
Eur. Phys. J. Plus         (2022) 137:431 
https://doi.org/10.1140/epjp/s13360-022-02523-y

Regular Art icle

Thermal neutron conversion by high purity 10B-enriched layers: PLD-growth,
thickness-dependence and neutron-detection performances

Anna Paola Caricato1,2,a , Maura Cesaria1, Paolo Finocchiaro4, Simone Amaducci4, Fabio Longhitano5,
Chiara Provenzano2,6, Marcella Marra1,2, Maurizio Martino1,2, Muhammad Rizwan Aziz1, Antonio Serra1,2,
Daniela Manno1,2, Lucio Calcagnile2,3, Gianluca Quarta2,3

1 Department of Mathematics and Physics “Ennio De Giorgi”, University of Salento, Lecce, Italy
2 National Institute of Nuclear Physics (INFN), Lecce, Italy
3 CEDAD (Centro of Applied Physics, Dating and Diagnostics)-Department of Mathematics and Physics “Ennio De Giorgi”, University of Salento, Lecce,

Italy
4 National Institute of Nuclear Physics (INFN) – Laboratori Nazionali del Sud, Catania, Italy
5 National Institute of Nuclear Physics (INFN) – Sezione Di Catania, Catania, Italy
6 Department of Engineering for Innovation, University of Salento, Lecce, Italy

Received: 6 July 2021 / Accepted: 24 February 2022
© The Author(s) 2022

Abstract Neutron applications and detection are of paramount importance in industry, medicine, scientific research, homeland
security, production of extreme UV optics and so on. Neutron detection requires a converter element that, as a result of its interaction
with neutrons, produces reaction products (mainly charged particles) whose detection can be correlated with the neutron flux.
Reduced availability and increased cost of the most used converter element, 3He, have triggered research efforts for alternative
materials, proper deposition methods and new detector architectures. 10B converter is a valid alternative to 3He thanks to its high
thermal neutron cross section and relatively high Q value. In this paper we report on the room temperature Pulsed Laser Deposition
(PLD) of high quality and uniform 10B films with the expected density, different thickness values (0.5, 1.0, 1.2, 1.5 and 2.0 μm) and
uniform thickness over a circular area of about 30 mm in diameter. Additionally, they are adherent to the substrate with a negligible
presence of contaminants. The conversion properties of such 10B coatings coupled to a Si solid state detector are studied upon
exposure to a neutron flux from an Am-Be neutron source (2.2·106 n/s). The experimental results, compared with spectra simulated
by using a GEANT4 code, present a good agreement and efficiencies of the order of a few percent.

1 Introduction

Neutron detection plays an important role in many scientific disciplines, industry and medicine, for several applications, such
as radiation portal monitors for home-land security and nuclear safeguards, workplace safety, screening cargo containers, mate-
rial investigation based on neutron scattering, energy production and neutron monitoring in nuclear power plants, nuclear power
instrumentation, cancer therapy and more [1–4].

Since neutrons hold no electric charge, their detection methods generally rely on second-order effects associated with a conversion
process whereby an incident neutron interacting with a nucleus produces secondary charged particles. Hence, direct detection of
these charged particles by conventional methods (scintillation, gas ionization or solid-state detection) [5] is exploited to reveal the
presence of neutrons.

3He has been used for long time as the main conversion element in neutron detectors because of its high cross section for
thermal neutrons (5330 barn) and high Q energy values released in the reaction [5, 6]. Moreover, 3He-based neutron detectors are
characterized by high efficiencies and are almost insensitive to radiation other than thermal neutrons [7]. However, over the last years
the severe lack and the increasing cost of 3He have triggered a worldwide R&D program seeking new technologies, architectures
and materials for neutron detection purposes [3, 7–9]. The choice of material, architecture and detector is strictly related to the
efficiency requirements and improvements as well as application.

Regarding the conversion element, it can be a component of the detector itself [10–12] or it can be introduced as a separate layer
to be coupled with a detector [13–20].

Many newly proposed neutron detection schemes make use of semiconductor detectors for monitoring the production of charged
particles (in particular Si-based detectors) instead of gaseous or scintillation detectors. Semiconductor-based neutron detectors are

a e-mail: annapaola.caricato@unisalento.it (corresponding author)

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-022-02523-y&domain=pdf
http://orcid.org/0000-0003-3512-1665
mailto:annapaola.caricato@unisalento.it


  431 Page 2 of 16 Eur. Phys. J. Plus         (2022) 137:431 

compact, lightweight, less expensive to fabricate, able to operate at low voltage and, importantly, easy to be integrated with the
readout electronics.

