.
The performance requirements for neutron instruments at
the ESS, in particular the unprecedented cold and thermal
neutron brightness and flux expected from the source, are very
challenging for detector technologies currently available. The
designs for neutron detectors presently in operation at neutron
scattering facilities have seen only incremental improvements
over the past decade [2]–[6] and are reaching fundamental
performance limits; this has made research into alternative
neutron detectors very topical.

Detection of neutrons with subelectronvolt kinetic energies
must necessarily proceed through destructive nuclear processes
in which energetic secondaries are released and detected
themselves. Only a few stable isotopes such as 3He, 10B, 6Li,
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Fig. 1. Principle of a 10B-based thin-film detector for thermal and cold
neutrons.

155,157Gd, and 235U have significant cross sections for such
conversions, and detector systems must therefore contain such
materials as well as incorporate capabilities to detect the result-
ing secondaries. The dominant detector choice has historically
been gaseous 3He detectors, based on the high cross-sectional
process n+3He →3H+ p. However, due to increased demand
and decreased supply, 3He will be unavailable in the future
for all but the smallest detectors [7], [8]. Gaseous detectors,
typically multiwire proportional chambers [9]–[12], are used
to measure the energetic charged particles released in this
conversion process. Thus, an extensive international research
and development program is currently ongoing [13], [14] in
order to develop efficient and cost-effective detectors based
on other isotopes, and it is expected that detectors for the
ESS will be based, as determined by the requirements of a
given instrument, on technologies ranging from choices such
as 6Li-containing scintillator detectors [6], [15]–[20] and
Gd-based gas electron multiplier detectors [21] to gaseous
detectors lined with thin films containing 10B [5].

There is a class of instruments [22] where detectors are
required to, at a reasonable cost, cover large areas with
detectors offering high rate capabilities, modest resolutions,
and modest to high efficiencies. For these instruments, the
most promising candidate is gaseous detectors surrounded by
solid converters in the form of thin films of 10B-enriched
boron carbide [23], [24]. The basic principle of a successful
direct detection event in the latter is illustrated on the left
of Fig. 1: after conversion n + 10 B → α + Li7(+γ ), one of
the released ions travels into the instrumented counting gas
where it can be detected like any energetic charged particle
would. Typically, the instrumentation would include anode
wires, with the boron carbide itself acting as the cathode,
and such a detector therefore has the inherent high rate
capability of any such a gaseous detector in proportional mode.
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Furthermore, due to the higher amount of energy released in
the conversion reaction involving 10B (2.3 MeV) compared
with the corresponding 3He reaction (0.77 MeV) and the
implied large signals, the technology offers the possibility for
very high suppression of gamma backgrounds [25], which can
otherwise be a problem for neutron instruments. Additionally,
it is a relatively cheap technology, allowing for large detector
coverage when needed. However, the main limitation of the
method is that high conversion efficiencies (>50%) require
the neutron to traverse several tens of micrometers of the
converter, whereas the resulting α and Li ions only have
a reach of a few micrometers in solid materials. Thus, to
obtain higher detection efficiencies, one will typically either
place many independent layers of gas-facing converters in the
neutron path or try to arrange the geometry, so as to keep the
angle of incidence of the neutron on the converter as high as
possible, or a combination of the two (noting that we here
adopt the convention that a 0° incidence angle corresponds
to normal and 90° to grazing incidence). Detailed analytical
calculations of detection efficiency, depending on inclination
and converter thickness, exist [26]. However, such solutions
come at a penalty of increased complexity and cost, and this
paper instead investigates the performance of an alternative
approach in which detection efficiency is increased by the
addition of a strongly scattering material at the back of the
detector.

II. RECOVERING UNCONVERTED NEUTRONS

THROUGH BACKSCATTERING

The use of backscattering materials with the aim to improve
performance by neutron reflection is by no means new and
has seen a great deal of applications wherever moderating
materials are used, e.g., in dosimetry [27]–[29] in the context
of neutron albedo and in reflectors used in reactors [30]
or radiation detectors [31], [32]. Inspired by these neutron-
specific applications, this paper is attempting to illustrate
what new improvements an established technique can bring
to the thermal neutron detection field for neutron scattering
applications.

