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MONTE CARLO SIMULATIONS OF THIN FILMS LOADED WITH OSL DETECTORS
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Abstract. The transport and interactions of gamma-rays in a thin film loaded with optically stimulated
luminescence (OSL) nanoparticles (NPs) were studied by Monte Carlo (MC) simulations with the Particle and Heavy
Ion Transport code System (PHITS). In the MC input file, the geometry of the thin film was treated as a virtual space
using a cubic voxel structure with a lattice of nanoparticles (NPs) of OSL CaF-:Ce. The particles were monodispersed,
ranging in size from 50 to 600 nm. The polyvinyl chloride (PVC) film matrix was treated as an array simulating a
small sample with an area of 13.8 um by 13.8 um and a thickness of 10.2 um. For the irradiation simulations, we
considered a collimated beam of cesium-137 gamma-rays of 662 keV impinging perpendicularly on the piece of thin
film (detector). The film was centered on the front face of 30 cm x 30 cm x 15 cm ISO water slab phantom. In the MC
simulations, we followed the radiation tracks and calculated the energy deposition from the tracks of electrons
produced by the interaction histories of the photons crossing the thin film. The energy deposition in the OSL film is
initially fairly constant with grain size and then increases as the CaF-:Ce grains get larger to the point of filling 50%
of the voxel volume. For grain sizes up to almost 400 nm, the presence of the grains has minimal impact, i.e., the dose
is mainly deposited by secondary electrons generated within the polymer. This allows for the design of tissue-
equivalent dosimeters even with embedded OSL materials, such as CaF-, that exhibit a higher Z-value than tissue.
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1. INTRODUCTION

In recent years, the development of nanometer
scale grains of OSL materials has been reported [1-2]
and has attracted interest for a variety of radiation
dosimetry applications. Among these is the
development of detectors for 2D or 3D dose mapping.

Technologies based on OSL films have been
developed in several laboratories worldwide. First,
films containing carbon-doped aluminum oxide
(Al.03:C) were developed in the 1980s at Pacific
Northwest National Laboratory as a commercial OSL
dosimetry system for radiation protection [3]. Since
2000, Al-05:C powder mixed with a polyester binder
and coated onto a roll of polystyrene film has been used
by the company LANDAUER [4]. In 2006, the
performance of a film based on Al.O3:C was studied at
radiation oncology and nuclear accident dose levels [5,
6]. In 2011, Nakhaei et al. produced PVA/CaF-
nanoparticle films with different amounts of CaF.
nanoparticles [7].

In 2011, Luszik-Bhadra described the neutron-
induced signals in Al-O3:C films with 10 pm to 100 um
spherical grains by track-structure calculations using
PHITS [8]. Neutron irradiations were found to deposit
energy more effectively in Al.O3:C grains with a 10 um
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diameter compared to grains of 100 um by a factor of
three. In the case of photon irradiations, there was no
effect changing the diameter of the spherical grains of
A12O3ZC.

None of the dosimeters mentioned above allows the
measurement of the entrance dose closely adhering to
the body surface of a patient undergoing a radiological
procedure. Conversely, measuring entrance exposures
to diagnostic or therapeutic radiology patients would
be valuable to infer dose distributions within their
body, and to assess and minimize exposures to the
skin.

Recently, Souza et al. reported the proof of concept
of a novel technical textile for use in dosimetry [9].
They demonstrated that fabrics made of impermeable
and flexible fibers or polymeric films loaded with OSL
emitting micro- or nano-particles would be a
completely new dosimetry method for 2D
measurements with garments adhering closely to the
body. These could be placed over radiotherapy
patients, for example, to measure entrance doses in
small field dosimetry, irregular surface dosimetry, and
possibly allow postal audits of modulated treatment
delivery. This recent approach is based on dispersing
micro and nanoparticles inside a polyvinyl chloride
(PVC) polymer matrix film using a manufacturing



methodology similar to that used to disperse
nanoparticles in fibers for drug delivery [10].