Recent neutron detection devices are based on boron (B) and B-based compounds as converter elements alternative to 3He
not only because of their more abundance but also due to their outstanding physical properties. Among these, there are high
hardness (comparable to diamond), high stability of B-B bonds, corrosion resistance, low densities, high melting temperatures, high
reflectance in the extreme ultraviolet (40 nm—200 nm), as well as tunable thermal and electric transport properties depending on
the dimensionality (thin films, nanowires, boron fullerene, borophene) [21–24]. Moreover, 10B has a very high capture cross section
for thermal neutrons (3840 barn) [5, 6].

Depositing pure B films is challenging because of its high melting point and light weight of B. Furthermore, several drawbacks
result from a few physical properties of B: (i) the low thermal conductivity and brittle nature cause B targets to disintegrate under
thermal loads [25] and, (ii) when B is directly evaporated on the silicon surface of a detector, a deterioration of the surface barrier
of the detector was reported [26].

For these reasons, B-based compounds are preferred to pure B in the neutron detection field. Of course, the probability of a
neutron capture event in the converter layer and the probability of reaction products to exit from the converter layers are different
for pure 10B with respect to its compounds.

Most papers deal with B4C, either natural B4C (natB4C) or enriched B4C (enB4C), since it is less expensive than pure 10B and
can be more easily deposited with standard deposition techniques, like thermal evaporation or sputtering. However, depositing B4C
has some practical problems such as preserving the stoichiometry [20, 27] and poor adhesion to the common substrates could result
from hardness-related high intrinsic stress build up during thickening of the growing film (B4C is the fourth hardest material). This
aspect limits the maximum thickness of the film unless soft substrates or heated substrate are used as strategies to reduce/relax the
stress [27].

In a recent paper [28], the authors have presented preliminary results on the potentialities of the PLD technique in depositing
μm-thick enriched 10B films (> 95% of enrichment) on Al substrates with a thickness uniformity of 10% over a circular area of 3 cm
in diameter.

Going beyond these early findings, in this paper we adopt the optimized deposition conditions discussed in ref [28] and present a
more systematic investigation of PLD-grown 10B films by extending our characterization to morphological, structural, density and
compositional aspects as well as by varying the thickness to study thickness-dependent thermal neutron conversion performances
when coupled to a Si solid state detector and exposed to a neutron flux.

In particular, accurate film characterization is an important step to properly assess the 10B conversion behavior and relate it to
simulation results and neutron detection performances (being confident of the 10B film properties, it is possible to critically discuss
the correlation between experimental and simulation results excluding some causes of any inconsistencies).

Noteworthy, the choice of thickness as a critical parameter of our study is motivated by its key role in the detector designing step
for achieving effective sensing depending on the energy of the charged particles released in the conversion reaction. Indeed, the
optimal film thickness can be found by the balance between a large number of neutron reactions associated with thicker films and
the lower energy loss of the reaction products, and then increased detection sensitivity, as associated with thinner films. Moreover,
thickness-dependent adhesion failure or exfoliation of a B-film can occur due to stress. Hence, the meaning of thicker or thinner
thickness has to be carefully calibrated to balance pros and cons related to both design of an efficient neutron detector and avoidance
of mechanical failure.

In the outlined context, main goals of this study are: (i) a detailed characterization of 10B micron thick-films deposited by laser
ablation as a fundamental prerequisite to correctly understand the behavior as conversion layer of 10B; (ii) study of 10B thickness-
dependent thermal neutron conversion performances both at the experimental level, when coupled to a Si solid state detector
exposed to a fixed and calibrated neutron flux from an Am-Be neutron source (2.2·106 n/s), and at the conceptual level by comparing
experimental results and spectra simulated by using a GEANT4 code as a function of thickness.

2 Experimental details and characterization methods

2.1 PLD depositions

Growth of 10B layers by PLD has been carried out in a stainless-steel vacuum chamber evacuated down to a base pressure of the
order of 10–6 Pa by a combined (rotative plus turbomolecular) system of vacuum pumps.

The films under consideration in this study have been deposited by ablating a commercial 95% 10B enriched high purity (99.9%)
B sintered target (American Elements Company, USA) by the fundamental harmonic (i.e., operating wavelength of 1064 nm) of a
Q-switched Continuum Powerlite-8010 Nd:YAG laser with pulse width of 7 ns. The laser beam has been focused, by means of a
lens, on the enriched 10B target at an incidence angle of 45° in order to obtain a spot area on the target of about 4 mm2 and a laser
fluence of F ∼� 11 J/cm2. The laser repetition rate has been fixed at 10 Hz. During laser irradiation, the 10B bulk target has been kept
at room temperature and rotated with an angular speed of 1 Hz and simultaneously spanned, to avoid the formation of craters under
multiple irradiations of the same area.
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The ablated material has been collected on a suitable substrate, placed in front of the target at 40 mm distance and with axis shifted
with respect to the plume axis (shifted-axis configuration). More details about the PLD experimental apparatus and configuration
are reported elsewhere [27].