The principle of the method investigated in this paper is
straightforward, as illustrated on the right side of Fig. 1.
Placing a material with a high backscattering cross section
behind a neutron detector will increase detection efficiency,
since a neutron that did not convert in the detector in the
first place will have a nonzero probability of scattering back
to the detector and converting the second time around, thus
recovering events, which would otherwise go undetected.

The downsides to adding such a scattering material would
be expected to be twofold: not only the events thus recovered
would suffer from degraded position resolution as well as
a systematic positive shift in detection time, but also one
would potentially have to worry about backscattered neutrons
escaping the detector through the front. The latter could
potentially be a problem if the instrument in question features
detectors at opposite sides of a sample in which neutrons
scatter before detection. Collimators in front of the detectors
and shielding between detector sections would often be needed
in any case, and can be expected to significantly lower the

negative impact of this effect. Additionally, if the chosen
backscattering material primarily scatters incoherently, one
would avoid unduly adding new features to the detected
distributions, coming from coherent scattering. For any given
instrument, one would need to carefully analyze the exact
implementation details of proposed designs in order to ensure
that all such effects would be understood, preferably through
a combination of tests on prototypes and simulations of the
complete envisioned setup.

The requirement of high cross sections for incoherent
scattering of thermal neutrons suggests that a hydrogen-rich
moderator-like material would be a good candidate backscat-
tering material. From an operational and a costing point of
view, the most suitable candidate would a priori seem to be
a plastic, such as the widely used and studied moderator and
shielding material, polyethylene (PE), which is therefore the
material we will focus on in the present investigations.

Regarding the placement of the backscattering material, it
should ideally be immediately after or as close as possible
to the last conversion material in the detector. This is so as
to reduce the additional time shift and spatial displacement
of the backscattered neutrons before a potential conversion.
Furthermore, it is important that any material between the
last conversion material and the backscattering material will
have a very low probability of neutron absorption. Finally, it
is also clear that multilayered detectors in which the depth
of interaction is used to estimate the total time of flight and
hence the energy of the neutron would not be suitable to be
extended with a backscattering material.

Given the above considerations, the present investigations
will focus on the performance impact of adding a layer of PE
behind a single-layered 10B-thin-film-based gaseous detector,
as is illustrated in Fig. 1. Although different setups could
be envisioned, the detector will for simplicity be taken to be
implemented as in Fig. 1, with an aluminum substrate placed
at the backside of the gas only. The substrate, which in actual
detectors is used to provide necessary mechanical support and
electrical potential, is coated with a thin layer of the conversion
material and the PE is located at its back. A multilayer setup in
an instrument that does not rely on time-of-flight information
would also be possible, but in general multilayer setups already
come with high detection efficiencies and price tags, and the
presently discussed method is more likely suitable for the
opposite scenarios.

III. SIMULATIONS

The exact impact on the instrument and detector per-
formance of adding a backscattering material to a detector
at a neutron scattering instrument will depend in detail on
many factors. The first factor includes the details of the
detector itself, including its technology, layout, and how the
backscattering material is integrated. Other factors include
the distribution with which neutrons are delivered at the
sample position, the typical samples to be investigated, and
the typical analyses that will subsequently be carried out
with the recorded data. Despite this high level of complexity,
it is nonetheless possible to evaluate the feasibility of the
backscattering concept by considering a specific and simple,
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TABLE I

SUMMARY OF MATERIALS AND DIMENSIONS USED IN THE SIMULATION

Fig. 2. Visualization of the geometry used for the simulations. Neutrons
are shot in the direction of the z-axis (blue arrow), which in the shown
configuration are at normal incidence to the detector plane, and encounter
layers of counting gas (blue layer), converter (red layer), substrate (brown
layer) and backscattering material (green layer). For clarity of visualization
purposes, the converter and substrate thicknesses have been blown up and the
transverse extent of the plane reduced.

yet reasonably realistic setup. The present investigations will
therefore consist of realistic Monte Carlo simulations of a
setup exactly like the one depicted in Fig. 1, in which
layers of counting gas, converter, substrate, and possibly a
backscattering material will be placed in the path of incoming
neutrons. The layers will be assumed to be very large in the
transverse dimensions.

