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1. INTRODUCTION

Ionizing radiation is an integral component of modern nuclear medicine practice and is widely
used for the diagnostic imaging and radionuclide therapy. Radionuclides such as Tc-99m for SPECT,
F-18 for PET scans, I-131 for thyroid therapy, and Lu-177 for peptide receptor radionuclide therapy
contribute substantially to clinical practice (Cherry et al., 2012; Levart et al., 2019; Oumano, 2025;
Riveira-Martin et al., 2023). Their use also requires appropriate radiation protection measures,
particularly for occupational and public exposure associated with nuclear medicine facilities (Salehzahi
& Tse, 2020). The present application focuses on external photon shielding and estimates photon
transmission through shielding materials using broad-beam attenuation parameters. The model
represents photon emissions associated with the selected radionuclides but does not directly calculate
beta-particle transport, beta-induced bremsstrahlung, or patient-specific internal dosimetry. Therefore,
its results should be interpreted as photon-shielding estimates rather than a comprehensive assessment
of all radiation-protection requirements associated with these radionuclides.

The international system of radiological protection established by the International Commission
on Radiological Protection (ICRP) (ICRP, 2007) is based on the principles of justification, optimization
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of protection, and dose limit. In planned exposure situations, dose limits apply to occupational and public
exposure, whereas medical exposure of patients is subject to a different framework based on justification
and optimization and is not governed by the same dose limits. In nuclear medicine facilities, appropriate
shielding design is an important measure for optimizing protection against external radiation exposure,
particularly for workers and members of the public. Reliable shielding estimates require consideration
of photon attenuation and the contribution of scattered radiation, which can be represented by a buildup
factor in broad-beam calculations.

In medical physics education, understanding photon attenuation, scattered radiation, and
buildup effects is important for interpreting practical shielding calculations. Conventional half-value
layer (HVL) data can provide a useful description of attenuation under specified beam and measurement
conditions (Prasada & Azzi, 2025). However, narrow-beam attenuation data should not be used directly
as a substitute for broad-beam transmission estimates when scattered radiation contributes to the
radiation field behind a shielding barrier. The use of the Archer equation provides a way to represent
broad-beam photon transmission and calculate the shielding thickness required for a specified
transmission target (Paixdo et al., 2025) . From an instructional perspective, translating this equation
into an interactive application may help learners explore the relationship between barrier thickness,
material properties, transmission, and the selected design target. The present study introduces such an
application as a supplementary educational resource; it does not assess student difficulties or
demonstrate improvements in learning outcomes.

Several approaches have been developed to describe photon transmission through shielding
barriers under broad-beam conditions. The three-parameter Archer equation represents the transmission
factor as a function of shielding thickness using the fitting parameters o, 5, and y (Archer et al., 1983).
The equation can be evaluated in the forward direction to estimate transmission for a specified thickness
and inverted to estimate the thickness required for a target transmission. For nuclear medicine
applications, the applicability of the fitted parameters depends on the radionuclide emission data, the
modeled radiation field, the shielding material, and the conditions used to generate the underlying
transmission data. The radionuclide-specific parameters reported by (Oumano et al., 2025) are therefore
used here within the scope of the photon-transmission model described in that study. They should not
be interpreted as universal parameters for arbitrary monoenergetic beams or radiation geometries.
Although the Archer equation is compact, its forward and inverse forms can be cumbersome to evaluate
repeatedly by hand. The application developed in this study integrates these calculations into a graphical
user interface, allowing users to examine the relationship between shielding thickness, photon
transmission, and material selection.

Previous studies have established theoretical and computational approaches for evaluating
photon attenuation, radiation buildup, and shielding performance. Shimizu et al. (2004) developed
gamma-ray buildup-factor data, while Manohara et al. (2011) investigated energy-absorption buildup
factors for biological materials. More recently, Oumano et al. (2025) reported Monte Carlo-derived
broad-beam transmission factors and Archer fitting parameters for radionuclides commonly used in
nuclear medicine, providing a quantitative basis for shielding calculations (Wu et al., 2025). Existing
computational tools, including Phy-X/PSD and software developed for radiotherapy and diagnostic X-
ray facilities, have also demonstrated the applicability of computer-based shielding calculations (Sakar
et al., 2020; Mann & Mann, 2021). Nevertheless, these studies address different computational
objectives and do not, by themselves, establish the numerical reliability of the application developed in
the present work. Recent work has further examined shielding-method comparisons for nuclear
medicine, including I-131 isolation-room design (Gonzales et al., 2025), and Archer-type transmission
fitting for diagnostic imaging beams (Li et al., 2024). More sophisticated three-dimensional shielding
tools address geometry-dependent and multilayer effects, as demonstrated by POKER (Chen et al.,
2025), while new Monte Carlo buildup-factor calculations investigate the dependence on geometry and
penetration depth (Sun et al., 2025).

The present study addresses the implementation and numerical verification of radionuclide-
specific Archer transmission calculations within an interactive educational application. Particular
attention is given to the consistency of forward and inverse calculations, agreement with published
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reference values, and the explicit identification of limitations associated with surrogate radionuclide
parameters and approximate multilayer shielding calculations. Unlike studies focused primarily on
generating attenuation parameters or developing shielding models, this work examines the
reproducibility of established calculations within a desktop graphical user interface. Its contribution lies
in combining numerical verification with interactive exploration of shielding parameters for medical
physics education, without claiming the development of a new physical model or experimentally
validated clinical shielding tool. Contemporary tools such as GRASP-X and PARSO demonstrate the
continuing development of accessible computational shielding environments (Bektasoglu & Bayraktar,
2026; Tarabin & Hisseine, 2026). Accordingly, the contribution claimed here is limited to the
implementation and numerical checking of the specific Archer calculation workflow rather than the
general invention of radiation-shielding software (Hansda & Mammen, 2021).