10B layers have been grown by changing the thickness: 0.5 μm, 1 μm, 1.2 μm, 1.5 μm and 2.0 μm values have been set in our
experiments. Under our growth conditions, a deposition rate of 0.13 nm/s has been evaluated, leading to a deposition run lasting
about 125 min for depositing a 1 μm thick 10B film.

Different substrates have been considered for the deposition, depending on the film characterization: (i) Si/SiO2 substrates for
topographical/morphological Atomic Force Microscopy (AFM) and Scanning Electron Microscope (SEM) analyses and structural
characterizations (X-Ray Diffraction (XRD) and Raman Infrared Spectroscopy), (ii) graphite disks for compositional and density
measurements by Energy Dispersive X-Ray Spectroscopy (EDS) and Rutherford Backscattering Spectrometry (RBS), and (iii)
carbon fiber sheets for neutron detection tests.

In particular, the surface morphology properties of the deposited films have been evaluated for 10B films deposited on Si/SiO2

substrates in order to avoid any influence of the substrate morphology on the film morphology. In regard to using different substrates
depending on the characterization technique, it is worth observing that such an approach does not impact on our conclusions because
of the peculiarity of the deposition technique, low substrate temperature and quite large film thickness.

2.2 10B layers: morphological and structural characterizations

The AFM images have been acquired by a Park-70 Instruments operating in non-contact mode at room temperature in air environment.
Silicon cantilevers with a tip radius of about 10 nm, a spring constant K � 0.1–100 N/m and a resonance frequency of about 300 kHz
have been used. Also, AFM has been used to quantify roughness: the reported Root-Mean-Square (RMS) roughness values have
been calculated over a 20 μm×20 μm area. The reported values are an average over five measurements acquired in different
representative area of the films. The uncertainty indicates the standard deviation.

The film thickness has been evaluated using a kind of lift-off procedure, depositing along a line on the bare substrate surface
some circular drops of silver paint, which have been removed by acetone after the 10B film deposition, leaving some holes on the
sample. The depth of the holes has been measured by AFM.

Raman spectra have been acquired by means of an InVia Renishaw system equipped with a Leica microscope DMLM and a
514 nm Ar+ Spectra-Physics laser operating at a maximum power of 25 mW. The analysis has been performed on the B films by
using a spot size of 2 μm. A large area of about 25 mm2 has been mapped in order to determine a characteristic Raman spectrum
representative for the entire analyzed region.

The deposited films have been also inspected by SEM analysis using a JEOL-JSM-6480LV Microscope equipped for EDS. XRD
analysis has been carried out using a Rigaku Miniflex diffractometer, operating in step-scan mode and employing Cu Kα radiation
at 30 kV and 100 mA. The measurements have been collected from 10 to 60 deg, with a 0.010 deg step-size and a scan speed of
0.25 deg/min.

2.3 10B layers: elemental/compositional and density characterizations

EDS microanalysis equipped with SEM has been performed to study the elemental distribution in terms of the presence of B and
eventual critical contaminants such as oxygen (O), carbon (C) and nitrogen (N) in the deposits, while paying attention to the presence
of surface features stemming from the ablation mechanism.

EDS analysis has been carried out by operating with an acceleration voltage of the electron beam of 2 keV. The electron beam has
been focused on selected points of a SEM image of the sample and the collected X-ray signal has been processed to obtain spectra
with peaks associated with the atomic species within the deposits.

In order to obtain information about the atomic density, isotopic and elemental composition of the deposited films, RBS measure-
ments have been carried out. The analyses have been performed at the in vacuum IBA (Ion Beam Analysis Beam Line) installed at
the Centre of Applied Physics and Diagnostics (CEDAD, University of Salento) and based on a 3 MV Tandetron Accelerator (High
Voltage Engineering Europa BV Mod. 4130HC) [29]. A 2 MeV 4He2+ ion beam has been used as probe, while backscattered particles
at an angle of 170° have been detected by using a PIPS (Passivated Implanted Planar Silicon) detector with a solid angle of 3 msr
[30]. The number of ions reaching the samples has been calculated from the total deposited charge obtained by integrating the beam
current reaching the samples mounted on the electrically isolated vacuum chamber. Spectra have been acquired and pre-processed
by using the GENIE software from Canberra. Experimental data have been fitted and quantitative parameters about composition
and film density have been obtained by using the SIMNRA package [31]. RBS analyses have been performed on a 400 nm thick
film deposited by PLD as described above on carbon fiber.