A. Setup Details and Verification

The simulations are implemented and carried out using
the Geant4 [33]–[35] based framework described in [36],
and the simulated geometry is shown in Fig. 2. For refer-
ence, the present investigations are implemented in Geant4
version 10.0.3 with a 70%–30% (by-mass) counting gas
mixture of Ar-CO2, a boron-carbide converter enriched
to 98% 10B, and the gas and substrate plane thick-
nesses of 10 and 0.5 mm, respectively. These values repre-
sent typical parameters found in planned 10B-lined neutron
detectors [37]–[41], and with the exception of the 10B enrich-
ment level, the results of the present analysis are not believed

to be overly sensitive to them in typical setups of nonextreme
inclination with respect to the incident neutrons. This is
usually guaranteed by design, because the physical dimen-
sions and materials will realistically be chosen by detector
developers so that thermal neutrons rarely interact only inside
the volumes of the counting gas or substrate. Noting that
the transverse dimensions of the layers are set so large as
to be essentially infinite for the purposes here, the remaining
parameters are summarized in Table I.

The previous studies [42] and [43], which also included
comparisons with measurements, have shown that Geant4
with the QGSP_BIC_HP physics list is able to adequately
capture the physics of neutron absorption in enriched boron
carbide and the subsequent journey of the released ions into
the counting gas. It was also shown that a simple threshold on
the amount of energy deposited therein suffices to accurately
emulate actual detection efficiencies in a real detector equipped
with anode wire planes in the counting gas. This is of course
not surprising, as one would first of all expect Geant4
to describe absorption of thermal and colder neutrons well,
given that the relevant cross sections are given by a simple
∼1/vn law. The second is that a good description of energy
loss by charged particles in matter is an essential feature of
Geant4, used as it is to routinely model energy depositions
in a broad range of applications. Thus, in the context of the
simulations, we shall define a neutron as being detected when
its simulation leads to a total of at least 150 keV of energy
being deposited in the counting gas volume (with detection
position and time inferred from the coordinates of the particles
performing the depositions).

However, materials in Geant4 are usually described under
a free gas assumption, with no information concerning inter-
atomic chemical bindings. This means that potentially impor-
tant features such as Bragg diffraction in a polycrystalline
material like aluminum and thermal scattering (TS) on energy
levels in hydrogen bonding in PE are a priori missing. For
the former issue, the setup is therefore augmented to use
the NXSG4 extension [44], to ensure an accurate description
of the aluminum used in the substrate. For the latter issue,
it is fortunate that PE, seeing significant use for neutron
moderation and shielding, is one of the selected few mate-
rials for which detailed TS cross-sectional data at various
temperatures exist, although different codes and data ver-
sions might provide slightly different results. Here, we will
compare a model shipped with Geant4 itself, due to work
by T. Koi, with a custom in-house model to evaluate the
JEFF-3.2 ACE formatted files for the TS Law [45], as well
as, for reference, with the output from simulations carried
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Fig. 3. Mean free path of neutrons in PE in Geant4 and MCNPX, as a
function of neutron wavelength and for different physics models. The methods
for extracting these values are discussed in the text.

out with MCNPX version 2.7.0 [46] using the poly.60t
thermal cross sections derived from ENDF6.5 dynamic struc-
ture factors using NJOY [47]. The comparison with MCNPX
is of particular importance here, as it is typically relied
on for simulations of TS of neutrons in PE for shielding
and moderation purposes, and has been validated against
measurements [48], [49]. Choosing pragmatically a material
temperature of 293.6 K, which is available for PE in all three
implementations, and comparing also with the base free gas
treatment in QGSP_BIC_HP, the resulting mean free path
lengths of neutron interactions in PE are shown in Fig. 3
(note the relation between neutron wavelength and energy:
E[eV] = 0.0818/(λ[Å])2). Note that for reliability, the values
in Fig. 3 were extracted at runtime rather than second guessed
from data files. For Geant4, this was done via a custom hook
querying the physics processes GetMeanFreePath(..)
methods. For MCNPX, the values were determined through
direct simulations of neutrons impinging on a very thin plane
of PE and the resulting statistical errors are smaller than the
plot markers. The importance for our analysis of using specific
TS data for PE, rather than just the base free gas model is clear,
as the resulting mean free path length for neutrons scattering
in PE is affected with as much as a factor of 2.

