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ABSTRACT

Background: This study evaluates the distance and angular dependence of
polycrystalline semiconductor-based dosimeters (PSDs) using lead (ll) iodide (Pbl,)
(Pbl, PSD) and lead (Il) oxide (PbO) (PbO PSD) for Ir-192 brachytherapy source.
Experimental measurements were compared with Monte Carlo (MC) simulations to
verify the dosimeters' performance and accuracy. Materials and Methods: PSDs were
fabricated using Pbl, and PbO as photoconductive materials, with a thin-film
deposition process ensuring uniformity. Distance dependence was assessed by
measuring dosimeter responses at source-to-surface distances ranging from 1 cm to 8
cm at 0.25 cm intervals, while angular dependence was evaluated at angles from 0° to
60° in 15° increments. MC simulations using the Geant4 Application for Tomographic
Emission (GATE) v9.1 were conducted under identical conditions to validate the
experimental measurements. Results: The experimental and simulated data
demonstrated a strong agreement with the inverse-square law, with determination
coefficient (R?) exceeding 0.98 for Pbl, and PbO PSDs. The distance at which the signal
intensity dropped by 50% (Dso) for measurements and simulations was 1.493 cm and
1.487 cm for Pbl, PSD, respectively, and 1.488 cm and 1.481 cm for PbO PSD. Angular
dependence analysis showed a decrease in response with increasing angle, with PbO
PSD exhibiting slightly larger discrepancies (maximum difference of 5.48%) compared
to Pbl, PSD (maximum difference of 4.56%) between measurements and simulations.
Conclusion: Pbl, and PbO PSDs demonstrated predictable distance and angular
dependence, closely aligning with MC simulations. However, angular correction
factors may be necessary to improve dosimetric accuracy in clinical applications.

interference . 6). Evaluating the stability of dose
measurements in high-energy gamma-ray

High-dose-rate brachytherapy (HDR-BT) using
Iridium-192 (Ir-192) radioisotopes is widely utilized
to treat cancers, especially prostate, cervical, and
breast cancers (). Accurate dose distribution
measurement is crucial for enhancing treatment
accuracy and necessitates the development of various
dosimeters (2 3). Dose estimations by conventional
dosimeters such as ionization chambers, thermos-
luminescent dosimeters, and Gafchromic films are
generally more accurate than those estimated using
Monte Carlo (MC) simulations. = However,
conventional dosimeters may have limitations in
specific clinical environments (.4,

Polycrystalline semiconductor-based dosimeters
(PSDs) have recently gained attention due to their
high sensitivity, reliability, compact size, high spatial
resolution, and immunity to electromagnetic

environments, such as those involving Ir-192 sources,
is essential for their clinical application. This
necessitates the analysis of distance and angular
dependence to improve the accuracy of treatment
planning (7.8). Mowlavi et al. (® used the MCNP4C (10)
code to calculate the relative dose, anisotropy dose
function, and radial dose function TG-43 dosimetry
parameters for a microselectron HDR Ir-192 source
in a water phantom and compared them with the
dose measured using Gafchromic RTQA film.
However, research on the fabrication of PSDs using
Pbl, and PbO and evaluation of their distance and
angle dependencies for Ir-192 radiation sources
through measurements and MC simulations is
limited.

This study aimed to evaluate the distance and
angular dependence of the PSDs fabricated using lead
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(II) iodide (Pbl;) (PbI, PSD) and lead (II) oxide (PbO)
(PbO PSD) for HDR Ir-192 sources by comparing the
experimental measurements with the values obtained
using Monte Carlo simulations. The Pbl, and PbO
PSDs were compared and assessed for their
reliability for HDR-BT applications. To the best of our
knowledge, this is the first study to systematically
compare the performances of Pbl, and PbO PSDs for
an Ir-192 irradiation source by integrating
experimental measurements and MC simulations.
This dual approach enabled more robust validation of
dosimetric performance than previous approaches
that relied solely on measurements. Our results will
facilitate the development of clinically applicable
correction strategies by quantifying the distance and
angular dependencies. This will advance the utility of
PSDs in patient-specific quality assurance for HDR-
BT.

