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ARTICLE INFO ABSTRACT

Keywords: The shift from reactor to accelerator based neutron production has created a renewed interested in Boron

BNCT Neutron Capture Therapy (BNCT). BNCT is reliant upon the favourable uptake of °B by tumour cells along with

Silicon the interaction with neutrons to produce high LET fragments (He and Li nuclei) that deposit energy locally

gicr‘;‘i"smﬂry within the tumour cells. As with any radiation based treatment, Quality Assurance (QA) is crucial. In particular,
ean

Geant4 was used to model and optimise the geometry and packaging of Silicon on Insulator (SOI) micro-

dosimeters for BNCT Quality Assurance purposes in view of experimental measurements at the KUR research
reactor, in Japan. In this context, design optimisation pertains to the sensitive volume size and probability of
neutron activation. This study has shown conclusively that whilst the materials currently used in the fabrication
of silicon based microdosimeters are appropriate, there are changes with respect to the sensitive volume
thickness that should be addressed to reduce the number of ‘stoppers’ in the microdosimeter.

1. Introduction

Boron Neutron Capture Therapy (BNCT) is a type of radiotherapy
that involves thermal energy neutrons, which interact with a boron
distribution within the body to treat cancer. The capture of thermal
neutrons by 1°B nuclei results in the following nuclear fission process:

B+ n—UB>T7Li+*He+y, Q=2314MeV 94%
—'Li + “He, Q = 2.796MeV 6%

The alpha particle and lithium ion produced in this reaction are high
LET particles with ranges of 4.1 and 7.7 um in tissue, respectively. In
addition, protons are produced as recoil products from interactions of
neutrons with 'H nuclei and by N neutron capture. Gamma rays are
also produced through 'H thermal capture.

Monte Carlo-based simulations have been demonstrated as a useful
investigation tool for BNCT, with many facilities adopting Monte Carlo
based software tools for use in BNCT Treatment Planning Systems
[1-3].

The study of the effect of mixed radiation fields, such as the one of
BNCT, at the cellular level can be achieved using microdosimetry [4].
Regional microdosimetry is based on the measurement of energy de-
posited in micron sized sensitive volumes (SV) with similar dimensions
to biological cells. The lineal energy deposition is defined as follows:
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where E is the energy deposited in a SV by a traversing particle. (I) is the

mean chord length calculated by means of the Cauchy formula in iso-
tropic radiation fields:

y

4V
W="g @
which is valid for most convex volumes in terms of its surface area (S)
and total volume (V). The lineal energy (y) is a stochastic quantity. The
probability distribution of lineal energy, f (), is a fundamental function
in microdosimetry.
If D(y) is the fraction of an absorbed dose associated with a lineal
energy equal to or less than y, d(y) is the dose probability density and
can be determined by:

dD(y)
dy)=——
dy 3)
The dose-weighted mean lineal energy y, is given by:
= Jyd©) dy @

yd(y) vs log(y) is usually plotted in order to display the spectrum of
lineal energies in greater detail.
Although currently considered the best available microdosimeter,
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the tissue equivalent proportional counter (TEPC) has several short-
comings. These limitations include: wall effects, relatively large phy-
sical size, phase effects due to measurement in gaseous phase and high
operating voltage [4]. Solid state microdosimeters were proposed by
the Centre for Medical Radiation Physics (CMRP), University of Wol-
longong (UOW) as a new method for microdosimetric measurements
[5]. The concept of silicon microdosimetry aims to address the above
shortcomings of the TEPC [6,7].

The microdosimetric approach studied in this work applies solid
state SOI technology, which has been developed for the last twenty
years at CMRP. Bradley, Rosenfeld et al. developed the first generation
silicon microdosimeter, which lead to the development of dedicated
microdosimeters for BNCT [4,8,9]. These devices suffered diffusion
effects causing cross-talk due to ill-defined SVs. As of 2019, four gen-
erations of SOI microdosimeters have been developed by CMRP [10].
Advances in the design and fabrication of silicon microdosimeters
[4,8,11,12]along with recent successes [13,14]are testimony to the
feasibility of solid state microdosimetry. The research performed in this
project was conducted using the latest generation V2 silicon Bridge
microdosimeter design [13].