As a further comparison, Fig. 4 shows the simu-
lated transmission spectrum of 2.5Å neutrons moderated in
a 50-mm-thick slab of PE. For the purposes of the present
investigations, the three curves with specific TS models are
compatible and different from the free gas model. However,
as the present investigations involve backscattering in poten-
tially very thin layers of PE, it is interesting to compare
the backscattered spectrum after a single interaction. Thus,
Fig. 5 shows a comparison of the backscattered spectrum in a
100-μm PE slab, of which two interesting observations can
be made. First of all, the three thermal scattering models
all include an incoherent elastic peak at the energy of the
incoming neutron (2.5Å–13.1 meV), whereas this is absent in
the free gas model. Second, while it is once again clear that

Fig. 4. Simulated transmission spectrum for 2.5Å (13.1 meV) neu-
trons through 50 mm PE in both Geant4 with different physics models
and MCNPX.

Fig. 5. Simulated backscattered spectrum for 2.5Å (13.1 meV) neutrons on
100-μm PE in both Geant4 with different physics models and MCNPX.

the general shapes of the distributions for the three TS models
follow the same rough shape, it is only the one shipped with
Geant4 which does not exhibit artifacts due to the discrete
parameterizations of the TS data, and for that reason, this is the
model chosen for the investigations in the following sections.

B. Results

As an illustration, simulated trajectories of particles result-
ing from firing 50 neutrons into our setup are visualized
in Fig. 6: neutrons arriving from below travel through the
counting gas and either convert in the enriched boron carbide
immediately, releasing charged ions into the gas, or pass
onward through the substrate and into the PE where complex
trajectories follow as a result of the multiple scattering interac-
tions. Ultimately, those neutrons pass through to the backside
of the PE, get absorbed in processes releasing photons, or
return back to the substrate and converter, where some are
absorbed the second time around as hoped, again releasing
ions into the counting gas.
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Fig. 6. Simulated trajectories of 50 1.8Å neutrons (blue lines) starting from
the center of the bottom edge of the figure (indicated by a red arrow) and
traveling upward through layers of counting gas, 2.5 μm of enriched boron
carbide, 0.5 mm of the aluminum substrate (brown layer), and finally 10 mm
of PE. As a result of neutron absorption, secondary particles are released
in various locations: photons (orange lines), electrons (green line) and α
or Li7 ions (red lines).

The key issues to be investigated with the simulations are
on one hand what positive impact placing different amounts of
PE will have on detection efficiency and on the other hand
what the associated negative impacts on time and position
resolution will be, and to what extent those can be mitigated.
The answers can be expected to depend also on the angle of
incidence of the neutron on the detection plane, the neutron
energy, and the chosen thickness of the converter coating.
To answer these questions, large numbers of neutrons were
simulated for a variety of configurations and the results
subsequently carefully analyzed in order to produce the plots
in this section. For reference, a total of 3.5 × 1010 neutron
events were simulated, using between 4.0 ×106 and 2.0 ×108

for each given configuration, manually chosen so as to achieve
low statistical fluctuations in all plots.

First, simulated detection efficiencies at normal incidence
as a function of converter thickness are shown in Fig. 7
for various amounts of PE and for both thermal (1.8Å) and
cold (7.0Å) incident neutron energies. As expected, detection
efficiencies for colder neutrons are higher, but otherwise the
qualitative features of the curves are similar to those at thermal
energies. For simplicity, the remainder of our investigations
will therefore focus on neutrons with a wavelength of 1.8Å.
The next thing to note is that the curves without PE grow
monotonically with converter thickness, but effectively satu-
rate at the final plateau already around 2.5μm, which is the
effective range in the converter of the ions released in the
conversion. These converter thicknesses compare well with
the expectation from the analytical calculations [26], lending
further credence to the simulation. On the other hand, when PE
is added, the curves exhibit a maximum around 2.1–2.5μm,
which is expected since conversions at ever deeper locations
are increasingly unlikely to contribute positively with direct
detection events, and will merely act as unwanted inactive
shielding in the path of neutrons being backscattered by the
PE. Assuming detector developers to always adopt the most
favorable converter thickness for their chosen setup, its value
should ideally be optimized individually for each configuration
considered in a given comparison of multiple such setups.
Fortunately, however, it appears that all curves in Fig. 7 are

Fig. 7. Simulated detection efficiency for neutrons at normal incidence as
a function of converter thickness, for various neutron energies and amounts
of PE.

