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Abstract

This study demonstrates the construction and operation of a portable, solid-state thermal neutron sensor that utilizes a pho-
todiode coated with a thin layer of boron-10 ('°B). The boron layer was created using pulsed laser deposition and analyzed
with neutron depth profiling (NDP) and scanning electron microscopy (SEM). The sensor's response to both thermal and
cold neutrons was evaluated under varying neutron fluence rates. Additionally, the impact of the angles between the neutron
beam and the sensor surface was examined. SEM results showed a porous '°B film structure, while NDP indicated a nearly
uniform distribution of the isotope throughout the film. The electronic signal generated by the sensor exhibited a linear
response to neutron fluence rates. However, the measured intrinsic efficiencies were lower than those of commercially avail-
able gas-phase detectors, with thermal neutrons yielding an efficiency of (1.17+0.01) % and cold neutrons at (1.78 +0.01)
%. Potential design upgrades that could increase the sensor's efficiency in the future are also discussed.
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Introduction

The helium crisis has sparked significant interest in develop-
ing more affordable alternatives to *He neutron detectors.
Additionally, high-efficiency gas-filled neutron detectors
used for spectroscopic or portal monitoring applications tend
to be large and costly, which limits their effectiveness in
nuclear threat detection and neutron dosimetry. As a result,
there is a need for detectors that are relatively inexpensive,
compact, portable, and reliable.
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One promising alternative is a solid-state '°B-based
detector that uses a photodiode. The high thermal neutron
absorption cross-section, short reaction product ranges, and
high relative abundance of '°B make this isotope an industri-
ally appealing neutron converter [1]. Enriched boron can be
applied to surfaces as ultrathin coatings, which has led to the
development of neutron detectors in the form of boron-lined
straws [2] and thin-layered gas detectors [3]. Other portable
and compact neutron detectors with boron films have been
reported in the literature [4], many of which are planar diodes
coated with enriched boron (‘°B).

A design feature often missing for the afore-cited sensors
is affordability and ease of manufacturing. These gaps can be
addressed by combining Pulsed Laser Deposition (PLD) for
boron layer applications with an inexpensive, commercially
available, large-area photodiode (e.g., Silicon photodiodes)
that has characteristics suitable for nuclear applications [5].
Photodiodes have the advantage that their electronics can
be compact, they can work at room temperature, and they
have a very distinct response for gamma rays and charged
particles, allowing for energy discrimination. Their reduced
costs can offset the high cost of the needed '’B materials.
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Despite recent advancements in boron-based detec-
tors, there is still limited research on the use of photo-
diodes with boron converter films in a straightforward
configuration. To address this gap, the present study aims
to describe a thermal neutron sensor developed using an
unsealed commercial silicon PIN photodiode. This pho-
todiode consists of a p-type semiconductor, an intrinsic
region, and an n-type semiconductor, and is coated with
a thin layer of PLD-applied '°B, as shown in Fig. 1a. The
photodiode is coupled to a simple pre-amplifier.

The presented sensor's characterization was conducted
using well-established thermal and cold neutron fluence
rates at the Brazilian Metrology Laboratory of lonizing
Radiations and the NIST Center for Neutron Research
(NCNR). Additionally, the boron layer was analyzed for
thickness and homogeneity using Neutron Depth Profil-
ing (NDP) and Scanning Electron Microscopy (SEM). All
uncertainties are reported with a confidence interval of 68%.
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Fig. 1 Detector design: a illustration of the proposed detector assem-
bly; b neutrons interacting with boron, resulting in the formation of
energetic particles, which generate electron—hole pairs
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Methods
Sensor design

The neutron-sensitive portion of the sensor relies on the
reaction of neutrons with '°B, Fig. 1b. The reaction is
prompt, and it has two pathways: a ground state reaction
and a reaction with excited state products(*) that decay to a
ground state. A total of four daughter products and a gamma-
ray can be formed, see Egs. 1 and 2:

93.7% "9 B + Noig or thermal = He (1472 keV)
+ ("Li* (839 keV) — (480 keV)) 1

6.3% 'O B + Ny or thermal = He (1776 keV) +" Li (1013 keV)
@)

The produced charged particles (ions) that reach the
semiconductor volume lose energy by Coulombic scattering,
forming electron-hole pairs. These pairs can be collected in
the semiconductor contacts by applying a bias voltage. The
induced charge produces an image charge in the contact that
is integrated and measured by an external preamplifier and
accompanying electronics (e.g., MCA analyzer or digital
counter).