MATERIALS AND METHODS

Fabrication of polycrystalline semiconductor-
based dosimeter

Two types of PSDs were fabricated using Pbl,
(Sigma Aldrich, USA) and PbO (Sigma Aldrich, USA),
respectively. Figure 1 shows their fabrication
process. The lower electrode was composed of
indium tin oxide glass (Moduscience, Korea) and
ultrasonically cleaned for 30 min. The
photoconductive material was mixed in powder form
with a binder (polyvinyl butyral, Sigma Aldrich, USA)
in a 3:1 ratio. The mixture was uniformly dispersed
using a three-roll mill (EXAKT, Germany). A 150-pum-
thick thin film was subsequently formed within a 1 x
1 cm mask frame via screen-printing deposition. The
photoconductive material was placed on a granite
surface plate for 30 min to improve the surface
properties and minimize defects (surface roughness
error within 5%). It was subsequently annealed at
70°C for 8 h. The upper electrode (Au wire, Sigma-
Aldrich, USA; purity: 99.999%) was deposited via
physical vapor deposition and had dimensions of 0.8
x 0.8 cm. The PSD was sealed to protect it from
environmental factors such as humidity and
temperature changes.

Photoconductor materials E( ::I B-76 Polymer Indium tin oxide glass
(Powder) (Binder)
' iy
Sq Au
/ —————. ——+ Photoconductor physical vapor deposition
Screen mesh
[ ITO glass | =
/ Screen printing [
==
‘ | PbI, PbO

Figure 1. Fabrication process of polycrystalline semiconductor
dosimeter using Pbl2 and PbO materials.

Measurement of distance and angular dependence
Figure 2 shows the measurement setups for
evaluating the distance and angular dependence of

the Pbl, and PbO PSDs. Table 1 summarizes the
characteristics of the Ir-192 source and the
conditions for measuring the distance and angular
dependence for each PSD.

+ Distance dependence

< Angular dependence

Distance: 1 em

Polyerystalline semiconductor
losimeter

Sem Dosimeter angle ~ 0° 15° 30° 450 0°

Figure 2. Measurement setups for distance dependence (left)
and angular dependence (right) for two types of
polycrystalline semiconductor dosimeters for the Ir-192
source.

Table 1. Characteristics of the Ir-192 source and measurement
conditions for each polycrystalline semiconductor dosimeter
for evaluating distance and angular dependence.
Ir-192 radioisotope source
Radiation energy Approximately 380 keV

Dose rate 4.69 Gy/min
Radiation dose 1 Gy/each measurement

Range of source to PSD 1-8 cm (Interval: 0.25 cm)
surface distance

Irradiation angle 0-60° (Interval: 15°)
Ir-192: Iridium-192, PSD: polycrystalline semiconductor-based dosime-
ter

The distances of the PSDs from the Ir-192 source
were determined based on dose measurements at 1
Gy for source-to-surface distances of 1-8 cm. The
measurements were taken at 0.25-cm intervals from
1 to 3 cm and at 1-cm intervals from 3 to 8 cm. The
signals measured by each PSD were normalized to
the signal obtained at the reference distance of 1 cm.

The PSDs were positioned at a reference depth (1
cm below) from the Ir-192 source to evaluate their
angular dependence, as shown in figure 2. The
angular dependence was measured at angles of 0°,
15°, 30°, 45°, and 60° relative to the reference angle
of 0°, where the central axis was parallel (11). A dose
of 1 Gy was delivered at all angles. The signals
acquired at each angle were normalized to the signal
acquired at the reference angle.

Monte Carlo simulation of distance and angular
dependence

MC simulations were performed using the Geant4
Application for Tomographic Emission (GATE) v9.1
tool (OpenGATE Collaboration, CERN, Switzerland),
which is widely used in medical imaging and
radiotherapy research (12 13), The simulations
replicated the experimental setup for evaluating the
distance and angular dependence. Figure 3 shows a
schematic diagram of the MC simulation used to
evaluate the distance and angle dependence of the
PSDs for the Ir-192 source. The Ir-192 source was
modeled as a cylinder with a diameter of 0.035 cm
and a length of 0.35 cm. The phase-space region had a
length of 0.397 cm and a diameter of 0.045 cm. Table
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2 provides detailed information on the physical
properties and dimensions of the source.