Fig. 8. Simulated detection efficiency for various amounts of PE as a function
of the incidence angle between the incoming neutron and the detector plane.

reasonably close to their maximum value when the converter
thickness is set to 2.5 μm, meaning that this value can be
used for all setups throughout the remainder of the present
investigations without unduly biasing the comparisons. Finally,
it appears as could be expected that detection efficiencies grow
only with the amount of PE added, but at an ever decreasing
rate—the largest gain coming from the first few millimeters
added.

Next, Fig. 8 shows the detection efficiency as a function
of incidence angle of the neutron on the detector planes.
As expected, the efficiency curves all increase sharply as the
incoming neutron tends toward grazing incidence. However,
as is seen more clearly in Fig. 9, the relative gain in detection
efficiency from adding the PE decreases at higher incidence
angles. This is understood knowing that the backscattering
from the PE is incoherent and thus effectively isotropic: at
low incidence angles, a random backscattered neutron is likely
to hit the converter at a higher incidence than during the
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Fig. 9. Simulated relative gain in detection efficiency for various amounts
of PE as a function of the incidence angle between the incoming neutron and
the detector plane.

Fig. 10. Simulated distribution of shift in detection time for various amounts
of PE.

initial traversal, whereas at high incidence angles, the situation
is reversed. Thus, while the result of Fig. 9 is promising
very tangible improvements at low incidence angles, it is also
making it clear that the concept is not suitable for detectors that
are to be operated at higher incidence angles. For that reason,
the rest of the present investigations will focus on neutrons
with low incidence angle (perpendicular to the surface).

Turning to the possible downsides, Fig. 10 shows the
distribution of simulated detection time for various amounts
of PE, counting from the moment the neutron first enters
the converter and until the time when energy exceeding the
threshold is deposited in the countring gas, usually by the
released ions. It is clear that addition of PE behind the detector
leads to increasing tails toward larger times, but in order
to quantify the effects, it is arguably more useful to look
instead at the curves showing the fraction of neutrons with
detection time shifts above a given threshold shown in Fig. 11.
For instance, one can learn that if a specific detector has

Fig. 11. Simulated fraction of neutrons above a given shift in detection time
for various amounts of PE.

Fig. 12. Simulated distribution of displacement in detection location for
various amounts of PE.

a requirement that all except 10−3 of the detected neutrons
must be detected with a time shift less than 50 μs, one should
not add more than ∼10 mm of backscattering PE. Fortunately,
even a 100-μs resolution at the 10−2 level would be adequate
for many neutron instruments [5].

Next, Figs. 12 and 13 show the corresponding distributions
of the spatial displacement of the detection location, given by
the location of energy depositions in the counting gas, relative
to the position where the neutron first enters the converter.
Again, we can readily read the performance metrics from
the second of the figures: if one requires all except 10−2 of
neutrons to be detected with a displacement less than 20 mm,
no more than 10 mm of PE should be added behind the
detector.

C. Possible Mitigation Strategies

The results so far, summarized in Figs. 9, 11 and 13,
indicate that the presented method has the potential to provide
substantial gains in detection efficiencies, but with potentially
significant associated adverse effects on both temporal and
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Fig. 13. Simulated fraction of neutrons having a displacement in detection
location above a given threshold, for various amounts of PE.

Fig. 14. Simulated fraction of neutrons above a given shift in detection time
for no PE as well as 10-mm PE with various levels of poisoning.

spatial detection resolutions. In this section, we will briefly
investigate two strategies for reducing the impact of these
adverse effects. In essence, both will try to eliminate some or
all unfavorable trajectories in the PE, while hopefully retaining
a large fraction of the beneficial ones. Ignoring events with
neutrons either absorbed inside or transmitted through (to an
absorbing backside most likely) the PE, favorable trajectories
are those where the neutron is backscattered out of the front
of the PE with as small a distortion of distance and time as
possible. Unfavorable trajectories are on the other hand those
where the neutron either spends a long time inside the PE
(impacting temporal detection) or travels a long transversal
distance inside the PE (impacting spatial detection).