Advances in computer simulation technology have created opportunities to develop interactive
learning tools capable of bridging the gap between theory and practice (Chau et al., 2022). Python-based
simulations with graphical user interfaces (GUI) enable students to visually and intuitively explore the
relationships among material parameters (a, S, y), shielding thickness, and attenuation effectiveness
(Ganou et al., 2023; Sosa Vera & Andres, 2022). Recent studies of interactive radiological education
describe cloud-based CT practice and problem-based learning approaches (Chau & Arruzza, 2023;
Arruzza et al., 2023); these provide an educational rationale but do not establish learning gains for the
present application.

This study aims to develop a radiation shielding calculation application with a user-friendly
graphical interface for medical physics education. The application implements the published Archer
broad-beam transmission model using radionuclide-specific fitting parameters for five radioisotopes,
with the F-18 parameter set used as an unvalidated surrogate for Ga-68. The software contributions
include forward and inverse shielding calculations, interactive attenuation-curve visualization, material
comparison, and occupancy-factor and dose-limit inputs. Two-layer composite shielding is implemented
using an independent-layer approximation and has not been validated as an extension of the original
Archer model. The novelty of this study lies primarily in integrating these functions into an interactive
desktop application for educational use, rather than in developing a new attenuation equation or
validating a new shielding model.

The application is expected to serve as a learning tool that helps students understand the
influence of the a, f, and y parameters on shielding effectiveness, compare the performance of various
materials at different photon energies, explore composite shielding designs, and relate theoretical
concepts to practical scenarios in nuclear medicine facilities.

2. METHOD

2.1 Mathematical Model for Radiation Shielding Calculations

The application estimates photon transmission through shielding materials using the three-
parameter Archer equation fitted to broad-beam transmission data. The Archer equation is used to
calculate the transmission factor (B) for a specified shielding thickness and to estimate the thickness
required to achieve a target transmission.:

1
B=|(1+g)e -] S
The required shielding thickness for a specified target transmission factor is determined by
rearranging the Archer equation, as given in Equation (2)

Bar e Y E
x:im(Lﬁ*-a) )

ay 1+£

The parameters a and f are empirical Archer fitting parameters with units of inverse length, whereas y
is dimensionless. These parameters describe the fitted relationship between shielding thickness and
photon transmission and are not independent physical measures of the buildup factor (Basu et al., 2019).
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For a two-layer composite material, the total transmission factor is calculated as the product of

the individual transmission factors:

where B; and B; are the transmission factors assigned to the individual layers. This approximation has
not been validated for heterogeneous shielding configurations and does not explicitly account for

Biotat = B1 X By

changes in the photon spectrum or scattering at the interface between materials.

Table 1. Types of radioisotopes along with the energies used in the simulation.

Radioisotope  Energy (keV) I (mSv.m*.GBq'.h") Clinical Application
Tc-99m 140 0.022 SPECT imaging
I-131 364 0.052 Thyroid therapy
F-18 511 0.135 PET imaging
Ga-68 511 0.140 PET imaging
Lu-177 208 0.008 Peptide radiotherapy

Table 2. Archer fitting parameters for different material-energy combinations.

Isotope Material a (mm™) B (mm™) y

Lead 2.558 1.010 4.344

Low-density concrete 0.02047 —-0.01122 0.4389

Te-99m High-density 0.03102 ~0.01729 0.3622
concrete

Steel 0.1581 —0.04346 0.2602

Lead 0.3855 1.071 0.2822

Low-density concrete 0.01615 —0.007056 0.5194

Lu-177 High-density 0.02477 ~0.01173 0.4404
concrete

Steel 0.0797 2.243 28.74

Lead 0.1082 0.2072 0.5385

Low-density concrete 0.01363 —0.007896 0.4847

I-131 High-density 0.02062 ~0.01220 0.4179
concrete

Steel 0.05786 —0.02574 0.8742

Lead 0.166 —0.02184 0.2436

Low-density concrete 0.01126 —0.006463 0.7475

F-18 and Ga-68 High-density 0.01558 ~0.008775 0.8600
concrete

Steel 0.05032 —0.02632 1.223
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2.2 Material and Radioisotope Parameters

The application uses Archer fitting parameters for five radionuclides listed in Table 1. Although
F-18 and Ga-68 both emit 511 keV annihilation photons, their dose-rate constants differ. F-18
parameters are used as an unvalidated surrogate for Ga-68, without assuming equivalence in their
emission spectra or shielding characteristics.

Table 3 Physical properties and elemental compositions of shielding materials used in the simulation.