2.4 Neutron detection: experimental setup, measurements and simulation procedure

In order to test the effectiveness of the five neutron converters, they have been characterized by coupling them in turn with a silicon
detector. The detector used is an MSX09-300 from Micron Semiconductor, 3×3 cm2 area and 300 μm thickness. This choice was
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Fig. 1 (Top) The setup exploited
for the experimental tests with a
neutron source, which was also
simulated with the GEANT4
Monte Carlo code. The
thicknesses are not in scale.
(Bottom left) The silicon detector.
(Bottom right) The 10B converter
on the carbon fiber substrate
installed facing the silicon

Fig. 2 (Left) Photograph of the
0.5 μm sample. (Right) A contrast
enhancement makes possible to
better appreciate the circular shape
of the deposit. In transparency the
pattern of the carbon fiber is
clearly visible

motivated by capacitance and noise related aspects together with costs. The setup, sketched in Fig. 1 top, consists of the 10B converter
deposited onto a 50×50 × 1 mm3 carbon fiber support and placed at 200 μm from the silicon detector face. The converter shape
is a truncated cone, with a 3 cm diameter flat top. The silicon detector has a 300 nm thick aluminized dead layer acting as electric
contact. When a neutron interacts with a 10B nucleus, the produced alpha or 7Li particles can reach into the silicon detector after
crossing a variable thickness of converter, the thin layer of air and the aluminum dead layer. The silicon detector and the converter
facing it are shown in Fig. 1 bottom left-hand side and bottom right-hand side, respectively. The detector was biased at 30 V, the
output signal was handled by an ORTEC 142B preamplifier followed by an ORTEC 672 amplifier. The analog-to-digital conversion
and the spectra have been obtained by using an Amptek MCA8000A multichannel analyzer.

In the left-hand panel of Fig. 2 we show the photograph of the 0.5 μm sample, and in the right-hand panel a contrast enhancement
makes possible to better appreciate the circular shape of the deposit. In transparency the pattern of the carbon fiber is clearly visible.

The neutron field exploited to test the detection technique with the five boron converters has been produced by an intense AmBe
neutron source, available at INFN-LNS, nominally emitting 2.2·106 neutrons/s. The source and its moderator are enclosed in a
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Fig. 3 The measurement position
inside the neutron source box. The
ORTEC 142B preamplifier is
visible on the left, the detector is
placed on the edge just inside the
source box

95×75×85 cm3 iron box. The source is surrounded by a first polyethylene case followed by 30 cm thick paraffin that slows down
the high energy neutrons (up to 10 MeV) it emits. The outer 5 cm of the shielding is made from borated paraffin that stops the vast
majority of the outgoing thermalized neutrons. The measurements have been done in a position just inside the source box, as shown
in Fig. 3, which was chosen as reference position. The thermal neutron flux in the reference position was measured by means of an
identical silicon detector featuring a 1.6 μm thick 6LiF converter on carbon fiber, whose detection efficiency had been previously
calibrated in a certified thermal neutron field [18].

The setup geometry and materials have been incorporated into the well-established Monte Carlo GEANT4 code and the response
in a thermal neutron field has been then simulated [32]. For each converter 108 thermal neutrons (energy � 25.3 meV) have been
simulated, uniformly distributed on a 3×3 cm2 area and impinging perpendicularly on the back of the carbon fiber substrate along
the z direction.

3 Results and discussion

3.1 Morphology and elemental composition of the conversion layers

Visual inspection of the PLD-grown 10B conversion layers indicates they are macroscopically uniform and well adherent to the
substrate without delamination and cracking. About the stability of our films, it is worth observing that no peeling off from the
substrate has been observed, meaning that the 10B films are very stable and proper for their usage in a neutron detector device.

In Fig. 4a) a secondary electrons SEM image of a 200 nm thick (as determined by AFM measurements) 10B film, deposited on
Si/SiO2 is shown. It should be noted that this film is representative of the real film morphology being deposited on a flat substrate
and was used to determine the deposition rate (0,13 nm/pulse) in order to define the number of laser pulses to deposit the films with
the desired thickness values under consideration in this study. The film surface presents a continuous deposit except for the presence
of several micro- and nano-aggregates. The occurrence of micrometric and submicrometric spherical structures can be accounted by
the deposition of molten droplets ejected from the target during the ablation process (explosive boiling) at the relatively high fluence
set in the experiments. Moreover, owed to the low absorption coefficient of boron (1.3×106 m−1) [33] at the laser wavelength
1064 nm, the formation of fragments, that are observable in the SEM image, originates from a thick layer of heated material where
a gradient of temperature is highly probable. Small droplets and nuclei concurring to the background continuous part of the films
can also be formed by phase condensation phenomena in the highly saturated (due to high fluence value 11 J/cm2) plasma plume.