The full neutron sensor prototype includes the photodi-
ode, the 'B-coated glass slide placed on the photodiode
with the boron layer in contact with the photodiode, and
an in-house electronic suite [5, 6]. The photodiode/slide
assembly was positioned inside an aluminum box to reduce
electronic noise. The applied bias voltage was 18 V.

The boron layer was produced with a femtosecond Pulsed
Laser Deposition (PLD) system [7], depicted in Fig. 2, using
a boron target enriched in 198 at 96% (American Elements,
USA). Femtosecond lasers are more effective at atomizing
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Fig.2 Schematic illustration PLD setup and a photograph during the deposition
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the ablated material, promoting smooth film growth. The
laser energy applied was (177 +6) uJ per pulse during
75 min to achieve a thickness between 2 um and 3 um as
proposed in [7, 22]. The deposition was performed on a glass
coverslips measuring 10 mm X 10 mm X 0.15 mm; the same
dimensions of the photodiode active area (Fig. 3a, b). The
glass slide was then positioned over the photodiode with the
side of the boron layer oriented to the photodiode’s active
area. This assembly has the advantage that a replacement can
be made for the diode in case of device damage while keep-
ing the '°B film. The photodiode (Hamamatsu, S3590-09)
was acquired from the manufacturer with the absence of the
epoxy resin layer on the active area. This was necessary to
avoid absorption of the alpha () and "Li daughter products
in the epoxy resin. The aluminum case was used to shield the
detector from light and is permissive to neutrons (Fig. 3c).

19B film characterization
Cold neutron depth profiling

Cold neutron depth profiling (c(NDP) was used to investi-
gate the homogeneity of °B in the film's volume. NDP is a
nominally nondestructive analytical technique that involves
exposing a sample, kept under vacuum or in an inert gas,
to a beam of thermal or cold neutrons (schematic shown in
Fig. 4a, reproduced with permission from [8]) [9-11]. In an
NDP experiment, selected isotopes absorb neutrons, forming
unstable compound nuclei that undergoes fission, producing
charged particles with specific initial energies. These parti-
cles lose energy as they move through the material(s), and,
depending on their type and energy and the material charac-
teristics, they may either be stopped within the material(s)
or exit the material's surface [9]. The number and residual
energy of the exited charged particles are detected and ana-
lyzed to create distribution profiles of the parent isotope
within the material. For more details, see the Supporting
Information (SI) and [11-13]. The isotope profile measured
by NDP for this study was '°B. The fission reaction products
detected are those listed in Eqs. 1 and 2.

The NDP spectra in this study were acquired at the
cNDP station on neutron guide 5 (NG5) at the NCNR

Fig.3 Photograph of: a photodiode; b boron film over glass slipcover
and ¢ detector mounted inside an aluminum casing

[11]. A circular aperture made of 0.5 mm thick polytetra-
fluoroethylene (PTFE) with a 3.0 mm diameter opening
was mounted to an Al disk with a large (> 30 mm) hole in
its center (see Fig. 4a). The reported NDP results are the
average distribution of '°B across the non-PTFE covered
material surface area and is relative to the diameter of the
aperture opening. The charged '°B nuclear reaction prod-
ucts (Eq. 1, 2 and Fig. 4) were detected using a circular
transmission-type silicon surface barrier detector that was
positioned & 120 mm from the sample surface. [11]

1B depth profiles were measured at three locations on
the film: at the center, at the upper right corner, and at the
lower left corner (see SI, relative to designating the uncoated
sample). An additional profile of the film support without
the '°B film was collected as the background spectra. Each
spot measured was irradiated at a near constant cold neutron
fluence rate of (= 1.22 x 10° neutrons cm™2 s™!), with any
variations being corrected via neutron monitor data dur-
ing data reduction. The experiments were conducted under
vacuum, and with a detector dead time of ~ 0.008%. The
profiles were collected for =~ 1200 s per spot.