Material Reference Density Elemental Composition (Mass
(g/cm?) Fraction)
Low Density (Ferrari et al., 2005) 1.6 Hydrogen (0.01), Carbon (0.001),
Concrete Oxygen (0.529107), Sodium (0.016),
(Ferrari et al., 2005) Magnesium (0.002
High Density 23

Aluminum (0.033872), Silicon
(0.337021), Potassium (0.013),
Calcium (0.044), Iron (0.014
(AZoM, 2012)
Steel 7.85 Iron (0.97), Manganese (0.0095),
Chromium (0.0065), Silicon (0.006),
Molybdenum (0.0023),

Carbon (0.004675), Zirconium (0.001),
Boron (0.000025)

Lead (Hubbell & Seltzer, 1995) 11.35 Lead (1.000000)

The Archer fitting parameters, adopted from the Monte Carlo-based broad-beam transmission
data reported by Oumano et al. (2025), are presented in Table 2, while the material densities and
elemental compositions are listed in Table 3. The applicability of these parameters is limited to the
thickness and transmission ranges established in the source study.

2.3 Deose Calculation

For a point source with activity (4) (GBq) located at a distance (d) (m) from the dose evaluation
point, the unshielded dose rate is calculated using the radionuclide-specific dose-rate constant (I') (mSv
m?> GBq ™ h™'), as follows:

. _TA
Dy = @
The unshielded weekly dose, (Do) (mSv/week), is then estimated as

where ¢ is the exposure duration (h/week) and (O) is the occupancy factor (dimensionless). The activity
is assumed to remain constant during the specified exposure period. Radioactive decay during exposure,
patient self-attenuation, and additional contributions from scattered radiation are not explicitly modeled.
The source is approximated as a point source, and the inverse-square law is applied using the distance
from the source to the dose evaluation point.

Occupancy factors of 1, 0.2, 0.05, and 0.025 are assigned to offices, corridors, toilets/storage
rooms, and outdoor areas, respectively, based on the occupancy categories recommended in NCRP
Report No. 147 (NCRP, 2004). These values are adopted as representative design assumptions. Actual
occupancy and room use may require different values.

For this application, a weekly dose design goal (P) of 0.02 mSv/week is assumed for areas
accessible to members of the public. For an assumed 50-week working year, this corresponds
arithmetically to 1 mSv/year. This value is used as a computational design target and is not presented as
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a universal weekly regulatory dose limit. Applicable public and occupational dose limits must be
assessed separately in accordance with the relevant radiation-protection regulations.
If the estimated unshielded weekly dose exceeds the selected design goal, the target transmission

factor is calculated as
P

Btarget = Do (6)

The required shielding thickness is then calculated using the inverse Archer equation (Equation

1) with the corresponding fitting parameters for the selected material and photon energy. The

transmission factor at the calculated thickness is evaluated using the Archer equation (Equation (2)),

and the estimated weekly dose behind the barrier is calculated as Dgpje;q = DoB. If Dy < P, no

additional shielding is indicated to meet the selected design goal under the specified assumptions.

However, this result represents a preliminary estimate and does not, by itself, demonstrate that the
shielding is adequate for an actual facility.

2.4 Simulation Implementation

The application was developed using Python 3.8, with Tkinter for the graphical user interface,
NumPy for numerical computation, and Matplotlib for visualization. The complete Python source code,
including the calculation module and GUI scripts, is publicly available on
(https://github.com/cindyawati633/Shielding-Calculation.git). The software version used to generate the
results reported in this study was Python 3.12, with the code developed and executed using Visual Studio
Code (VS Code). The repository includes installation instructions, dependency versions, information
the supported operating system, the software licence, and an example demonstrating how to run the
application. The current version is a locally executed desktop application and is not hosted online.
Development of a web-based version using a framework such as Streamlit or Dash is planned for future
work.

The application architecture consists of three main modules:

a. Calculation Module: Implements the Archer equation to calculate the transmission factor as a
function of shielding thickness and uses the inverse Archer equation to determine the required
thickness analytically. Numerical safeguards are included to handle extreme values during
transmission-factor evaluation.

b. Interface Module: Provides input panels for source parameters (activity, distance, and workload),
material selection, and occupancy factors. The output panel displays numerical calculation results
and real-time attenuation curve graphs.

c. Visualization Module: Generates plots of estimated dose versus shielding thickness and indicates
the calculated thickness required to meet the selected design goal. The application uses 0.02
mSv/week as an assumed computational design target for public-access areas, rather than treating
it as a universal weekly regulatory dose limit.

For numerical stability, the current implementation bounds the calculated transmission factor
(B), between 10710 and 100 and returns a lower-bound value of 10~1° under certain extreme or invalid
numerical conditions. This safeguard can truncate the calculated transmission factor and cause the
reported value to differ from the unbounded mathematical result. It does not validate the Archer model
outside the range of the underlying fitting data. Therefore, numerical safeguards must be distinguished
from physical-model validity, and results near the imposed bounds or outside the applicable fitting range
should be treated with caution.

The clamping procedure is implemented as a numerical safeguard to prevent numerical
underflow and overflow during transmission-factor evaluation. When the calculated transmission factor
falls below the imposed lower bound of 1071°, it is set to this minimum value. Consequently, the
evaluated transmission may be higher than the corresponding unbounded mathematical result,
introducing a numerical bias toward overestimating transmission under extreme attenuation conditions.
Furthermore, once the lower bound is reached, further increases in shielding thickness may no longer
produce changes in the reported transmission factor, resulting in a numerical truncation artifact. These
effects are numerical limitations rather than physical corrections to the radiation transport model.
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Therefore, results for very thick shielding barriers should be interpreted with caution, particularly when
the calculated transmission factor approaches the imposed lower bound.