2. Method

A Geant4 simulation was developed to characterise the detector
response of SOI microdosimeters in a BNCT radiation field in order to
optimise their design. The probability of neutron activation was studied
to investigate any potential radioprotection hazards.

Geant4 version 10.01 [15,16]was used to model the BNCT radiation
field produced by an incident epithermal neutron source in a water
phantom. Root v5.34 was adopted as analysis tool [17]. The simulation
was based on the experimental setup adopted in Onizuka et al. (2003)
at the Kyoto University Research Reactor (KUR) [18,19]. The phantom
consisted of a 30 X 30 X 15 cm® water box and is surrounded by air. The
materials used in the simulations were obtained from the G4NistMa-
nager, which provides material definitions derived from the NIST data
reference [20].

The Geant4 Low Energy Physics Package, based on Livermore data
libraries [21], was selected to describe all the electromagnetic inter-
actions of particles, down to the recommended limit of validity of this
physics model (250 eV). A default cut value of 0.01 um was set due to
the short path length of secondary particles associated with BNCT. The
High Precision (HP) data libraries were adopted to describe neutron
interactions at energies below 20 MeV. The HP package uses evaluated
neutron data, named G4NDL4.4 which is largely sourced from the
ENDF/B-VII.O libraries [22]. The HP thermal neutron physics model
was activated, as outlined in [23], to describe elastic scatter interac-
tions in 293.15 K water and polyethylene below 4 eV. The radioactive
decay was modelled as well, provided by the RadioactiveDecay 4.2 data
package, which is derived from the ENSDF database [24]. Its use was
crucial to investigate the neutron activation of the microdosimeter
device components.

Geometrical scaling factors can be used in solid-state micro-
dosimetry to convert energy deposition in silicon to a tissue equivalent
response. For BNCT microdosimetry, a suitable scaling factor of ap-
proximately 0.63 has been determined [9], which has been applied to
all results presented in this study. The 1.47 MeV alpha particle pro-
duced in BNCT has a range of 5um and 8um in silicon and tissue,
respectively.

The modelled incident radiation field consisted of a 5 cm diameter
cylindrical beam of epithermal neutrons which originate on one side of
the water phantom. The neutron energy fluence was based on the KUR
reactor operating in epithermal mode, as shown in Fig. 1.

The first simulation was designed to calculate the optimal depth in
the water phantom to place the detector to maximize BNCT reactions.
For this simulation, 25 parts-per-million °B was distributed uniformly
in the water, which is the typical concentration of 1B in the tumour for
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BNCT. The optimal depth is located at the depth of 27 mm in the water
phantom to maximise the number of recorded BNCT reactions. Section
3.1 shows the results deriving from this study. The detector probe used
by CMRP, which houses the Bridge microdosimeter, was modelled and
positioned at the optimal depth within the water phantom, facing the
incident beam direction as shown in Fig. 2.

A PMMA layer with thickness equal to 500 um in the direction of
incidence of the neutron beam, 100 um thick polyethylene (PE), the
boron conversion layer with varying thickness, the 100 um air gap and
Bridge microdosimeter follow. The PMMA layer represents the water-
proof outer casing which houses the detector components. The re-
movable neutron converter in the setup consists of a 3 um thin film of
enriched boron carbide (°B4C) deposited on a 170 um aluminium
substrate. PE tape is used to attach the converter layer onto the top of
the detector package. This leaves a thin air gap between the micro-
dosimeter and the converter film. The Bridge microdosimeter is shown
from bird’s eye view in Fig. 3.

The second simulation focused on the optimisation of detector
geometry for the CMRP SOI Bridge microdosimeter in terms of its SV
geometry. Microdosimetry is only appropriate in radiation environ-
ments where the particles incident on the detector have a range that
exceeds the mean chord length of the SV [25]. That is, most events
within the SVs must pass through the device (crossers). Those which
have shorter range than the mean chord length range and come to rest
within the SV are undesired (stoppers). Therefore it is essential to in-
crease the relative number of crossers versus stoppers interacting with
the SVs. This work investigates the proportion of stoppers and crossers
in the microdosimetric spectra with respect to three key variables: SV
thickness, SV lateral area and thickness of the °B,C converter film.
Reduction in the SV thickness and SV area will reduce the mean chord
length of the SVs, which should increase the number of crossers. Un-
fortunately, a compromise has to be reached as smaller SV sizes, which
favour crossers against stoppers, reduce the sensitivity of the detector
and may require a larger array of SVs, translating into an overall bigger
device.