NDP data analysis focused on the “He* reaction product
(93.7% branching ratio, 1472.42 keV) due to its relatively
high-count rate and small number of interferences from
other particle profiles. Details of data analysis can be found
in the SI, Sect. "Introduction". Please note that the '°B con-
centrations herein reported are estimates as the true density
of the film and its quantitative porosity are not known. The
profiles were corrected for instrument deadtime, sample self-
shielding, and overlaps with the “He (1776.53 keV) and "Li
(840.01 keV) profiles. A correction was not applied for the
Li* (1013.50 ke V) profile interference due to difficulty in
calculating the profiles’ contribution to the “He profiles. The
data shown in Fig. 2a that is beyond 2.10 pm include a mix
of “He* and "Li profiles. This overlap does not significantly
affect the “He profiles but may influence accurate determi-
nation of film thickness. Presented data has been binned to
the resolution of the NDP detector (=~ 19 keV at the time of
data collection).

SEM

High-contrast SEM images were captured using a Zeiss
Ultra 60 Field Emission Scanning Electron Microscope at
the NIST Center for Nanoscale Science and Technology
(CNST, NIST) with an in-lens secondary detector (Fig. 4b).
The sample was imaged in cross-section after being cut and
mounted vertically. All images were acquired at a working
distance of approximately 5.5 mm, with an accelerating volt-
age of 2.0 kV and a 30.0 mm aperture. The film was divided
into 14 regions for thickness evaluation, yielding an average
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Fig.4 a Schematic of NIST NDP chamber. Reproduced with permis-
sion from [8]. b NDP profiles from three different spots on a test film
(spot 1, 3, and 5; see SI Fig. 2 for more details). Uncertainity bars in
b may be smaller than the data points on the graph and are based on

of (2.04 +0.53) um (see SI, Sect. "Methods"), consistent
with values obtained from NDP profiles.

Sensor performance tests

Characterization of the thermal neutron sensor was per-
formed using both thermal and monochromatic cold neu-
trons. The cross section of !B for cold neutrons with
energy of (48,666.2 +0.6) x 10~ meV [15] is 8631 x 107>*
cm?. This is 2.25 x higher than the cross section for
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experimental counting statistics and propagated through the binning
calculation. ¢ SEM image of the borated film () on a glass support
(@)

thermal neutrons (3837 x 1072* cm?). The following stud-
ies with both thermal and cold neutron sources were
conducted:

(a) Neutron response Verity the sensor’s ability to discrim-
inate a neutron event from other background signals
and to check spectral shape. Measurements were com-
pleted with the prototype’s surface perpendicular to the
neutron incidence direction (here called 0° position).
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(b) Reproducibility Repeat measurements with the same
acquisition system to obtain estimate of statistical vari-
ation.

(c) Angular response Varying the incidence angle of the
neutron beam to investigate changes in the effective
neutron capture probability.

Count rate Obtain rate count measurements with different
irradiation times at 0° position.Details of these experiments
are presented in the following sections.

Gamma-rays response experiment

An initial experiment was conducted to verify the gamma-
ray response of the prototype using a ®°Co source. The
source was positioned on top of the closed aluminum
casing (Fig. 2). The amplitude of the gamma-ray sig-
nals corresponded to a cut-off around channel 30 in the
MCA, indicating that the gamma-ray contribution falls
within the electronic noise region of the spectra (see SI,
Sect. "Results").