A numerical boundary test was performed using the Archer parameters for Tc-99m and lead o
=2.558, £=1.010, and y = 4.344. For an input thickness parameter of (x =9), the calculated transmission
factor before clamping was approximately 9.3 X 1071%, which was replaced by the imposed lower
bound of 1071°. This represents an approximately 7.5% increase in the reported transmission factor. At
(x = 10), the unbounded value was approximately 7.2 X 10712, but the reported value remained at 10,
demonstrating numerical truncation. These tests illustrate the effect of the numerical floor and do not
establish model validity below the applicable fitting range of B <1073,

2.5 Validation and Verification

The numerical implementation was verified in three steps. First, the results were compared with
manual calculations using Equations (3) and (4). For the standard Tc-99m lead shielding scenario, The
unshielded weekly dose was calculated as Do = (0.022 x 0.5)/(40 x 2%) = 0.11 mSv/week. With a weekly
design goal of 0.02 mSv/week, the target transmission factor was B =0.02/0.11 = 0.182, corresponding
to a calculated lead thickness of x = 0.637 mm, which was reproduced by the application. Second, the
thickness obtained from the inverse Archer equation was substituted into the forward equation to verify
that the target transmission was recovered (round-trip check). Third, the calculated thicknesses for
transmission factors of 0.5, 0.25, 0.1, 0.01, and 0.001 were compared with the fractional-value layers
reported by Oumano et al. (2025). These comparisons confirm the numerical consistency of the
implementation but do not independently validate the physical accuracy of the underlying Archer model.

However, this comparison does not constitute an independent validation of the physical
accuracy of the model. In particular, the composite shielding approximation for the lead—concrete
configuration has not yet been independently validated against Monte Carlo simulations.

The evaluation in this study focused on numerical verification of the application rather than
user-based evaluation. No medical physics students were recruited as respondents, and no questionnaire
or user-evaluation instrument was administered. Accordingly, the usability, user experience, and
learning effectiveness of the application are untested. Because this paper describes the development and
numerical verification of the software, a student study was considered outside its scope.

3. RESULTS AND DISCUSSION

3.1 Characteristics of the Simulation Application

The application was developed with a three-panel interface (Figure 1). The input panel allows
users to select radionuclides (Tc-99m, I-131, F-18, Lu-177, and Ga-68), shielding materials (lead, low-
and high-density concrete, and steel), and scenario parameters, including activity (0.1-10 GBq), distance
(0.5-10 m), workload (1-168 hours/week), and occupancy factor (0.025—1.0). The results panel displays
the calculated dose rate, potential weekly dose, required shielding thickness, and transmission factor.
The graph panel presents dose-versus-thickness curves, with markers indicating the required shielding
thickness and the applicable dose limit.

As an illustrative example, radiation shielding calculations can be compared using the
radioisotopes Technetium-99m (Tc-99m) and Fluorine-18 (F-18). These two isotopes were selected
because they possess different photon energy characteristics and clinical applications, thereby providing
a representative overview of the influence of radiation energy on the transmission factor, buildup factor,
and the required shielding material thickness.

Based on the simulation results using a standard parameter scenario (activity: 0.5 GBq, distance:
2 m, workload: 40 hours/week, occupancy factor (O = 1)), significant variations in the required shielding
thickness were observed among different materials and photon energies. In Figure 2, the required lead
(Pb) thickness to reduce the Tc-99m dose to the safe limit was found to be 0.6 mm. In contrast, Figure
3 shows that a lead (Pb) thickness of 23.3 mm was required to reduce the F-18 dose to the safe limit.
These values are scenario-specific results of the model for the stated inputs and should not be interpreted
as universally safe barrier thicknesses.
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Input Parameters Composite Shielding (2 Materials) Analysis Results
Calculation Results:
Select Source Isotope: Material 1 (Outer Layer):
Tc-99m v Lead (Pb) v
Source Activity (GBq): Material 1 Thickness (mm):
0.5 10
Distance to Wall (meters): .
20 Material 2 (Inner Layer):
Low_density_concrete v
Duration (hours/week):
ixoposure i Material 2 Thickness (mm): -
50
Adjacent Room Type (T):
Office/Receptionist (T=1) v * Calculate Total Transmission 0.8
Shielding Material (Single): Calculate Required Thickness of Material 2
peac (Eh) M Target Transmission (%): 0.6 1
1.0
CALCULATE SIMULATION 0.4 1
CALCULATE COMPOSITE
0.2 1
Composite Shielding Result
MODEL NOTE: 0.0 T T T T
Composite shielding calculation is an 0.0 0.2 04 0.6 08 1.0

approximation based on factor multiplication.

Figure 1. Graphical user interface of the developed radiation shielding calculator: (a) radionuclide, exposure,
and shielding inputs; (b) composite shielding configuration and calculation settings; and (c) calculated results

and photon transmission visualization.