The use of boron conversion films which have a thickness close to
the range of the products originated in it is problematic. This is because
the BNCT products lose more energy within the converter leading to a
higher probability of stoppers in the SV. As a means of verifying the
most optimal experimental set-up, the 1°B4C film thickness is in-
vestigated with respect to the ratio of crossers/stoppers within the
target SV. Another site of BNC reactions is the built-in boron doped p +
region of the SVs [9]. It is expected that particles produced in this re-
gion will have greater range than those in the converter film, allowing
for more crossers in the SVs. The relative number of BNC particles
reaching the SVs and type of interaction will be compared for the 1°B,C
film and p+ region of the SVs.

The secondary radiation field produced in the microdosimeter by
the incident BNCT neutron field was studied as well. This mainly relates
to the radioprotection of experiment operators and the investigation of
background noise that could be produced in the detector. The flux of
the KUR epithermal neutron beam was used to calculate the relative
number of incident particles required in the simulation for a 5cm
diameter cylindrical beam. The detector was simulated to be irradiated
for the typical BNCT treatment time of 30 min. In the simulation, the
track history of each particle was recorded, such as information re-
garding the parent particle and which physics process produced it. For
each interaction, the kinetic energy, the point where the secondary
particle is generated and its final location, when it comes to rest, is also
stored. The rate at which materials produced dangerous levels of io-
nising radiation and the required cool-down of the detector time was
investigated. This was achieved by modelling the rate of neutron acti-
vation during irradiation and the time required for radioactivity to fall
below 1uBq. This lower activity threshold was chosen as it is well below
the limit of concern given by the IAEA for the materials tested [26].
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Fig. 1. KUR epithermal neutron energy spectrum used as the primary source in all simulations [18], courtesy of Baba et al.
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Fig. 2. Detail of the geometry of the detector and its packaging, in the direction
of incidence of the neutron beam (incident from left). The neutron beam has a
diameter exceeding the lateral sizes of the microdosimeter device. The micro-
dosimeter is set at 2.7 cm depth in the water phantom.

3. Results
3.1. Depth dose calculation in water

The simulated depth-dose response is depicted in Fig. 4. The max-
imum response for alpha particles, lithium nuclei and protons was 22,
23 and 31 mm, respectively. Using this result, the optimal depth was
chosen to be 27 mm. This placement is consistent with experimental
measurements obtained by Onizuka et al. (2003) [19].
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Fig. 4. Depth dose curve in the water phantom, with 25 ppm °B uniformly
distributed in water. The total energy deposition is depicted in black. The
contribution deriving from each secondary particle under investigation is in-
dicated as well, together with the process originating the secondary particle
(see the legend).

3.2. Geometry optimisation of the SVs of the SOI bridge microdosimeter for
BNCT quality assurance

3.2.1. Sensitive volume thickness reduction

In order to increase the number of crossers in the microdosimeter,
the thickness of the SVs was reduced in the direction of incidence to the
neutron beam. Three different thicknesses were considered in this
study: 10, 2 and 1 um, with their microdosimetric responses shown in
Figs. 5-7, respectively.

Fig. 3. Bridge SOI Microdosimeter. The SVs shown in green have dimensions of 30 x 30 um? with 10 um thickness along the direction of incidence of the neutron

beam.

10
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Fig. 5. Microdosimetric spectra of 30 x 30 x 10 um?® SOI Bridge SVs with 3 um
thick 1°B,4C film (mostly stoppers).
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Fig. 6. Microdosimetric spectra of 30 x 30 x 2um? SOI Bridge SVs with 3 um
thick °B,C film (increased crossers).
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Fig. 7. Microdosimetric spectra of 30 x 30 x 1 um?® SOI Bridge SVs with 3um
thick 1°B4C film (mostly crossers).