The inset of Fig. 4a shows the related EDS spectrum and the Monte Carlo simulation. Fitting yields boron-to-oxygen ratio B/O
� 6.15 and film thickness of 185 nm. This thickness value is in agreement with the experimental one as determined by AFM within
the experimental error and simulation model.

The detected low percentage of oxygen must be ascribed to re-sputtering and/or intermixing phenomena of the oxygen from the
Si/SiO2 substrate, caused by the high energy species impinging on the substrate. Moreover, residual oxygen in the background of
the ablation chamber or water molecules adsorbed on the inner wall of the chamber can be ruled out. This effect is limited to the
particular substrate. As a confirmation, oxygen is absent if the film is deposited on oxygen-free substrates, such as graphite disks
(see RBS measurements). Figure 4b shows the Backscattered Secondary Electron (BSE) image of the droplets highlighted in Fig. 4a
(white line square). The EDS analysis confirms that these structures are composed almost exclusively of B, as evidenced by the
compositional analysis maps reported in Fig. 4c) (boron map) and Fig. 4d) (oxygen map) of the same morphological detail.

The film morphology is confirmed by AFM images (Fig. 5) from which roughness values has been obtained. In particular, an
average roughness and an RMS-surface values of (53±8) nm and of (60±10) nm have been estimated over a scan area of 20 μm×
20 μm.

This roughness values are expected to have no impact on the neutron detection efficiency [34].
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Fig. 4 a Secondary electrons
SEM image of a 10B film
(200 nm) deposited on Si/SiO2
substrate by PLD. The inset shows
the related EDS spectrum and the
Monte Carlo simulation. b BSE
image of a droplet with the
compositional elemental analysis
map on a droplet: c boron and
d oxygen signals

Fig. 5 AFM image (over a 20×20
μm2 area) of a 10B film deposited
on Si/SiO2 substrate by PLD

3.2 Structural and spectroscopic characterization

Microstructure of the 10B films deposited by PLD on Si/SiO2 substrates has been characterized by XRD and Raman spectroscopy.
The XRD spectrum of the 10B film, shown in Fig. 6 after the subtraction of the substrate contribution, shows the occurrence

of two main broad bands with very different intensities, which are clearly indicative of the presence of an amorphous phase. The
measured spectrum can be deconvoluted with three Gaussian curves, peaked around 2θ � 21°, 2θ � 36° and 2θ � 43°. In Table 1,
the peak positions are reported together with the corresponding interplanar distances and reflections. Reflections occurring in the
range 20–50° are typical of amorphous B phase [35, 36] in which some degree of order related to the presence of icosahedral units
can be inferred.
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Fig. 6 Typical XRD spectrum of
the 10B films deposited by PLD
on Si/SiO2 substrates. The peaks
are labeled with the related Miller
indices

Table 1 Peak positions,
interplanar distances, and
reflections of a typical 10B film
deposited by PLD

2θ (deg) This work d (nm) Literature data d (nm) hkl

20.7±0.2 0.43 0.42 110

37.2±0.3 0.25 0.25 211

44.1±0.5 0.17 0.17 321

Fig. 7 (Top) Typical Raman
spectrum of the 10B films
deposited by PLD on Si/SiO2
substrates. (Bottom)
Deconvolution of the Raman
spectrum of the 10B films
deposited by PLD

A deeper knowledge of structure and stoichiometry of the PLD-deposited B-films was gained by Raman analysis of a representative
typical 10B conversion layer deposited on Si/SiO2. The Raman spectrum (Fig. 7 Top) presents a wide band extending from 200 to
1200 cm−1, which indicates amorphous nature of the film, and a peak at 521 cm−1 (Fig. 8 Top) due to the silicon substrate [37,
38]. Overall, Raman spectra of boron compounds exhibit two principal spectral regions related to vibrational modes according to
the following identification: (i) a spectral range between 400 and 1100 cm−1 associated with intra-icosahedral B-B vibrations; (ii) a
low wavenumber region ranging from 200 to 400 cm−1 related to modes involving chains consisting of icosahedra and intermediate
atoms (i.e., boron and oxygen atoms or other elements in boron compounds). Among modes classified at the point (ii), incorporation
of oxygen from the substrate in the film may cause the formation of B–O covalent/ionic bonds replacing covalent B-B bonds [39].