Thermal neutron experiments

The neutron sensor was characterized by thermal neutrons
at the Brazilian Metrology Laboratory of Ionizing Radia-
tions (LNMRI). This facility has a standard thermal neutron
fluence rate facility designed to provide uniform neutron
irradiations for the calibration of small neutron sensors and
individual dosimeters. The fluence rate is obtained by mod-
erating the neutrons emitted from four, 596 GBq **! Am-Be
sources in a structure built with blocks consisting of paraf-
fin mixed with high-purity carbon graphite [14, 15]. The
source-to-sensor could be ranged from 25 to 200 cm (see
SI, Sect. "Discussion").

All measurements were conducted at a source-to-sensor
distance of 50 cm to avoid possible damage to the detection
system. As the **! Am-Be source has a mixed neutron fluence
rate (thermal, fast, and epithermal), the fluence rate of the
thermal neutron in the boron layer was simulated by Monte
Carlo method (code MCNPX, [17]) with the fluence rate of
thermal neutron for the distance of 50 cm. The calculated
thermal contribution (< 0.5 eV) in the spectrum value was
65.3%, this corresponds to an expected thermal fluence rate
of (470 +4) cm™2 57! [15].

Parameters performed in this setup were:

(a) Neutron response incidence at 0°, distance of 50 cm for
60 min. (Fig. 5a).

(b) Reproducibility incidence at 0°, fixed 50 cm distance,
n= 10 measures, each lasting 10 min (Fig. 5b).

(c¢) Angular incidence at 0°, 30°, 60° and 90° for 15 min at
each angle (Fig. 5c¢).

(d) Count rate incidence at 0°, 50 cm distance position
where the neutron fluence was varied using incre-
mented irradiation times (5 min to 60 min, Fig. 5d).

The prototype’s intrinsic efficiency (g;,) was calculated
using a count rate obtained from the angular coefficient of six
measurements, with times ranging from 5 to 60 min, at a dis-
tance of 50 cm from the radiation source. The count rate was
(331 +2) min~!, associated with the thermal neutron fluence
rate of (470 +4) neutrons (herein n) cm™2s~! [15] at the same
position. Using Eq. 3, [16] the calculated intrinsic efficiency
of the sensor is (1.17+0.01) %.

number of neutrons recorded

Eint = — 3
" number of incident neutrons on detector )

Cold neutron experiments

The characterization of the neutron detection system was
performed using the PHADES (Polarized *He and Detec-
tor Experiment Station) cold neutron beam at NCNR [17].
PHADES is a test detector/sensor facility with a monochro-
matic neutron beam with energy of 4.86662 (6) meV. The
neutron fluence rate is approximately 2.0x 10° n cm™2 57!
with vertical divergence of 1°. The sensor was be placed on a
standard Huber goniometer with +22° tilt and + 10 mm trans-
lation. [18]

The cold neutron beam was collimated using two borated
aluminum masks with 5 mm X 20 mm apertures spaced 1 m
apart. In addition, a borated glass attenuator (neutron trans-
mission (& 15%) was positioned in front of this collimator to
reduce the neutron fluence rate so that the system dead time
was negligible. The distance between the fluence rate and sen-
sor (photodiode plus boron) was =~ 70 cm with the photodiode
positioned on the Huber base.

Parameters performed in this setup were:

(a) Neutron response prototype response at the 0° position.

(b) Count rate varying the fluence rate at the 0° position.

(¢) Angular varying the angle to —90° to 90°, steps of 5°-
and 10-min counting times.

(d) Long-term reproducibility collecting data for 10 min
followed by a pause in counting for 10 min over a
period of 10 h at the 0° position.