In this work, we analyzed these dosimeter films
with dispersed luminescent micro or nanoparticles. An
accurate three-dimensional Monte Carlo (MC)
simulation was deemed necessary to optimize the
design of our new OSL films. The multi-purpose Monte
Carlo Particle and Heavy Ion Transport code System
(PHITS) was chosen to assess the transport and
collision of ionizing radiation through our new
dosimeters [11-13]. The code simulates the transport of
nearly all particles, including neutrons, protons, pions,
heavy ions (nuclei), muons, electrons, and photons,
with wide energy ranges from peV up to 200 GeV using
several nuclear reaction models and nuclear data
libraries. Among the relevant features of this code are
its ability to simulate the tracks of secondary particles,
explicitly handling ionizations and excitations event-
by-event.

In this paper, we investigated different diameters of
OSL particles of CaF2:Ce embedded in the PVC thin
film for assessing the effect of grain size on gamma-ray
sensitivity. Our main goal was to optimize the design of
the new kind of dosimetric film loaded with OSL micro
and nanoparticles. We analyzed the response to Cs-137
photons of 662-keV energy for the assessment of the
microfilm since Cs-137 is commonly used as calibration
source in laboratories. We used the MC PHITS code to
simulate the geometry of the particle dispersion and to
investigate the track structure, deposited energy
distributions, and calculated the dose due to the
transport of secondary particles produced by photon
interactions through the thin films.
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2. METHODS

PHITS version 2.64 was used in this study [14,15].
In our analysis of the complex film dosimeter structure,
the simulation geometry we used was a virtual space
based on a voxel phantom model. We assumed a lattice
consisting of a 23x23x17 matrix of cubic voxels,
i.e., 8993 units of 600 nm x 600 nm x 600 nm. Each
voxel contained a CaF.:Ce sphere inside the PVC
matrix. We tried to find the size of the particles that
produce the best OSL signal related to the absorbed
dose. Thus, we investigated films with different
diameters of OSL micro and nanoparticles of CaF:Ce.

The particles were embedded in polyvinyl chloride
(PVC) thin films. The diameter of the CaF.:Ce spheres
was uniform throughout the film. For each new
simulation, the grain diameter was changed in the
range from 50 nm to 600 nm. The voxels were
arranged to form a 3D array simulating a piece of film
with a surface of 13.8 um x 13.8 pm and a thickness of
10.2 pum, loaded with CaF.:Ce OSL grains. The thin film
(detector) was placed at the center of the front face of
an ISO water slab phantom (30 cm x 30 cm x 15 cm)
with walls made of PMMA (front wall 2.5 mm thick and
other walls 10 mm thick) and filled with water. We
used appropriate tallying to score the parameters of
interest. Namely, we ran the PHITS program using the
T—Gshow tally for checking the geometry in a
2-dimensional view. The 2D geometry (XZ plane) of
the ISO water slab phantom with the film detectors on
the front is shown in Figure 1.
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Figure 1. ISO water slab phantom with the film on the front. Right hand side: cross-section of the complete geometry. Top left panel:
detail of the cross section of the film on the phantom. Bottom left panel: front view of the film on the phantom.

Figure 1 also shows magnified details in 2D
geometry of the microfilm loaded with CaF.:Ce
spherical grains of 400 nm diameter The film is shown
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in the XZ plane (parallel to the incident radiation
beam) and in the XY plane (perpendicular to the
incident radiation beam).



In all figures, white represents air, which is shown
in the area around detector and ISO water slab
phantom. Magenta represents PMMA, which is shown
all around the ISO slab phantom, filled with water
shown in Blue-gray. Yellow represents PVC, which is
the matrix of the 10.2 pm-thick microfilm and cyan are
the CaF.:Ce OSL grains.