The measured Raman spectrum processed by subtraction of the substrate contribution and peak deconvolution (Fig. 7 Bottom)
enables to identify four defined bands at nearly 290 cm−1, 610 cm−1, 830 cm−1 and 1080 cm−1, which are indicative of the
occurrence of ordering [40]. The results suggest a not completely amorphous nature of the B-films under consideration in this study.
This finding is not surprising, accounting for the accomplished room temperature growth and boron thermal properties. Whereas
boron has both crystalline (with multiple allotropes) and amorphous structures [36, 41], amorphous and mixed-phase boron are
more commonly found because crystallization of boron occurs at high temperature (~ 1200 °C). The high melting temperature of
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Fig. 8 RBS spectrum obtained on
a 400 nm PLD film deposited on
carbon fiber

boron makes difficult growing boron films by ordinary evaporation [42]. On the other hand, the so-called amorphous boron exhibits
a short-range order structure, in which the arrangement of β-icosahedron is close to the β-rhombohedral boron [29].

The preparation of pure and crystallized (amorphous-crystalline mixed grains) boron films by PLD demands growth at very
high temperature (~ 800–1000 °C) and/or gas-phase promoted nucleation [29], the latter mechanism being a more effective process
inducing crystallization through the nucleation of crystalline nuclei or clusters of boron in gas-confined ablation plasma plume. In
our experiments, as plume expansion occurs in vacuum, condensation in the plasma plume is expected to yield smaller crystallites
than in the presence of an inert background gas. As β-rhombohedral boron crystallizes from melt easily and melt cooling results
in predominantly amorphous boron [36], it can be supposed that room temperature PLD films may consist of amorphous boron
predominantly including β-rhombohedral boron inclusions and/or small crystallites as condensation products.

The RBS spectrum acquired on a 400 nm-thick isotopically enriched 10B film deposited on carbon fiber is shown in Fig. 8. The
signals corresponding to the two boron isotopes are clearly identified as well as the 12C signal of particles backscattered by the
substrate. The best fit of the spectrum was obtained by assuming a thickness of 5.0×1018 atoms/cm2 and an isotopic composition
of the target corresponding to what declared by the supplier (American Elements), i.e. 96% 10B and 4% 11B. By using the measured
thickness for the analyzed film (400 nm), this results in a mass density of 2.24 g/cm3 which is consistent with what expected for
a 10B-enriched boron film and an amorphous boron phase including β-rhombohedral boron inclusions and/or small crystallites
confirming the occurrence of a short-range ordering, as resulted from XRD and Raman spectra. Additionally, density as related
to the phase of a 10B film is also important because hardness-related intrinsic stress buildup causes cracking and delamination for
progressing growth. Hence, the proper interplay between amorphous β-rhombohedral phase and density as resulting from calibrated
PLD experiments can be responsible of the observed mechanical stability.

We also highlight that, within the sensitivity of the technique, the presence of C and O contaminations in the film can be discarded.
According to the deposition conditions, these results do not depend on the film thickness but on background pressure and target
purity.

4 Neutron detection characterizations and performances

4.1 Simulation results

For each neutron interaction all the relevant kinematic parameters have been recorded, so that the properties of the converter could
be studied. In Fig. 9 (Top), we show the distribution of the initial z-direction cosine of the alpha particles exiting the five boron
samples. If all the alphas could exit the sample, a flat uniform distribution would be expected, that is instead observed only in a
limited angular range. This is obvious because, when the particle trajectory is too inclined, the path of the particle in the converter
is longer and so the alpha particle loses all of its energy and stops. This effect clearly increases with thicker boron layers.

In other words, the distribution in terms of cos(theta) clearly highlights the horizontal region corresponding to particles produced
(isotropically) at any depth which can exit the converter.