The range of the 1.47 MeV alpha particles and 0.84 MeV “Li nuclei
produced by BNC in silicon are 5.26 pm and 2.46 um, respectively [27].
A-priori knowledge of the range of these particles provides a means of
optimising the detector geometry. It is obvious that the current SOI
microdosimeter would be unsuitable for BNCT given the thickness
(10 um) is greater than the maximum range of the BNCT products.

Table 1 shows the proportion of crossers and stoppers by particle
compared with the total for different SV thicknesses. The current Bridge
design with 10 um thick SVs yielded a response which mostly consisted
of stoppers. With the SV thickness design reduced to 2 um, as shown in
Fig. 6, the fraction of crossers is about 40%, which is approximately 7.6
times higher. For the conceptual design which uses 1 um thick SVs, as
shown in Fig. 7, the number of crossers were further increased.
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Ratio of crosser or stopper by particle type to total for different detector designs

and 3 pum thick B4C.

Detector Design B4C Crossers Stoppers
o 7Li 4 Li

30%x 30x 10um® SV 3um 0.043 0.003 0.827 0.070
30x 30x 2um® SV 3um 0.253 0.009 0.640 0.042
30x 30x 1pum® SV 3um 0.616 0.020 0.272 0.035
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Fig. 8. Relative ratio of alpha particle crossers and total number of alpha
particle crossers and stoppers in the microdosimeter SVs obtained using the
3um B4C thick film (blue) and 0.5um B4C thick film (green). The ratio of
crossers/total in the bare detector is obtained using only the boron doped p+
region implanted in the SVs is depicted in red. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

However, due to limitations with the current technology used for de-
tector fabrication, only the 2 um thick SV design is feasible.

3.2.2. Reduced boron carbide film thickness

The current design of the boron converter is based upon what will
be used experimentally. Fig. 8 shows the fraction of alpha particles
crossing the SV, for two different °B,C thicknesses (3 um, 0.5 um) and
for bare detector with doped p + region.

For the 3um thick °B,4C film, the alpha particles and ’Li nuclei
emerging from the film had an overall lower kinetic energy due to io-
nisation. As such, larger angles of incidence are prevented, which
shaped the field to increase propagation in one direction towards the
SVs. The range of the 1.47 MeV alpha particle produced by BNC in
19B,C is approximately 3.43 um [17].

The proportion of alpha particles and “Li nuclei in terms of crosser
and stoppers are shown in Table 2 for the 0.5 um thick °B,C layer. The
count collected by the device with 30 x 30 x 2um® SVs compared with
that of 30X 30 x 10 um® SVs is 105 counts/s and 78 counts/s, respec-
tively, which is approximately 26% less. This should be taken into
consideration, as an increase in the number of SV in the array may be
required. Unlike the results shown in Table 1 with the 3 um thick 1°B,C
film, the relative number of alpha and 7Li particles are much closer in

Table 2
Ratio of crosser or stopper by particle type to total for different detector designs
and 0.5 um thick B4C.

Detector Design B4C Crossers Stoppers
a TLi a Li
30x30x 10pum® SV 0.5um 0.102 0.038 0.426 0.434
30x30x% 2me3 SV 0.5um 0.400 0.143 0.125 0.332
10x10x 2me3 SV 0.5pum 0.497 0.370 0.026 0.106
10x10x1 me3 SV 0.5um 0.508 0.432 0.009 0.051
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Fig. 9. Microdosimetric spectra of 30 x 30 x 2 um?® SOI Bridge SVs with 0.5um
thick °B,C conversion film.

value for the 30 X 30 x 10 um? SV device.

For the 0.5um thick °B,C layer, the distribution of the radiation
field that emerges from the film is more isotropic with higher kinetic
energy. This provides an advantage of more crossers in the SVs. The
number of alpha particles and ’Li nuclei that reach the SVs is twice as
much. The microdosimetric spectra obtained with 30 x 30 x 2um?® SVs
using this film thickness is shown in Fig. 9. The lower energy alpha
stoppers have been minimised with this configuration, but a shoulder
between 120 and 250 keV/um is now present due to larger angles of
incidence of emission from the film.