For the irradiation simulations, we considered a
collimated source of Cs-137 monoenergetic gamma-
rays with energy 662 keV. A pencil beam with a source
radius of 0.001 cm was used, matching the size of the
film. The film was placed perpendicular to the incident

beam and the emission of 107 monoenergetic gamma-
rays was simulated. Between source and film we
simulated the presence of a 100 cm thick layer of air.

In our simulations, various PHITS tallies were
used. The T-Track tally was used to gather information
on secondary charged particles, and to check the
trajectory, spatial distribution, and flux of charged
particles. The T-Deposit tally was used for the
deposited energy distribution in the XYZ dimensions in
the microfilm and also for the calculations of doses in
MeV/cms3 per source ray.
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Figure 2. Electron tracks (green) produced by the Cs-137 gamma-rays (red) on their path from the source,
through the air, and then across the detectors and the ISO water slab phantom

3. RESULTS

The electron tracks produced by the Cs-137 gamma-
rays on their path from the source, through the air, and

then across the detectors and the ISO water slab
phantom is shown in Figure 2. The relative error of all
track simulations is smaller than 1% indicating high
precision of the computations.
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Figure 3. Front view of the track distributions of primary photon radiation (in red, fluence around 106 cm-2)
and secondary electrons (in green, fluence around 103 cm-2)

Cross sections of the track distributions of primary
photon radiation (red, fluence around 10® cm2) and of
secondary electrons (green, fluence around 103 cm2) in
the OSL microfilm detector are shown in Figure 3. The
photon beam has a circular shape, hence the rounded

edges of the photon distribution in the figure. The
electron tracks are due to Compton photon scatter or
photoelectric absorption in the microfilm OSL detector
and in the ISO phantom. The case shown in Figure 3
refers to a microfilm loaded with CaF.:Ce spherical
grains with a 400-nm diameter.
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The energy deposition profile across the film is
shown in Figure 4, detailing the tracks of electrons
from Compton scattering, photoelectric effect, and also

Auger emission produced by the monoenergetic
cesium-137 gamma-rays on a microfilm loaded with
400 nm-diameter spherical grains of CaF.:Ce.

U | T | T | T | T I 1]
PEEhEEEREERREEE Iw‘
peer e rEEEEEEEEEl:
olololo[olololo|ojolo[oo[oo00] [
T~ 0.0005 BoooooooooRRRCRT] [
CHE™) ojojojojolojolojolojojolcloo0l H 1
ol ololooollooRRoooRRB] F
alal oloojojolo[o[olo[olo0000] |
LA AL oloIo[0/oIoI0I0[00IOI0OI0I0 )
P 4 DIO0[O0IODIOIOIOIOIOIOIOIOIOI0] Y ' &
() ) Ojo[olojololololojoojolol0/o[0a] F &
el oS 4 = ololoooooooloRR] [ &
| S, 0.0000 [EloloolololololololoooooIoE H | E
L W LA 2 ololoj0jooloololo[0co0000] B 0 2
ololojojolo[oooooO0 3
Faa| ¥ e OlojojojoojojooolclcPoloR [
\_SMT0 2 olojojojolololojolojololojojo[olo] L 4
o~ olojo[oooojololololooloololG Ef
(N 3 ololojojoolojololololooloo00] |1
ojojo[o[oojojo[o[ooooo000 [
ANCK —0.0005 Clol0/O0/olololo[o[o/o0Ic[o0IRl | 102
AL S 2 olojoooololo[oolooo[ClololO
== olojojoloojojolooolooololo0
(D ololciolololololololoololololoo
25 i 3 107
Pl Fant T N W e e N ) P
Wi —0.00040.0002.00000.00020.0004

z [cm]

Figure 4. Cross-section of the 10.2 um-thick microfilm loaded with 400 nm-diameter spherical grains of CaF.:Ce showing the
electron tracks (around 103 cm=2) produced by the Cesium-137 gamma irradiation. The panel on the left hand side shows a
magnified view of the first two voxel layers (1.2 pm) of the microfilm.