To better describe the situation in terms of an effective geometrical behavior, Fig. 9 (Bottom) shows the same kind of distribution
with respect to the exit angle θ of the particle. The bump-like shape of the curves is an effect of the solid angle. In Fig. 10, which
has the same scales of Fig. 9 on the Y axes, the combined effect of the higher mass and charge and of the lower kinetic energy of
the 7Li particles is clearly seen. A hint of the flat distribution is only present for the 0.5 μm and the 1.0 μm thicknesses, whereas
for the thicker converters there is no angular range where all the particles leave the boron layer.
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Fig. 9 (Top) Distribution of the
simulated initial z-direction cosine
of the alpha particles exiting the
five boron samples. (Bottom)
Distribution of the simulated
initial angle of the alpha particles
exiting the sample

Fig. 10 (Top) Distribution of the
simulated initial z-direction cosine
of the 7Li particles exiting the five
boron samples. (Bottom)
Distribution of the simulated
initial angle of the 7Li particles
exiting the sample
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Fig. 11 Distribution of the number of exiting alphas (left) and 7Li ions (right) as a function of the interaction depth and of the emission angle, for the 0.5,
1.0, 1.2, 1.5, 2.0 μm thick boron-converter
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Fig. 12 Simulation of the number of alphas (left) and 7Li (right) detected as a function of the deposited energy and of the emission angle for the 0.5 μm
thick boron-converter

Fig. 13 Simulation of the deposited energy spectrum of alphas (left) and 7Li (right) for the five different thicknesses of the PLD-deposited boron-converters

Fig. 14 The setup exploited for
the measurement and subtraction
of the gamma ray background: the
carbon fiber substrate with the
boron layer was turned upside
down and placed again in front of
the silicon detector

A further insight can be obtained by looking at the 2D scatter plots in Fig. 11, where the distribution of the number of alphas
(left) and 7Li ions (right) leaving the boron layer is reported as a function of both interaction depth and emission angle for the 0.5,
1.0, 1.2, 1.5, 2.0 μm thick boron-converter. It can be seen immediately that, apart from tails with low number of counts, the relevant
part of the plot (yellow region) for 7Li is the same for all the thicknesses≥1.0 μm. This indicates that 1.0 μm is already an upper
limiting thickness for 7Li, and a larger value is counterproductive, as shown in Fig. 10 where the thicker converters give rise to a
lower number of counts because the additional thickness acts as a neutron shield. Such an upper limit for alpha particles is visible
at 2.0 μm (Fig. 9) and has been determined preliminarily by energy loss code and cross-sectional calculations.

In Fig. 12, we report the 2D scatter plot with the distribution of detected alphas and 7Li as a function of the emission angle and
of the energy deposited into the silicon detector for the 0.5 μm boron converter. By looking at it at constant angle, this plot also
highlights the spread of the final detected energy due to the interaction depth inside the converter. The projection of such a plot onto
the energy axis is the simulated deposited energy spectrum, which was reported in Fig. 13 for 7Li and alpha particles for each boron
converter thickness. We remark that the blue halo visible in all the plots of Fig. 11 to Fig. 12 is due to the occurrence of the reaction
detailed by Eq. 4 along with the dominant one described by Eq. 3.

Due to electronic reasons and to the relevant gamma ray contribution at low energy, a reasonable choice has been made to
enforce a threshold at 300 keV, even though the gamma contribution can be subtracted as shown later on. This implies that the
7Li contribution in the neutron detection by our technique is marginal, as evident in the right panel of Fig. 17. Figure 17 tells us
that: (i) the 7Li contribution basically does not change by increasing the boron thickness upwards from 0.5 μm; (ii) increasing the
boron thickness extends the useful contribution of alpha particles toward the lower energy part of the spectrum, and 2 μm basically
provides the maximum yield we can obtain. As a consequence, in order to further increase the intrinsic detection efficiency, smarter
detection configurations need to be exploited.
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Fig. 15 Measurements for different thicknesses of the boron converter (0.5, 1.0, 1.2, 1.5, 2.0 μm). (left) Measured counting rate as a function of the deposited
energy in the silicon detector and measured background gamma ray contribution; their difference represents the net neutron counts. (right) The net neutron
counts compared with the rescaled simulation result (see the text for the explanation of the rescaling)
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Fig. 16 Measured and simulated
intrinsic detection efficiency for
the PLD-deposited boron
converters differing in thickness

Fig. 17 Sketch of the proposed
configuration for a possible final
detector. Only the inner silicon
detector sees alpha and 7Li
particles generated in the boron
converter. Both silicon detectors
see the background gamma
radiation whose contribution can
then be subtracted

4.2 The measurements of detection efficiency

Turning to the device and its detection efficiency, two measurements have been performed for each boron converter: (i) measurements
based on the setup shown in Figs. 1 and 3; (ii) measurements by the setup of Fig. 14, where the converter has been turned upside
down in order to measure the contribution of gamma rays. Indeed, the carbon fiber thickness is so large to prevent 7Li and alphas
from reaching the silicon. In the left-hand side plots of Fig. 15, we show the deposited energy spectra which also include the gamma
contribution (denoted as n + g), the gamma-only spectra (denoted as g), and their difference (denoted as n) which can be ascribed to
the neutron counts for the different boron converter thickness (0.5, 1.0, 1.2, 1.5, 2.0 μm). As mentioned before, for our evaluations
we have taken into consideration the counts starting at 0.3 MeV.