The sensor’s intrinsic efficiency can be obtained using the
neutron fluence rate, measured with a calibrated *He detector
and correct due to the use of a neutron glass attenuator. The flu-

ence rate on the sensor surface is (1.07 +0.09)x 10* cm™2 s~
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Fig.5 a Experimental recorded spectra, background (B,), thermal
neutrons flux (n) and net counts; b Thermal neutron reproducibil-
ity measurements repeated 10 times with time acquisition of 10 min

Results

198 film thickness, morphology, and isotopic loading
consistency

The NDP profiles of the three regions suggest some vari-
ation in the overall thickness of the boron layer across the
surface of the film with an approximate average thickness
of ~ 2.0 pm. This thickness is within uncertainty of the
average thickness measured by SEM. The concentration of
198 for all measured spots is approximately the same until
a depth of 1.4 pm to 1.5 pm. At this depth, the concentra-
tion appears to decrease at a near linear rate. The decreasing
concentration features are 1.0 pm to ~ 0.75 pm in width,
which is larger than the <50 nm resolution of the NIST-NDP
instrument for the *He recoil particle from the 108 1 reaction
[11, 13] and may be resulting from roughness at the support/
film interface. This roughness can be seen in the micrograph
shown in Fig. 4b. From this same image it is also apparent
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that the film is porous with, what appears to be, an open
pore structure.

Neutron detection performance

Thermal neutrons Silicon detectors exhibit effective
annealing at room temperature after a few days [19]. An
investigation was conducted to determine if repeated meas-
urements taken at short intervals would lead to a decrease
in sensor efficiency. Figure 5a shows the experimental spec-
tra collected from the sensor at a source-to—sensor distance
of 50 cm. Repeat measurements as a function of the num-
ber of times count (V) is shown in (Fig. 5b) and were con-
ducted on the same neutron flux. The black line represents
the range region adopted from the repetitive measurements’
dispersion. The repetitive rate (Re) value was calculated
using Eq. 4 (from [20]) where ¢ (student-t distribution) and
S is the standard deviation. The range region is defined in
Eq. 5, where X, ., is the average. The t-value is 2.26 (nine
degrees of freedom; 95% of confidence) resulting in a repet-
itive rate value of 172 counts.
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The angular dependence of the neutron prototype
is shown in Fig. 5c. The higher intensity is seen at 0° as
expected and decreases as the prototype is rotated about the
incident beam. The linearity response was made by vary-
ing the neutron fluency in different irradiation times, as the
divergence of the fluence rate is small and does not allow
variation in distance. This data is displayed in Fig. 5d.

Cold neutrons The response of the prototype to cold neu-
tron irradiation is shown in Fig. 6a. Overall the net neutron
counts (black triangles) are several orders of magnitude
higher than the net background counts (green circles). Fig-
ure 6¢ displays the sensor’s net counts as a function of angle.
Figure 6d shows the linearity response of the sensor as a
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Fig. 6 a Experimental spectra with time acquisition of 120 s from the
background (Bg), with (Bg+n) cold neutron beam and background
corrected counts (Net counts). The uncertainties in the top plot are
smaller than the symbols. b Counts as a function of the results of

function of changing neutron fluency at different irradiation
times. The response for gamma-rays was verified with.

Repeat measurements (N) as a function of the number
of counts is shown in (Fig. 6b). These measurements were
conducted on the same beamline. The black line represents
the range region adopted from the repetitive rate value. The
Re value was calculated using Eq. 3 (from [19]) and the
range region was calculated using Eq. 4. The t-value is 2.045
(twenty-nine degrees of freedom, 95% of confidence) result-
ing in a repetitive rate value of 720 counts.

The intrinsic efficiency of the neutron sensor prototype
was calculated using the slope of the function (linear fit)
of (8810 + 10) counts min~" associated with the net num-
ber of neutrons reaching the sensor active area per minute
(6.4+0.5)x 10° n min~! provided by NIST, resulting in an
intrinsic efficiency of (1.37 +0.12) %.