To eliminate the first type of unfavorable trajectories,
one might consider “poisoning” the PE, by contaminating
it with a small fraction of atoms with high cross section
for neutron absorption. Done right, this should ideally result
in a large fraction of those neutrons spending a long time
inside the PE being absorbed, with only little impact on

Fig. 15. Simulated fraction of neutrons having a displacement in detection
location above a given threshold, for no PE as well as 10-mm PE with various
levels of poisoning.

Fig. 16. Visualization of the geometry as in Fig. 2, but with the backscattering
material opened up to show how a simple cylindrical barrier has been added
inside, to contain the neutrons in a well-defined region. As in Fig. 2, neutrons
are shot in the direction of the z-axis (here shown at normal incidence to the
layers), encountering layers of counting gas, the converter, the substrate, and
the backscattering material in that order. For clarity of visualization purposes,
the converter and substrate thicknesses have been blown up and the transverse
extent of the plane reduced.

neutrons promptly backscattered. Any choice of element
typically used as a converter in thermal neutron shielding
could be considered for such poisoning purposes, such as
cadmium, gadolinium, or boron. Of these, boron is the most
straightforward choice for the present purposes, as it is cheap,
neither hazardous nor toxic, and a low number of gammas are
emitted during neutron conversion. To quantify the potential
of poisoning, Fig. 14 shows the simulated effect in a setup
with 10-mm PE. For example, adding 0.5% (by-volume) of
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Fig. 17. Simulated detection efficiency for various amounts of PE in the
presence of a cylindrical barrier as a function of the barrier radius.

Fig. 18. Simulated relative gain in detection efficiency for various amounts
of PE in the presence of a cylindrical barrier as a function of the barrier
radius.

natural boron reduces the fraction of neutrons detected above
50 μs by an order of magnitude, while reducing the detection
efficiency only from 7.51% (88% above the reference 4%)
to 6.74% (69% above the reference 4%). Poisoning is thus
a potentially very potent method, if one is concerned with
the detection time resolution. On the other hand, Fig. 15
shows that the impact on the spatial resolution is somewhat
smaller, which is as expected since the unfavorable trajectories
traveling a long transversal distance in PE are not necessarily
always spending a very long time in it.

Fortunately, tails in the spatial resolution are easily handled
in the context of real detectors, which are typically segmented
according to their required granularities, charge collection,
and readout schemes. Thus, by segmenting the PE as well,
separating different detector cells by an appropriate absorbing
material, one can be certain that a neutron entering the PE from
within a given cell will only be able to be backscattered to the

Fig. 19. View of the LoKI “tapered” detector geometry as defined in the
Geant4 simulation. A Christmas-tree-shaped vacuum tank is equipped with
three banks of 10B-based detectors. The detector bank under investigation is
marked by yellow volumes and neutrons stemming from the sample position
are shown by red lines.

same detection cell. The question then instead becomes one
of how much the detection efficiency gain due to the PE will
be reduced due to neutrons meeting the absorber between
PE cells. This will again depend on the exact detector design,
but to quantify the effect and the dependency on the size of
detection cells, simulations were carried out with a cylindrical
barrier of 100-μm enriched boron carbide placed in the PE,
as shown in Fig. 16, and detection efficiencies were simulated
for neutrons at normal incidence generated uniformly over the
corresponding circular detection cell. The result is shown in
Figs. 17 and 18: for very small detection cells, the absorption
in the barrier almost completely eliminates the gain from
adding the PE, but for a realistic barrier radius of 20 mm,
10 mm of PE will still provide a relative gain in detection
efficiency of approximately 70%.

IV. LOKI “TAPERED” DETECTOR

GEOMETRY: A USE CASE

The methodology presented in this paper is developed as
an additional tool for the design of neutron detectors in
neutron scattering applications. As an example of a possible
use case, based on taking advantage of the detailed scientific
requirements of the application, the effect has been evaluated
for a suggested detector geometry for the LoKI [50] small-
angle neutron scattering (SANS) instrument [51].