As highlighted by the magnified representation of
the two first layers of the film (Figure 4, left hand side),
the detector is not in a state of charged-particle
equilibrium, but rather a progressive build-up of the
dose is clearly visible, i.e., an increasing density of
electron tracks as the gamma-ray beam penetrates the

microfilm.
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Figure 5. Energy deposition profile in MeV/cms3 per source
gamma ray estimated using a 300 cell reg mesh across the
micro-film loaded with 400 nm-diameter spherical grains of
CaF2:Ce

Figure 5 shows the energy deposition profile in
MeV/cms3 per source gamma ray (1 MeV/cm3 ~107° Gy,
accounting for the effective density of the detector film)
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estimated using a 300 cell regular mesh across the
microfilm loaded with 400 nm-diameter spherical
grains of CaF2:Ce. The figure demonstrates the lack of
lateral charged-particle equilibrium in the microfilm.

Table 1. Energy deposition in MeV/cm3 per source gamma ray
in microfilms loaded with CaF-:Ce grains varying from 50 nm
to 600 nm and irradiated with a Cs-137 source

Diameter | Deposited Relative| Voxel fill
of CaF-:C energy o .
(nm) (MeV/cm3) error % fraction
50 257.05 5.05 0.0003
100 254.62 5.07 0.0024
200 252.88 5.04 0.0194
300 249.82 4.95 0.0654
400 271.18 5.11 0.1551
500 287.46 4.93 0.3030
600 289.74 4.53 0.5236

The energy deposition in MeV/cm3 per source
gamma ray in microfilms loaded with CaF.:Ce grains
varying from 50 nm to 600 nm and irradiated with a
Cs-137 source is presented in Table 1. The energy
deposition in the OSL film is initially fairly constant
with grain size and then increases as the CaF-:Ce
grains get larger to the point of filling 50% of the voxel
volume. It should be noted that the grain size in our
actual films is 300 nm and the volume fill fraction is
about 0.02.



The statistical uncertainty on the energy deposition
was estimated by PHITS to be about 5% in all cases.
This implies that for grain sizes up to almost 400 nm
the impact of the presence of the grains is minimal, i.e.,
energy deposition values are within statistical
uncertainties. In turn, this implies that the dose
response of the film is largely determined by the matrix
material.

4. DISCUSSION AND CONCLUSIONS

The transport and interactions of gamma-rays in a
thin film loaded with OSL micro and nanoparticles
were studied by Monte Carlo simulations with the
Particle and Heavy Ion Transport code System. Our
polyvinyl chloride film was treated as an array
simulating a small film sample with an area of 13.8 um
by 13.8 um and a thickness of 10.2 um. The presence of
spherical CaF.:Ce grains uniformly distributed in the
film was simulated. The simulations were performed
with different grain diameters, varying from 50 to 600
nm. The film was irradiated in non-equilibrium
conditions on the surface of an ISO water slab
phantom, and a clear increase in sensitivity was
observed with an increase in grain size.

These detectors based on nanoparticles OSL
materials dispersed in a polymer matrix are being
developed with the aim to achieve a flexible 2D
detector offering tissue-equivalence over a broad range
of photon energies. In fact, using micro- or nano-
particles offers the advantage that the mean range of
secondary electrons generated by photoelectric or
Compton interactions within the polymer material is
much greater than the OSL particle size, even at low
photon energies. The dose is then mainly deposited by
secondary electrons generated within the polymer. This
allows for the design of tissue-equivalent (TE)
dosimeters even with embedded OSL materials, such as
CaF-, that exhibit a higher Z-value than tissue. Clearly
this is no longer true when approaching a high fill
factor. The latter increases the sensitivity of the
CaF.:Ce OSL films at the expense of their tissue
equivalence. For this reason, our dosimeter
optimization efforts pursue two possible avenues. We
can utilize TE luminescent materials in a TE matrix,
which is the ultimate solution as it also allows for high
fill fractions. Otherwise, we can utilize small fractions
of non-TE grains in TE matrices, when high-sensitivity,
non-TE materials are available.
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