Another site of BNC reactions is the boron doped p+ region of the
SVs. For the alpha particles produced in this built-in neutron converter,
the rate of crossers are much higher than the °B,C film. This was due to
a lower energy loss of alpha particles as they did not have to pass
through overlayers to reach the SV. This result validated the feasibility
of applying the boron doped p+ region in SOI microdosimeters for
dedicated BNCT microdosimetry. However, the rate of 1°B(n, a)’Li re-
actions in the p+ region is approximately 500 times lower than the
10B,4C film. The detection rate of these products from the p+ region by
the SVs is 9.6 counts/s.

3.2.3. Sensitive volume lateral width reduction

The changes to the microdosimetric spectra relative to the lateral
area of the device is presented in Fig. 10. The lateral area was reduced
from 30 x 30 um? to 10 x 10 um?. The decreasing volume size should
lead to lower mean chord lengths and higher probability of crossers.
However, as the lateral area is smaller, interactions with the SV by
normally incident particles is lower. As such, the proportion of stoppers
in this case are mostly high energy alpha particles, which enter the SV
at extreme angles.

Table 2 also describes the ratio of interaction types between alpha
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E — Total
0.007[—
= —— .- 9B(n, a)’Li - Crosser
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Fig. 10. Microdosimetric spectra of 10x 10x 2um® SOI Bridge SVs with
0.5um '°B,C conversion film.
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particles and ’Li nuclei in terms of the lateral width of the SVs. The
equivalent mean chord length of SVs with smaller lateral area allow for
a much higher probability of crossers. However, the total count of these
smaller SVs is significantly reduced. The count rate for the
10x10x 2um® and 10x10x1pum?® SVs is 8.1 counts/s and 7.6
counts/s, respectively. Compared with the 30 x 30 x 10 um?® SV device,
the count rate is approximately 92% lower.

Provided the current technology using a detector with 2um thick
SVs, the worst case scenario would require the number of counts de-
riving from the BNCT reactions to be higher than 1000, to be well above
the noise threshold. This poses a potential issue when using thinner SVs
and only using products from the p+ region. The theoretical designs
using 0.5 um film plus 30 x 30 x 2 um?, 10x 10 x 2um? and p+ region
only would need to be exposed for 15, 123 and 104 s, respectively, to
have sufficient counts. Given the typical treatment time of 30 min for
BNCT, this should not cause major concern.

3.3. Activation and fragmentation in experimental setup

The reaction rate that occurred in the SOI Bridge and detector probe
materials during neutron irradiation by the KUR epithermal source is
shown in Table 3. The detector configuration consists of
30% 30x 2um® SVs and a 0.5 um thick B,4C film. Figs. 11 and 12 show
the radiation field and activity curve of secondary particles produced in
the detector materials, respectively. For the SOI Bridge microdosimeter,
most activations are associated with silicon and aluminium, which have
high nuclear cross sections in this neutron energy range. Interactions in
silicon occur mainly in the substrate of the microdosimeter.

There are minimal recoils in the same energy range as BNCT pro-
ducts. Scattered protons arising from neutron moderation have kinetic
energy mainly lower than 1.5MeV. The significant production of deu-
teron by 'H thermal capture had very low kinetic energy and range of
only a few micron in water [27], so it does not pose a particular con-
cern.

In terms of radioprotection, 2Al and 3'Si have a high activation rate.
Following the beam shut-off, 2*Al takes less than 2 h to reach 1uBq. For
318i, it would take over 376 years of constant irradiation to reach the

Table 3
Interactions within the SOI Bridge microdosimeter and detector probe materials
(see Fig. 2) resulting from neutron irradiation.

Reaction Count/s Material

10B(n, a)7Li 5.35 x 10° 10B,C Film (99.82%), p+ region (0.18%)

1H(n,G)2H 3.19 x 102 PMMA (77.96%), PE (22.04%)

28i(n,G)29Si 5.96 x 10! Si Substrate (99.57%), SV (0.63%), SiO, (0.2%)

27A1(n,G) %Al 5.91 x 10! Al Film (100%)

12¢(n,G)13C 3.51 x 100 PMMA (82.37%), PE (17.63%)

298i(n,G)3°Si 1.90 x 10° Si Substrate (98.31%), SV (1.13%), SiO,
(0.56%)