The dimensions of the Pbl, and PbO materials
were 1 x 1 x 0.015 cm, and they were positioned 1 cm
from the cylindrical Ir-192 source. The number of
particles was set to 1 x 108 to maintain statistical
errors within 5% of the MC simulation. Table 3
provides detailed information on each material.
viewer-0 (OpenCLStoredQt) @ Source

— _—
Distance : 1 ~ 8 cm i lem

|
.o° d ~60°
:ﬂmsle-O £, 0~60
i Materials and dosimeter
|

H
v

Geometry + Distance dependence Angular dependence
Figure 3. Schematic diagram of MC simulation for evaluating
the distance and angle dependence of polycrystalline

semiconductor dosimeters.

Table 2. Physical properties and size of Ir-192.
Physical properties Size
Atomic Mass
number | number

77 192 380 keV | Cylinder | 0.35 mm | 3.5 mm
Ir-192: Iridium-192.
Table 3. Physical properties of the Pbl2 and PbO materials.

Energy Type Diameter | Length

Material Atomic Mass Molar mass | Density
number | percent (%) (g/mol) (g/cm3)
Pb 82 44.9
Pbl, | =3 55 0 461.1 6.16
Pb 82 92.8
PbO—5 3 - 223.2 9.53

I: lodide; O: Oxide; Pb: Lead; Pbl2: Lead (Il) iodide; PbO: Lead (II) ox-
ide.
Analysis of distance and angular dependence

The signal intensities from the MC simulations
and measurements were analyzed using an inverse-
square-law model, where the charge (Q) was a
function of the distance (d), as expressed in equation

(1).
Q=ds (1)

The slope (-a) was compared with the theoretical
value of -2 (14, The coefficient of determination (R?)
was obtained from the trend line analysis. R?
indicated how well the regression line (trend line)
fitted the data; it ranges from 0 to 1, with values
closer to 1 indicating a better fit. The distance (Dsg)
at which the signal intensity decreased by 50% was
also determined in accordance with the
recommendations of the International Commission
on Radiological Units and Measurements (15. The
angular dependence was analyzed by normalizing the
measured and simulated signals at each angle to the
signal at the 0° reference angle.

Statistical analysis

The distance dependence was determined using
SigmaPlot version 12.5 (Systat Software Inc., San Jose,
USA). The experimental data were fitted to a power
function, and the slopes of the fitted functions were

subsequently compared to determine differences in
distance dependence. This approach allowed for
quantitative assessment of the relationship between
distance and the measured response.

RESULTS

Distance dependence

Figure 4 shows the distance dependence of the
normalization signal for the PSDs based on Pbl, and
PbO materials and the Ir-192 source.

Both experimental measurements (Meas.) and MC
simulations (MCs.) are presented to demonstrate the
variations in the signal with the distance from the Ir-
192 source. The inverse square function curve (blue
dotted line) was inserted, and the experimental and
simulated data from both PSDs followed similar
trends (figure 4).

Distance dependence
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Figure 4. Normalized signal for experimental measurements
(Meas.) and MC simulations (MC s) of polycrystalline
semiconductor dosimeters fabricated from Pbl2 and PbO
materials as a function of distance relative to a distance of 1
cm from the Ir-192 source.

The slopes (-a) of the function based on the
square root law for the PSD fabricated using Pbl:
material were -1.912 for measurements and -1.899
for MC simulations. The corresponding values for the
PbO PSD were -1.799 and -1.815, respectively. The
Pbl> PSD had a slope closer to -2 than the PbO PSD, as
confirmed by the measurements and MC simulations.
The Pbl; PSD had R? values of 0.9932 and 0.9914 for
the measurements and MC simulations, respectively.
The corresponding values for the PbO PSD were
0.9885 and 0.9831, respectively. The Pbl; PSD had
higher R2 values for both the measurements and MC
simulation results than the PbO PSD, although the
difference was small (within 0.01). The Dso values for
the Pbl; PSD, representing the distance at which a
50% signal was detected, were 1.493 cm and 1.487
cm for the experimental measurements and MC
simulation results, respectively. The Dso values for
the PbO PSD were 1.488 and 1.481 cm, respectively.
The Dso values for the two types of PSDs were almost
identical for the experimental measurements and MC
simulation results.
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Angular dependence

Figure 5 shows the angular dependence of the
Pbl; and PbO PSDs normalized at each angle and
based on signals measured at 0° from an Ir-192
source.