The example chosen is that of a novel and futuristic detector
geometry, whose concept is described in [52] and [53] and
shown in Fig. 19. A Christmas-tree-like vacuum tank is lined
with three banks of 10B-based detectors, offering extensive
polar angle (θ ) coverage, in order to satisfy one of the major
scientific requirements of the LoKI instrument, and broad
angular coverage of scattered neutrons.

The focus of the case study is the octagonal detector
array closest to the sample, covering an approximate θ range
between 20° and 45° (0° is the incident beam direction on the
z-axis). The interior of the detector contains a single boron
carbide (10B4C) converter layer on an aluminum substrate
with the possibility to add a PE layer behind the latter. The
geometrical arrangement of the detector materials is identical
to the one of Fig. 2, with a boron carbide layer of 2.5 μm
thickness sitting on an aluminum substrate of 0.5 mm.
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Fig. 20. Q distribution in blue represents a typical SANS sample containing
spherical structures with a radius of 500Å and corresponds to what an
ideal detector would detect. The reconstructed Q distributions from detected
neutrons are represented by the rest of the colors for various conditions. The
tails of the distributions are the result of the neutrons scattering inside the
large geometry until their conversion. The statistical errors of the simulation
are too small to discern.

As a figure of merit for the performance improvement that
the PE addition can bring, the impact on the momentum
transfer Q is considered

Q = 4π

λ
sin(θ/2) (1)

where θ is the polar angle with which the neutron is scattered
on the sample and λ is its initial wavelength. Q is a typical
variable considered in neutron scattering techniques and SANS
in particular, as it contains information about the characteristic
length scales of the sample under study and forms the basis for
further data analysis. This implies that a decent Q resolution
is necessary for a high-quality analysis, which imposes certain
requirements on the detector spatial and timing resolution.

Using the exact same simulation tools as described in the
previous sections, the detector performance of such a geometry
configuration can be studied in detail and the effects of a
PE layer on the detection efficiency and the Q resolution
can be quantified. To this end, a typical Q distribution has
been used as the simulation input. It corresponds to a sample
containing spherical structures with a 500Å radius, probed
with an incoming neutron beam of λ = 3Å (9.09 meV).
These neutron incident angles and low wavelength are one
of the regions of scientific interest for the LoKI instrument.
According to the results of this study, this is where the biggest
improvement is anticipated.

From the simulation of the detector response, it is possible
to derive information on the spatial and temporal locations
of a detected neutron. This information is used to calculate
the detected Qdet value and compare it with the initial true
one, Qtrue. Having access to these two values, it is possible to
calculate both the detection efficiency and the Q resolution,
thus convoluting all the factors that potentially smear the
true Q value in the detector response.

Fig. 20 demonstrates the aforementioned process. By choos-
ing various combinations of PE thickness and boron poison as

Fig. 21. Detection efficiency as a function of the scattering vector Q for
various combinations of PE thickness and boron poison content (by volume).
The falling trend with increasing Q is attributed to the respectively increasing
neutron incident angle on the converter, which translates into lower detection
efficiency.

Fig. 22. Relative efficiency gain for various combinations of PE thickness
and poison content, with respect to the absence of the backscattering layer.

a mitigation technique, according to the previous sections, it
is possible to estimate the respective detection efficiency as
a function of Q (see Fig. 21) as well as the deviation of the
reconstructed Q value Qdet from the initial true Q value Qtrue
(see Fig. 23) via the equation

δQ/Q = Qdet − Qtrue

Qtrue
.

The addition of PE behind the detector substrate can impact
the detection efficiency positively and the detection resolution
negatively. This use case of detector design constitutes a
typical optimization problem and the answer as to what com-
binations of PE thickness and absorbing poison are appropriate
depends each time on the optimization priorities.

Fig. 22 quantifies the impact of the PE and the poison con-
tent on the detection efficiency as a function of Q. As expected,
the detection efficiency increases with the PE thickness.



KITTELMANN et al.: USING BACKSCATTERING TO ENHANCE EFFICIENCY IN NEUTRON DETECTORS 1571

Fig. 23. Q resolution for various combinations of PE thickness and boron
poison content. All distributions are normalized to the number of entries.