The angular dependence of the neutron prototype is
shown in Fig. 6¢. In the alignment procedure, the photodiode
detector surface was positioned parallel to the neutron beam
and aligned to create an arch of rotation for the photodiode

b)

Counts (x10°)

d

89.0 I; | | | | II 600IS 4
i |
- T

reproducibility measurements (Repetition number (#)), the red line
represents a 95% confidence interval. ¢ Counts versus angle of the
neutron sensor prototype. d Counts as a function of time of the neu-
tron prototype. The uncertainties are smaller than the plot symbol
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about the incident beam. The asymmetry seen in the Fig. 6¢
could be a result of a small tilt (about 15 degrees) in the
photodiode position that did not influence the overall data
collection. Nevertheless, it is noted that the decrease in the
value of counts between the 0° position (7.0 10° counts
min~") in relation with the 15° (1.0 x 10° counts min™")
position, is of about 30%. Previously the intrinsic efficiency
was calculated to be (1.37+0.12) %. A correction factor of
30% was applied in this efficiency value to adjust for this
difference. The resulting intrinsic efficiency considering
the correction factor is (1.78 +0.17) % for cold (4.87 meV)
neutrons.

Discussion

NDP and SEM analyses of the '°B film indicate an average
thickness of (2.04+0.53) pm. The film is predominantly
uniform in terms of '°B concentration; however, some vari-
ability in thickness is observed at the edges. Additionally,
there is a near-linear decrease in '°B concentration at the
interface between the film and the photodiode surface, as
detected by NDP. This decrease is attributed to the rough-
ness of the '°B film.

The neutron detection performance test indicates that the
sensor can discriminate background counts from experi-
mental signal counts. The photodiode response to be stable
based on the experimental data collected at both cold and
thermal neutron beamlines and has an intrinsic efficiency
of (1.17+0.01) % for thermal neutrons and (1.78+0.17)
% for cold neutrons. Given the goal of constructing an
accessible system, commercially available low-cost elec-
tronic components were selected. Additionally, the coun-
ter was implemented using a comparator circuit based on
a flip-flop design. Due to the large active area of the detec-
tor, which necessitated the use of a high-value capacitor,
we estimated, through measurements using a pulser signal
injected into the preamplifier, that the system’s dead time is
approximately 120 microseconds.. The difference between
the cold neutron flux and the thermal neutron flux can lead
to dead time values with up to 10% difference between the
two measurements.

Another source of discrepancy arose from the *He detec-
tor measurement of the fluence rate. detector measurement
of the fluence rate. While the exact spectral shape of the
thermal neutron source is not known, it is known that the
thermal component is 65.3%, the epithermal component is
21.7%, and the fast component is 11%. It is assumed that
this discrepancy resulted from the *He detector calibration.
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Comparison to other published sensors

Other, similar designs have been detailed in the literature.
Comparable examples can be found in Kang et al. [21] and
in the recent works of Cerasia et al. [22], Caricato et al.
[23], and Provenzano et al. [24]. Kang et al. developed a
sensor with a natural boron converter that was attached to a
photodiode [21]. The gluing introduced an air gap of ~ 0.3
mm that “smeared” their results. The converter material in
this study was placed in direct contact with the PIN. Like
the work produced by the authors of the herein paper, in
[25], and in Caricato [23], Kang et al. found that converter
thickness control was important to improving the sensor’s
efficiency. Both this study and that of Caricato et al. suggest
an =~ 2 pm thick converter layer is needed to reach good
sensor efficiency.

Cerasia et al. similarly used PLD to produce enriched
108 for the converter layer [22]. In Caricato et al. [23], the
carbon fiber or aluminum supported converter material
detailed in [22] was tested with thermal neutrons and the
intrinsic efficiency was estimated to be approximately 1.7%.
This work has been extended to a “sandwich” type sensor
consisting of two layers and an efficiency closer to 3.5%
[24]. Cold neutron tests were not completed in these stud-
ies. Cerasia et al.’s thermal neutron-based efficiency values
for the single sensor design were slightly higher than the
intrinsic efficiency measured for the single PIN sensor herein
detailed. This could be due to several factors, as the sensors
have several differences beyond how the converter material
was formed (e.g., deposition surface, different detection and
electronic systems).