Analysis Results

Calculation Results:

Isotope: Tc-99m | Material: Lead (Pb)
Dose Rate (at 2.6m distance): 0.0027 mSv/h
Potential Weekly Dose: 0.1100 mSv

Dose After Shielding: 0.0200 mSv

Safe Limit: 0.82 mSv/week

a: 2.5580 mm! | B: 1.0100 | y: 4.3440
Transmission Factor (B): 0.181818
-Isotope: Tc-99m | Material: Lead (Pb)

= w

~
i Nuclear Medicine Calculator

Input Parameters
Select Source Isotope:
|Tc-99m

Source Activity (GBg):
0.5

Distance to Wall (meters):
2.0

Exposure Duration (hours/week):

0.10

0.08 4

0.06 4

Weekly Dose (mSv)

0.04

0.02 1

40
Lead (Pb) Attenuation Curve
Adjacent Room Type (T):
—— Dose Reduction |Office/Reception (T=1) In

=== Limit (0.02 mSv)

Shielding Material (Single):
|Lead (Pb) v

CALCULATE SIMULATION

02 04 06 08 10
Thickness (mm)

Figure 2. Dose attenuation curve for a Tc-99m source (0.5 GBq, 2 m, 40 h/week, O = 1) through a lead (Pb)
barrier. The red dashed line indicates the weekly design goal (0.02 mSv/week), while the green marker shows
the required Pb thickness (0.64 mm) to reduce the unshielded dose (0.11 mSv/week) to this level
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Analysis Results

Calculation Results:

Isotope: F-18 | Material: Lead (Pb)
Dose Rate (distance 2.8m): ©.8169 mSv/h
Potential Weekly Dose: ©.6758 mSv

Dose After Shielding: ©.6200 mSv

Safe Limit: ©.82 mSv/week

a: 0.1660 mm™! | B: -0.0218 | y: 0.2436
Transmission Factor (B): ©.829630
-Isotope: F-18 | Material: Lead (Pb)

Lead (Pb) Attenuation Curve

0.7 1

- Dose Reduction
=== Limit (0.02 mSv)

0.6

0.54

o
>

Weekly Dose (mSv)
o
w

0.2 1

0.1 1

0.0 1

0 5 10 15 20 25 30 35
Thickness (mm)

Figure 3. Dose attenuation curve for an F-18 source (0.5 GBq, 2 m, 40 h/week, O = 1) through a lead (Pb)
barrier using the Archer model. The red dashed line indicates the weekly design goal (0.02 mSv/week), while the
green marker shows the required Pb thickness (23.3 mm) to reduce the unshielded dose (0.675 mSv/week) to this

level

The results show that F-18 requires substantially thicker lead shielding (23.3 mm) than Tc-99m
(0.64 mm) under the same exposure conditions. This difference reflects the combined effects of photon
energy, radionuclide-specific dose-rate constants, and Archer fitting parameters on the calculated
shielding requirements.

3.2 Comparison of Materials at Different Energies

Simulations under a standard scenario (activity: 0.5 GBq, distance: 2 m, workload: 40
hours/week, occupancy factor O =1) demonstrated significant variations in the required shielding
thickness among different materials and radionuclides. The calculated thicknesses are scenario-specific.
They differ between the two radionuclides because of combined factors: the dose-rate constant I', which
sets the unshielded dose and hence the target B, and the parameters (o, f, y), which differ for each
material-radionuclide combination.
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Table 4. Calculated thicknesses (mm) for the standard scenario (0.5 GBq, 2 m, 40 h/week, O =1, P=0.02

mSv/week)

Radionuclide r Unshielded Target Pb Steel High- Low-
weekly (B) density density
dose concrete concrete

Tc-99m 0.022 0.110 0.1818 0.64 13.9 95.7 138.3

F-18 0.135 0.675 0.0296 23.3 81.8 285.6 408.9

In this two-radionuclide example, the thicknesses calculated for the standard scenario are larger
for F-18 (511 keV) than for Tc-99m (140 keV) in all four materials (Table 4). This comparison cannot
be interpreted as an effect of photon energy alone, because the two cases differ in the target transmission
(through I') and in the Archer parameters. The general tendency for higher-energy photons to be
attenuated less per unit thickness (Marshall et al., 2025; Saleh et al., 2021) is consistent with this
direction, but it should not be extrapolated to all photon energies, since attenuation depends on photon
energy, material composition, and the dominant interaction regime. The relationship between photon
energy and shielding thickness is non-linear due to the influence of different Archer parameters. For Tc-
99m in lead, the high value of & = 2.558 mm ! indicates highly effective attenuation. In contrast, for F-
18 with a low value of & = 0.166 mm™!, deeper penetration occurs, requiring substantially greater
material thickness for adequate shielding. However, a alone does not determine the required thickness,
because S and y also shape the curve. The relationship between photon energy and shielding thickness
is non-linear due to the influence of different Archer parameters. For Tc-99m in lead, the high value of
a = 2.558mm™! indicates highly effective attenuation. In contrast, for F-18 with a low value of a =
0.166mm™', deeper penetration occurs, requiring substantially greater material thickness for adequate
shielding.3.3 Visualization of Attenuation Curves Other recent approaches include neural-network-
assisted shielding optimization, which illustrates an alternative computational objective rather than a
validation of the Archer model (Dorostkar & Rasouli, 2025).

The attenuation curve graphs generated by this simulation application provide valuable
pedagogical insights, particularly in visualizing the dynamics of radiation interactions with shielding
materials. The attenuation-curve display of the application shows the transmission predicted by the fitted
Archer function as a function of barrier thickness (Figures 2 and 3). Because o, 5, and y are empirical
fitting parameters, the curves are interpreted here as fitted transmission curves. Their shape does not, by
itself, quantify a buildup contribution or identify the scattering history of photons in the barrier, and no
comparison with pure exponential attenuation is presented. The curve shape thus depends on the
material-radionuclide combination, and users can explore this dependence by changing the material and
radionuclide in the application.