The experimental measurements and MC
simulation results demonstrated variation of the
signal with the angle from the central axis of the Ir-
192 source. The normalization signals from both
PSDs decreased comparably with increasing PSD
angle from 0 to 60° relative to the reference angle
(0°) parallel to the Ir-192 source, as shown in figure
5. The acquired signals for the Pbl, PSD decreased by
approximately 21.6% and 20.4% for the
experimental measurements and MC simulations,
respectively, at an angle of 60° relative to that at 0°.
The PbO PSD decreased by 24.6% and 24.5% for the
measurements and MC simulations, respectively.

The maximum and minimum differences in the
signals obtained from the measurements and MC
simulations for the Pbl, and PbO PSD were 4.56%
and 1.28% at 15° and 0°, respectively. The maximum
difference between the measurements and MC
simulations for the PbO PSD was 5.48% at the
dosimeter position angle of 60°. Differences of
approximately 4% were observed at other angles.
The differences were higher for the PbO PSD than for
the Pbl2 PSD at all angles.

Angular dependence
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Figure 5. Normalized signal for experimental measurements
(Meas.) and MC simulation (MC s) results of polycrystalline
semiconductor dosimeters fabricated from Pbl2 and PbO
materials at angles relative to the reference angle (0°) from
the Ir-192 source.

DISCUSSION

Pbl, and PbO have been reported as promising
photoconductor materials for the fabrication of PSDs.
This is consistent with recent reports on the use of
PSDs fabricated using them for radiation detection in
the therapeutic energy range (16-18), Pbl, contains lead
(Pb) and iodine (I), both of which have high atomic
numbers (Z = 82 for Pb and 53 for I) that enable

effective absorption of X-rays and gamma rays. Its
relatively wide band gap contributes to its low noise
characteristics and enhanced thermal stability (19).
Similarly, PbO (Z = 82) offers superior X-ray
sensitivity to those of conventional materials such as
silicon (Si) and cadmium zinc telluride. It is providing
low dark current in photocurrent signals and is stable
even under high-temperature conditions (20),
Emerging semiconductor materials such as cesium
lead bromide perovskites and thallium bromide have
also been actively investigated for medical dosimetry.
They have demonstrated high sensitivity, but more
comprehensive validation wunder brachytherapy
conditions is warranted (21-23),

We fabricated PSDs using these two materials and
investigated their distance and angular dependencies
for the Ir-192 source, which is commonly used in
brachytherapy. The experimental measurements
were compared with the MC simulation results. Based
on the findings, we investigated the applicability of
these PSDs to quality assurance (QA) for
brachytherapy with a high dose rate brachytherapy.
However, research on the fabrication of PSDs using
Pbl, and PbO and evaluation of their distance and
angle dependencies for Ir-192 radiation sources
through measurements and MC simulations is limited.
Dosimeters fabricated using polycrystalline thallium
bromide and cesium lead bromide have been
highlighted as QA tools for brachytherapy based on
their performance with Ir-192 sources (23-25),
However, these studies only reported the
measurement results and did not include any findings
from MC simulations. Recent publications provide a
broader context for interpreting the results of this
study. MC-based approaches, such as GATE/Geant4
and RapidBrachyTG43, have been widely adopted to
parameterize the TG-43 dose function and validate
the anisotropy and radiation dose characteristics of Ir
-192 sources (26.27), These studies highlight the need
to combine experimental validation with MC
modeling, which is consistent with the dual-approach
methodology adopted in this study. Recent studies
using small-volume ionization chambers and
synthetic diamond detectors have reported angle-
dependent discrepancies in results relative to those of
MC simulations. These demonstrate that detector
type and geometry significantly influence the angular
response (28.29), They also support the findings of this
study that angle correction factors are essential for
accurate brachytherapy dosimetry.