308i(n,G)31Si 1.58 x 10° Si Substrate (99.32%), SiO, (0.68%)

10B(n,G)!'B 533 x 1071 19B,C Film (100%)

28A]1->28Gj Decay ~ 3.05 x 107! Al Film (96.61%), Si Substrate (3.39%)

1N(n,p)*C 235x 10! Air Gap (100%)

180(n, a)!5C 9.60 x 1072 PMMA (100%)

Bcm,e)C 7.46 x 1072 PMMA (85.71%), PE (14.29%)

10B(n, 2 +1t) 320 x 1072 10B,C Film (100%)

28i(n, «)>’Mg 3.20 X 1072 Si Substrate (100%)

15C—15N Decay 2,72 x 1072 PMMA (100%)

160(n, a)'3C 213 x 1072 PMMA (100%)

1N(n,G)'5N 213x 102 Air Gap (100%)

298i(n, a)26Mg 1.07 x 102 Si Substrate (100%)

28Si(n,p)28Al 1.07 x 102 Si Substrate (100%)

180(n,G)1?0 1.07 x 102 PMMA (100%)

190—19F Decay 2.74 x 1074 PMMA (100%)

315i—31p Decay 1.16 x 1074 Si Substrate (99.32%), SiO, (0.68%)
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Fig. 11. Secondary radiation field produced by the KUR epithermal neutron field in the materials of the SOI microdosimeter device.

IAEA activity limit of 10°Bq [26]. It is important to note that all acti-
vations of 28Al occurred in the aluminium film of the neutron converter,
with a negligible count in the aluminium tracks of the detector.

The gamma ray spectrum produced in the detector materials is
shown in Fig. 13. The major gamma ray energy peak at 478 keV is due
to BNC reactions, which occurs with 94% of the captures. Due to the
high abundance of hydrogenous materials, the thermal capture of 'H
with prompt gamma emission is observed at 2.23 MeV. Prompt gamma
lines associated with ?’Al captures occur with a high rate due to its high
nuclear cross section. Aluminium may pose a potential concern if larger
quantities are used, such as the addition of a frame for the water
phantom, due to its high activation rate. However, it is not an issue for
the current design, with only a few hours of cooldown required fol-
lowing a 30 min irradiation period.

4. Discussion and conclusions

This study has shown conclusively that whilst the materials cur-
rently used in the fabrication of SOI microdosimeters are appropriate in
terms of radioprotection, there are changes with respect to the sensitive
volume size that should be addressed for the application of SOI mi-
crodosimetry to BNCT. The 3D Bridge microdosimeter with 2um SV
thickness and 30 x 30 um? SV lateral area is the most feasible design for
BNCT QA using the current fabrication technology. SVs with thickness
of 1 um or less have been shown to be more suitable for microdosimetry

but are currently unable to be manufactured. However, the reduction in
sensitivity must be taken into account when considering smaller SVs.
Compared with the 10 um thick SV, the total reduction in counts for the
2um and 1 pum SVs are approximately 26% and 30% less, respectively.

Thinner 1°B,C films are required to decrease the energy loss of BNC
products, in order to enhance the number of SV crossers. This also has
the advantage of shaping the field emerging from the film to be more
isotropic. The boron implanted p+ region in the SVs provided an
adequate source of BNC products, which were mostly crossers.
However, it has a much lower count rate than the °B4C.

The activation study has shown that the device does not pose any
significant concern in terms of radiation protection for use in epi-
thermal mode BNCT. However, the production of secondary nuclear
recoils can contribute to the background noise in the detector, which
must be taken into account. Alternative substrates for the neutron
conversion film will be investigated in future work.

Future work will involve the modelling of the electrical and charge
collection characteristics of the ideal SOI microdosimeter in Synopsys
TCAD for BNCT applications. These results will be compared with ex-
perimental measurements. This study supports the characterisation of
the response of the SOI Bridge microdosimeter, for when it will be ir-
radiated at the KUR reactor.
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Fig. 12. Activity of radioisotopes produced within the materials of the SOI Bridge detector device for 30 min irradiation period with cool-down.
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Fig. 13. Gamma ray spectrum produced in SOI detector probe materials by the KUR epithermal neutron source.
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