The attenuation-curve behavior depends on the material-energy combination represented by the
Archer fitting parameters. In the present results, lead exhibits a positive f value for some photon
energies, whereas concrete generally exhibits negative £ values. These differences affect the shape of
the fitted transmission curves relative to the corresponding exponential attenuation behavior. However,
[ should be interpreted as an empirical fitting parameter within the Archer equation rather than as a
direct, independent measure of the amount of scattered radiation (Sun et al., 2026). Its physical
interpretation should therefore consider the complete equation and the corresponding material-energy
parameters.

For lead (Pb), the positive S value reported for Tc-99m (f = 1.010) affects the initial slope and
curvature of the fitted Archer transmission function. However, f is an empirical fitting parameter, and
its positive sign alone does not quantify the buildup factor or establish the magnitude of scattered
radiation. The attenuation behavior should therefore be interpreted using the complete Archer equation
and the corresponding material-energy parameters.

The role of £ in shaping the Archer transmission curve can be examined by defining the
dimensionless auxiliary term N, where B = NC'), The auxiliary term is expressed as

N=(1+5) et L (7)

a a
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The logarithmic attenuation rate is then calculated as

_ ayx
=@t pen ®)

This relationship is valid for a + f > 0, a condition satisfied by all parameter combinations in
Table 2. At x =0, N =1 and the attenuation rate equals a + f; as x increases, the rate approaches a. The
product ay determines the characteristic thickness scale of this transition. These expressions describe
the fitted mathematical model and do not independently quantify the physical buildup contribution.

The sign of f also depends on on the material-energy combination. In Table 2, lead has a
positive 8 at 140, 208, and 364 keV (Tc-99m: 1.010 mm™!; Lu-177: 1.071 mm™!; [-131: 0.2072 mm )
but a slightly negative # at 511 keV (—0.02184) mm™'. The material-dependent behavior of £ is
therefore a property of the material-energy combination rather than of the material alone, which is a
useful point for students to explore with the application.

The application is an educational model with stated assumptions: a point source in air, an infinite
barrier at normal incidence, no room scatter from ceilings and floors, no patient self-attenuation or
radioactive decay during exposure, a selected weekly design goal, the F-18 parameter set as an
unvalidated surrogate for Ga-68, and an independent-layer product approximation for composite
shielding that has not been validated against Monte Carlo simulations. Its outputs are preliminary
estimates under these assumptions and do not demonstrate that a barrier is safe or complies with
radiation protection standards or regulations. Actual facility shielding design requires a qualified
medical physicist or radiation protection expert and an assessment against applicable regulatory
requirements.

3.4 Effectiveness of Composite Shielding

Composite shielding, which combines two or more materials, can be used to attenuate radiation
while balancing shielding performance, structural weight, and cost. In this study, a combination of lead
(Pb) as Material 1 and high-density concrete as Material 2 was evaluated for the attenuation of radiation
from the F-18 isotope. Two scenarios were investigated: (1) calculating the total transmission for
specified thicknesses of both materials and (2) determining the required thickness of the second material
to achieve a specified transmission target. The total transmission was approximated by multiplying the
transmission factors calculated independently for the two materials. This approach provides a first-order
estimate and does not explicitly account for changes in the photon energy spectrum, secondary photon
production, or the effects of material-layer ordering, and it has not been benchmarked against Monte
Carlo simulations; the composite results below are therefore preliminary estimates.

3.4.1 Total Transmission Calculation Results for a Fixed Composite Design

Based on Figure 4, the composite shielding simulation for F-18 using a combination of 10 mm
Pb and 50 mm high-density concrete produced a lead transmission factor (B;) of 0.2284 (22.84%), a
high-density concrete transmission factor (B2) of 0.6669 (66.69%), and a total transmission factor Bz
(B1xB;) of 0.1524 (15.24%). Figure 4 illustrates the predicted composite transmission for fixed layer
thicknesses.

A total transmission value of approximately 15.24% is equivalent to the use of 12.67 mm of
pure Pb shielding. Based on the application's selected 5% transmission criterion, this configuration does
not meet the specified target because the calculated total transmission remains approximately 15.24%.
The 5% value is an illustrative threshold used in the application to classify results, not a universal
adequacy criterion. However, from a practical perspective, the total thickness of 60.0 mm represents a
design that is relatively easy to implement, may require limited space, and may not excessively burden
the building structure; these considerations are untested, as no cost, area, or structural-loading
calculations were performed. This result indicates that for high-energy radiation such as F-18, the
addition of 50 mm of concrete behind 10 mm of Pb is still inadequate to achieve optimal radiation
attenuation.
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3.4.2  Optimization of Material Thickness Based on Target Transmission

At the subsequent evaluation stage, the simulation approach is focused on designing shielding
specifications that precisely satisfy radiation safety standards. In this optimization scenario, the target
transmission limit is strictly set at 1.0%. This is a chosen target for illustration, not a radiation safety
standard. It is stricter than the 5% level used in the preceding example, which the 15.24% total
transmission did not reach. The composite configuration retains the same base materials, where a 10
mm lead (Pb) layer serves as the primary shielding material with an initial transmission factor (B:) of
0.228479. The thickness of the secondary material, high-density concrete, is then computationally
determined to accommodate the remaining required attenuation. We The calculation does not minimise
total thickness, mass, or cost.