The improvement after 5 mm saturates and hence is not
shown here. Adding boron poison to the mixture results in
the opposite effect. The efficiency gains of 20%–40% can be
achieved with the right selection of material thickness and
composition.

At the same time, looking at the impact of this methodology
on the Q resolution, it becomes apparent that the starting value
of the δQ/Q width is on the order of 0.5% and almost doubles
with the addition of the backscattering material. However,
such a degradation turns out to have minimal impact on the
science case, as the Q resolution remains within the instrument
requirements [50] of a δQ/Q value being below 10%. For this
result to make sense, there is an inherent assumption that the
detector spatial resolution is appropriate and is not obscuring
the effect under discussion.

Looking further into the Q resolution, it is possible to
differentiate between spatial and temporal effects that con-
tribute to the broadening of its width, i.e., the θ reso-
lution δθ /θ and the time-of-flight resolution δtof/tof (see
Figs. 24 and 25, respectively). Let it be noted that the intrinsic
time resolution of the detector is of a different order of
magnitude (approximately below 100 ns) and as such, it is
entirely negligible for this study. What is of interest here is
the time of flight from the sample until the detection event,
as this has a much greater impact on the Q resolution of a
SANS instrument.

Fig. 24 demonstrates the anticipated broadening of the
δθ/θ width with the addition of PE. The boron poison reduces
it at the cost of efficiency gain. The broadening is rather
uniform and takes place on both sides of the peak, as expected
from the nature of the neutron scattering on the materials of
the detector geometry. The small bump appearing on the right
side of the distribution is caused by Bragg diffraction.

The shape of the δtof/tof distribution (see Fig. 25) is
more asymmetric. Negative values correspond to neutrons that
scattered and converted early compared to having followed an
undisturbed path to the converter. It is this undisturbed path

Fig. 24. Polar angle resolution δθ /θ . All distributions have been normalized
to their respective number of entries.

Fig. 25. Time-of-flight δtof/tof resolution. All distributions have been
normalized to their respective number of entries.

to the boron-carbide layer that is used to determine the toftrue
value based on which the time-of-flight resolution is estimated.
The “shoulder” on the left of the distribution reflects the effects
of the large geometry, hence it appears both in the presence and
absence of PE. The greatest impact from the addition of the
PE is present at higher values, which explains the asymmetric
δQ/Q distribution. Given the minimal position displacement
demonstrated in Fig. 24, larger flight times translate into
smaller estimated neutron effective wavelengths, which in
turn leads to larger Q values, according to (1). The integral
difference between the PE and no PE curves is on the order
of a few percent.

In summary, the addition of PE and absorbing poison
in the LoKI tapered detector geometry can benefit its per-
formance significantly, even if applied on a conceptual
unoptimized setup. The detection efficiency can be visibly
improved, while at the same time, the resolution degradation
remains well within the acceptable detector and instrument
requirements.
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V. CONCLUSION

The concept of enhancing effective detection efficiencies of
detectors at neutron instruments by placing a strongly scatter-
ing material at their backside was presented and investigated
through the analysis of Geant4 simulations in the scenario of
PE placed behind a single-layer thin-film detector. The method
shows great promise in the case of neutrons at low angle of
incidence (close to perpendicular to the boron coating), with
as much as a doubling of efficiency of a single-layer detector
in the most ideal scenario. However, care must be taken to
keep the potential adverse impact on the spatial and temporal
resolutions under control, due to the extra scatterings, either
by limiting the amount of scattering material added or possibly
via one of the investigated mitigation strategies of poisoning
or barrier utilization. The impact on spatial and temporal
resolutions in the absence of any such mitigation techniques
was respectively seen to be on the order of centimeters and
tens of microseconds. The degradation on spatial resolution
can be completely contained through the use of barriers where
feasible, while the use of poisoning can be used to limit but
not completely avoid the impact on the temporal resolution.
Thus, the best use case for the method seems to be in
detectors for neutron instruments that do not depend on the
availability of high timing resolution and that employ cost-
effective low-efficiency detectors for at least part of their setup.
One such indicative use case studied is a futuristic SANS
detector geometry, equipped with detectors containing single
boron layer converters, for which it is demonstrated that the
methodology presented here leads to a tangible performance
improvement with a negligible impact on resolution.
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