The signals obtained based on the experimental
and MC simulation results for the PBI> and PbO PSDs
were confirmed to follow the inverse square law.
They decreased sharply with increasing distance from
the source for up to 8 cm (figure 3). The signal decay
with distance was similar for the two PSDs based on
the experimental measurements and simulation
results. Both PSDs exhibited a power-law dependence
with an exponent of approximately -2, which were
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consistent with the theoretical inverse-square-law
behavior. This confirms their ability to accurately
measure dose attenuation with distance. The high
coefficients of determination (R2 > 0.98) for all fits
indicate strong agreement between the measured
data and the power law model, validating the
robustness of the model for characterizing distance
dependence. The minor discrepancies between the
Monte Carlo simulations and experimental
measurements are attributed to geometrical factors,
scattering effects, and material-specific interactions
that are not fully accounted for in the simulations.
The high RZ values for all fits indicate strong
correlations and suggest that a power-law model
adequately represents the distance dependence of
these semiconductor dosimeters. This study
demonstrates the reliable and predictable distance
dependence of the responses of the Pbl, and PbO
PSDs when they are exposed to Ir-192 sources.

The normalization signals from both PSDs, as
determined from the measurements and MC
simulations, decreased with increasing angle from 0°
to 60°. The maximum decrease was approximately
25% at 60°. The Monte Carlo simulation and
experimental measurement results for both
dosimeters were in good agreement (<5%). The
discrepancy of 5.48% for the PbO dosimeter at larger
angles are within reasonable experimental error
margins and do not significantly affect the overall
angular dependence trend. The consistent angular
dependence observed for the MC simulations and
experimental measurements may highlight the
reproducibility of the measurement setup for these
dosimeters and the reliability of the data. However,
the observed angular dependence of these two PSDs,
especially the 25% decrease at 60°, highlights the
need to implement an angular correction factor for
clinical applications. Accurate angular correction is
essential for improving dosimetry precision,
especially for the complex treatment geometries
encountered during brachytherapy. Future studies
should explore real-time dose monitoring
applications and optimize angular correction
techniques to enhance clinical accuracy. Hybrid audit
procedures and model-based dose calculation
algorithms (MBDCAs) that integrate experimental
dosimetry with MC-derived correction factors have
received increasing attention in the clinical QA
context (30.31), These developments align closely with
our findings, especially the need for angular
correction strategies. Establishing detector-specific
correction algorithms or lookup tables for Pbl,- and
PbO-based PSDs will be essential for robust clinical
implementation.

The limitations of this study should be
acknowledged despite the promising results. First,
the measurements were performed under simplified
conditions using a single *°%Ir source in a
homogeneous environment Heterogeneous tissue,

applicator geometry, and multi-source dwell
positions may introduce additional uncertainties in
clinical practice that were not captured in this study.
Second, the angular dependence was evaluated only
within the range of 0- 60°. However, more extreme
geometrical configurations may occur during
brachytherapy. Therefore, the findings of this study
should not be extrapolated beyond the observed
range. Third, the short-term reproducibility of the
Pbl,- and PbO-based PSDs was verified. However,
their long-term stability under repeated irradiation
and varying environmental conditions such as
temperature and humidity has not been established.
Furthermore, the MC simulations employed
simplified models of the source and phantom, which
may have limited their ability to capture complex
scattering phenomena and applicator-induced
perturbations. Finally, this study confirmed the
necessity of angular correction factors. However, a
practical correction methodology for clinical
implementation has not yet been established. Future
research should focus on validating these dosimeters
under clinically relevant geometries, assessing their
long-term performance, and developing correction
algorithms to facilitate their robust application in
brachytherapy dosimetry.

CONCLUSION

PSDs were fabricated using Pbl, and PbO, and
their measurement performances, including distance
and angle dependence, were evaluated for an Ir-192
source used for brachytherapy. The measured
distance and angular dependence of the PSDs were in
good agreement with the MC simulation results,
which validated the fabrication process and
measurement methodology. However, angular
compensation is recommended for clinical
applications because of the relatively high angular
dependence of both PSDs at 60° from the Ir-192
source. Additionally, brachytherapy dosimetry and
QA using PSDs should be performed with precise
measurement setups to ensure accuracy.
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