Composite Shielding (2 Materials)

Material 1 (Outer Layer):
Lead (Pb) -

Material 1 Thickness (mm):
10

Material 2 (Inner Layer):

Material 2 Thickness (mm):
50

e Calculate Total Transmission

Calculate Required Thickness for Material 2

Target Transmission (%):
1.0

CALCULATE COMPOSITE

Composite Shielding Result

COMPOSITE SHIELDING - F-18

Material 1: Lead (Pb) (10.0 mm)
Material 2: High Concrete

--=- CALCULATION RESULT ---

Material 2 Thickness: 50.0 mm

a Lead (Pb): ©.1660 mm-

a High Concrete: ©.0156 mm™*

Lead (Pb) Transmission Factor (B1l): ©.228479
High Concrete Transmission Factor (B2): 0.666932
Lead (Pb) Transmission: 22.8479%

High Concrete Transmission: 66.6932%

TOTAL TRANSMISSION (B1xB2): 15.237973%

Pb Equivalent Thickness: 12.67 mm

--- SHIELDING EFFECTIVENESS ---
X Shielding not effective (transmission 2 5%)

--- PRACTICAL RECOMMENDATIONS ---
v Total practical thickness (60.0 mm)
Design is easy to implement

Figure 4. Total photon transmission through composite shielding of lead (10 mm) and high-density concrete (50
mm) for an F-18 source. Individual transmission factors are B; = 0.2285 and B: = 0.6669, yielding By = 0.1524
(15.24%). The independent-layer approximation neglects layer-order effects, spectral changes, and secondary
radiation
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Based on the computational results, achieving the 1% total transmission target requires a
concrete-layer transmission factor of Baurget = Brarget / B1 =0.01/0.228479 = 0.043768. Using the Archer
fitting parameters for high-density concrete at 511 keV (¢ =0.01558 mm™, = —0.008775 mm™, and y
= 0.8600), the calculated concrete thickness is 259.74 mm. Substituting this thickness into the forward
Archer equation yields a total transmission of 1.0%, with a relative residual of |Biotal — Blarget| / Biarget = 5
x 107'. This round-trip check confirms the numerical consistency of the forward and inverse
calculations but does not independently validate the physical accuracy of the composite shielding
approximation.

Composite Shielding (2 Materials)
Material 1 (Outer Layer):
Lead (Pb) v
Material 1 Thickness (mm):
10
Material 2 (Inner Layer):
High-density Concrete ¥

Material 2 Thickness (mm):
50

Calculate Total Transmission

o Calculate Required Thickness of Material 2

Target Transmision (%):
1.0

CALCULATE COMPOSITE

Composite Shielding Results

COMPOSITE SHIELDING - F-18

Material 1: Lead (Pb) (10.0 mm)
Material 2: High-density Concrete

--- CALCULATION RESULTS ---

Target Transmission: 1.0%

a Lead (Pb): ©.1660 mm-!

a High-density Concrete: 0.0156 mm™!

Lead (Pb) Transmission Factor (B1l): 0.228479
High-density Concrete Transmission Factor (B2): ©0.043768
Lead (Pb) Transmission: 22.8479%

Required B2 (theoretical): 0.043768

High-density Concrete THICKNESS REQUIRED: 259.74 mm
Total Thickness: 269.74 mm

--- VERIFICATION ---
Actual total transmission: 1.000000%
Error from target: 0.00%

--- SHIELDING EFFECTIVENESS ---
v Effective shielding (transmission < 1%)

--- PRACTICAL RECOMMENDATION ---
X Material 2 too thick (259.7 mm)
Consider material with higher density

Figure 5. Required shielding thickness for an F-18 source using composite lead and high-density concrete
barriers. With Pb fixed at 10 mm (B: = 0.2285), the calculated concrete thickness is 259.74 mm to achieve 1%
total transmission, assuming independent layers.

For the standard F-18 scenario (Do = 0.675 mSv/week), a total transmission factor of B =
0.01 yields an estimated weekly dose of 0.675 x 0.01 = 0.00675 mSv/week, which is below the assumed
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design goal of 0.02 mSv/week. The corresponding target transmission factor is Biarget = 0.02 / 0.675 =
0.0296, indicating that the selected 1% transmission target is more stringent than required for this
scenario. However, the calculated concrete thickness (259.7 mm) is substantially greater than the 10 mm
lead layer, potentially increasing space requirements and structural loading. These practical implications
were not quantitatively evaluated in this study. The calculated concrete thickness for the 1%
transmission target is illustrated in Figure 5.

In the current implementation, composite transmission is approximated as the product of the
independently calculated transmission factors of the individual shielding layers (Equation 5), using the
corresponding Archer fitting parameters for each material. Because the composite transmission is
calculated as the product of two independently evaluated transmission factors, the algorithm yields the
same total transmission for lead—concrete and concrete—lead configurations, irrespective of the layer
sequence.Physically, however, the sequence of high-Z and low-Z materials can affect the photon
spectrum incident on the subsequent layer through energy-dependent attenuation, beam hardening,
scattering, and secondary photon production (Duan et al., 2025). These effects can influence the buildup
factor and are not explicitly represented by the current independent-layer approximation. The results
should be regarded as preliminary estimates rather than order-sensitive predictions of actual shielding
performance. Validation against Monte Carlo simulations for both lead—concrete and concrete—lead
arrangements is therefore required to quantify the effects of material ordering and assess the accuracy
of the approximation.

Therefore, to reduce the overall shielding dimensions without compromising attenuation
performance, design modifications are recommended. These may include the use of alternative higher-
density materials, such as increasing the proportion of lead thickness or substituting the secondary layer
with steel, to examine their effect on overall shielding dimensions at the same target transmission. These
options were not evaluated in this study, so no conclusion is drawn here about their effect on dimensions,
cost, or structural loading.