Possible improvements

One feature that may be relevant is the orientation of the
substrate to the detector, which may influence the efficiency
results as the sensors detailed in [22-24] have the orienta-
tion of converter material — substrate (carbon fiber or alu-
minum) — detector, while the herein described sensor has an
orientation of substrate (glass) — converter material — detec-
tor. The presence of the glass substrate (150 pm thick [7])
facing the neutron source could cause neutron scattering,
thus decreasing the number of neutrons interacting with
the converter material and reducing the sensor’s efficiency.
Other causes of the limited performance of the sensor’s effi-
ciency may be the presence of neutron absorbing impurities
in the converter layer or the presence of thicker regions of
the converter which may stop some charged particles from
reacting with the photodiode. Research into possible impuri-
ties in the layer need to be conducted and fine-tuning of the
deposition system completed. Future work will also focus
on placing more than one photodiode with the B converter
in a row. Improvements on the electronic circuit using small
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components and an optimized circuit board can reduce the
sensor system size, thus expanding its possible applications.
Future work could include utilizing the substrate materials
suggested in [22-24] or decreasing the thickness of the sup-
port glass.

There are several options for improving the sensor’s
efficiency beyond optimizing the converter material. One
option is using the sandwich configuration detailed in [24].
An alternative is a series or in parallel schema of sensors
as suggested in the work of Gao et al. [26] for 4H-SiC
PIN system. Other, new semiconductor designs have been
developed to achieve an increase in neutron detection effi-
ciency (for example see [27]). The proposed designs are
based on producing photodiodes with a matrix that include
microstructure patterns engraved on the substrate and sub-
sequently filled with converting materials. In one of these
sensors less < 1 mm thickness is needed with less than 5
V, and the intrinsic efficiency values above 40% have been
reached. However, in the works consulted, most are based
on ®Li converters. In these studies, LiF was employed due
to the difficulty of making films with pure Li, which is cor-
rosive and chemically reactive and the filling of this material
in microstructures is generally completed by centrifugation
processes [28]. This is not an issue for the PVD '°B sensor
described here.

Cost estimate (materials only)

The low cost and the use of PLD in the presented sensor’s
production is advantages. For the construction of the thermal
neutron detector the '°B target (USD $3,781.30) was one of
the more expensive investments while the PIN type Si pho-
todiode (USD $224) had a lower cost burden. Even though
10B is a high-cost material, in the manufacture of the film
only a small amount of '°B is needed, as the average range
of the alpha particle in boron is in the order of 3.5 pm [22])
and the deposition region does not exceed 1 cm X 1 cm (the
active area of the photodiode). One target can be utilized to
manufacture more than six dozen (72) films, thus having
a good cost-benefit ratio (approximately USD $53.00 for
each film). The electronics associated with this photodiode
are also low cost (USD $300) and have simple circuits and
components that are easily accessible. The cost of a single
detector system would be approximately USD $580.

Conclusion

In this study a compact, low-cost thermal neutron sensor
is presented, characterized, and assessed for viability. This
prototype is a compact neutron sensor and is a probable can-
didate for a portable sensor or be converted into a personal
dosimeter following further development. The low cost and

the use of PLD in its production are advantages that can
make this sensor very attractive. For the construction of the
thermal neutron sensor a commercially available PIN type Si
photodiode was utilized for charged particle detection, which
was coated with a '°B enriched film manufactured by PLD.
The film was = 2.0 pm, below the average range of the alpha
particle in from the '°B, n reaction is in the order of 3.5 pm
to 4.0 pm,. The intrinsic efficiency was determined to be
(1.17+0.01) % for thermal neutrons and (1.78 +0.17) % for
cold neutrons. Improvements for the sensor have been sug-
gested and future work may include further characterization
of the converter film, research into placing more than one
photodiode with the boron converter in a row, and improve-
ments on associated electronics.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10967-024-09878-9.
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