The same measurements have been done by depositing 1.5 micron of 10B on an Al substrate instead of carbon fiber obtaining
approximately the same results (not reported here).

In the right-hand side plots of Fig. 15, we show the net neutron counts compared with the rescaled simulation result.
The comparison with the simulations shows a very good agreement in shape but, surprisingly, a rescaling has been needed in

order to match the measured and simulated efficiencies.
Being confident of the film properties (which indicate roughness values compatible with good detection efficiency, the absence

of contaminants, the right isotopic composition of the converter) as well as of each thickness and density, we ascribe the above
discrepancy to the different mechanical structure (giving rise to scattering and hardly adjustable) of our detector with respect to the
reference one. By the way, a different density or thickness would clearly influence the spectrum shape, contrary to what has been
observed. In future, we plan to assemble a compatible setup in order to directly compare data and simulations.

As a final result, we show in Fig. 16 the measured intrinsic detection efficiency for the five converters, rescaled to compensate
for the absorption on the substrate, along with the corresponding simulated values.

5 Perspectives

Based on the obtained results we can make several considerations.
Laser ablation has demonstrated to be a powerful technique for the deposition of 10B films. The films are very pure without

oxygen contamination and boron oxide formation. The micron-thick films, deposited at room temperature, are very adherent to the
substrate and present a good uniformity, of about 10%, over a circular area of 3 cm in diameter.

Respect to B4C films, B films are responsible for greater efficiency [20]. Due to the smaller number of useful 10B nuclei per
unit area, the carbon presence, whose stopping power is higher than boron’s, reduces the angular range of the exiting particles.
Furthermore it must be considered that the deposition of B4C generally is such as to produce a non-stoichiometric film (they are
generally deficient in B).
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It is worth remarking that the above results suggest further discussion and important future perspectives.
We deem that going beyond 2 μm thickness for the converter layer is not convenient, as the intrinsic detection efficiency would

tend to saturate and perhaps also start to decrease due to the additional thickness acting as a neutron shield. Therefore, in order
to better exploit the features of the 10B converters, our next step will be to assemble a more efficient setup consisting of a double
sandwich of two converters (2 μm thick) and two identical double-sided silicon detectors. The two converters, to be deposited onto
boron-free carbon fiber or aluminum, installed on either side of one silicon detector, will double the detection efficiency from ≈2%
to ≈4%. The second silicon detector will only see the background gamma radiation and will be used to subtract such a background
in order to obtain a net neutron count. This detector configuration is sketched in Fig. 17 and is the subject of an ongoing study.

6 Conclusions

In this study, we have extended our recent investigation of deposition and characterization of PLD-grown 10B films and discussed
in detail their performances as neutron detectors, relying on the important and spreading application fields of neutron detectors.

Topographical and morphological analyses have shown that the deposited films are macroscopically uniform without delamination
and cracking events affecting their adherence to the substrate. Stability of the films has been observed, which rules out undesirable
peeling off from the substrate, deleterious in a neutron detector device. Amorphous-polycrystalline nature of the films is consistent
with growth at room temperature. Density, purity, and thickness measurements have been performed to demonstrate the successful
PLD-deposition of 10B layers and careful calibration of the deposition conditions to tune thickness and morphology. Thickness has
been demonstrated to be particularly critical in neutron detection designing to efficiently improve the collection efficiency of alpha
particles.

Turning to the neutron conversion performances of the PLD-grown B-films, simulations of the dependence of the alpha particle
signal on layer thickness and angular spreading have been presented. In this respect, it has been observed that, as increasing
the boron thickness extends the useful contribution of alpha particles toward the lower energy part of the spectrum, 2 μm is the
thickness yielding the maximum yield. Hence, in practice, improved intrinsic detection efficiency requires different smarter detection
configurations.

In addition to neutron detection performances of the single layer, each boron film has been characterized in terms of contribution
of gamma rays. The practical negative effects of carbon fiber substrates made with a resin containing boron on attenuating the
thermal neutron flux impinging on the converter layers have been addressed to account for unexpected experimental findings.

Moreover, a further device design has been proposed relying on assembling more efficiently the converter layers in a double
sandwich of two converters (2 μm thick) and two identical double-sided silicon detectors in order to be able to double the detection
efficiency from ≈2% to ≈4% and to subtract the gamma ray contribution.
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