3.5 Educational Implication

The developed application provides a potential learning resource for medical physics and
radiation protection education. The educational relevance of the application is currently based on its
computational features and visualization capabilities rather than on empirical evaluation of student
learning outcomes. Future work should include structured evaluations involving medical physics
students to assess the usability of the application and its potential contribution to conceptual
understanding. Its educational potential lies in the computational features, including calculated shielding
thicknesses, transmission factors, and attenuation curves for different radionuclides and shielding
materials. These features allow users to examine the relationships between photon energy, material
properties, shielding thickness, occupancy factors, and the resulting weekly dose under specified
calculation scenarios. Related studies in Jurnal [lmu Fisika have illustrated Monte Carlo dose simulation
and radiation-protection measurement comparisons, offering local methodological context without
validating the present application (Andani et al., 2026; Ihsan et al., 2026).

Example of learning activity that is possible to do is by a short, guided exercise using a standar
scenario and ask students to compare Tc-99m and F-18 in lead. Students first calculate the unshielded
weekly doses and the corresponding target transmission factors with a certain design goal. They then
run the application to obtain the lead thicknesses and discuss why a difference in the unshielded dose
may lead to different thicknesses. Students can also repeat the comparison with other materials and
examine the shapes of the curve. This is an example of the intended uses, the effect of the application
on learning outcomes was not evaluated in this study and remains to be assessed in future work with
structured student evaluations.

The application also enables comparative analysis of single-material and two-layer composite
shielding configurations. For example, the calculated results for Tc-99m and F-18 illustrate how
differences in photon energy and Archer fitting parameters affect the required shielding thickness. The
visualization of attenuation curves provides a means of examining the behavior of the broad-beam
transmission model and comparing its predictions with the simple exponential attenuation approach. In
the current version, the display does not include simple exponential reference curve, by adding it in next
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development of the application, could be supporting teaching activity in which student able to compare
broad-beam and simple exponential attenuation approach.

3.6 Limitations and Future Development

Several limitations of this study should be acknowledged. First, the Archer parameters were
obtained from Monte Carlo-based fits reported by Oumano et al. (2025) for an infinite barrier, a point
source in air, broad-beam geometry, and normal incidence, with transmission factors down to around
1073, These conditions do not account for patient self-shielding. In addition, different fitting procedures
may yield slightly different parameter values for visually similar curves, and the Archer equation was
originally developed for continuous X-ray spectra. Because Ga-68 was not simulated in the source study,
its parameters were approximated using those for F-18. Second, room scatter from ceilings and floors,
which can limit the achievable shielding performance at very low transmission levels, is not modeled in
the application (Oumano et al., 2025; Das & Singh, 2022) Recent radiation-transport work also
highlights the need to distinguish software verification from physical dosimetry validation (Hill et al.,
2024; Ryczkowski et al., 2025).

Third, composite shielding is evaluated by approximating the total transmission as the product
of the transmission factors calculated independently for the individual shielding layers. This is invariant
to layer order and has not been validated against Monte Carlo simulations (see Effectiveness of
Composite Shielding). Future work will include benchmarking the application against Monte Carlo
simulations using different material sequences, layer thicknesses, and heterogeneous geometries to
quantify the approximation error and assess the influence of layer ordering. Recent modeling of layered
shielding materials reinforces the need to account for layer interactions and energy-dependent radiation
transport rather than equating independent transmission products with physical validation (Chen et al.,
2025; Duan et al., 2025).

Concerning the validity and consistency of the current model, there are several things to check.
Firstly, parameter consistency, all the dose rate constants must be referenced to a primary source with a
defined dose quantity, and the code must match those values. Second, the comparison with published
fractional value layer thicknesses should be reported for all radionuclide-material combinations, and
composite approximated should be benchmarked. Lastly, a notification to the user might be added to
notify about the default parameter values and that the calculation of Ga-68 relies in the F-18 parameter
set when calculated transmission falls below the fitting range and when the input falls outside the range
stated in the paper.

Beyond these corrections, additional developments may include incorporating more
radionuclides and shielding materials, extending the calculations to distributed sources, enabling export
to standard report formats, introducing interactive tutorials and case studies, developing a web-based
version of the application that does not require local Python installation. The application currently not
integrating national and international radiation protection regulations, any future integration of the
regulatory requirements would be developed later.

4. CONCLUSION

An educational desktop application for radiation shielding calculations in nuclear medicine was
developed using the Archer broad-beam transmission model and published Monte Carlo-derived fitting
parameters. The application provides forward and inverse calculations of shielding thickness and
transmission factors for five radionuclides and four shielding materials, incorporating occupancy factors
and a selected weekly design goal of 0.02 mSv/week, which is not a regulatory limit. Ga-68 calculations
use the F-18 Archer parameters as an unvalidated surrogate. Numerical verification was performed
through manual calculations, inverse—forward round-trip consistency checks, and comparisons with
published fractional value layer thicknesses for nine radionuclide—material combinations. The
composite shielding calculation uses an independent-layer product approximation that has not been
independently validated against Monte Carlo simulations and does not account for layer-order effects.
Therefore, composite shielding results should be interpreted as preliminary estimates. The application
provides an educational tool for exploring forward and inverse shielding calculations, transmission
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factors, and attenuation behavior across different materials and shielding configurations. However, its
effectiveness in improving student learning outcomes has not been established and requires evaluation
in future educational studies.
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