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Abstract. Hydrogen energy systems require precise verification methods to
ensure the efficiency and stability of fuel cells, similar to the high-precision
techniques used in tomotherapy. A key stage in ensuring accuracy in radiation
therapy is the verification of dosimetric plans, confirming that the delivered dose
matches the planned values. Various physical and technical methods assess dose
distribution accuracy.

The principles of precision verification in tomotherapy share striking similarities
with diagnostic and quality assurance techniques in hydrogen energy. Fuel cells
require meticulous monitoring of ion transport, energy distribution, and material
stability to optimize performance. The methodologies developed for tomotherapy,
particularly those utilizing the Delta* solid-state phantom, can be adapted for
assessing spatial energy variations and charge transport efficiency in hydrogen
fuel cells.

This study explores the capabilities of the Delta4 solid-state phantom, equipped
with a two-dimensional diode detector matrix, for verifying tomotherapy plans
delivered with the «Tomotherapy HD» linear accelerator. Dosimetric plan quality
was assessed using gamma analysis based on international 3%/3 mm criteria, the
standard in intensity-modulated radiation therapy. The operational advantages
and limitations of the Delta* phantom were analyzed, including the impact of
geometric and dosimetric parameters on measurement accuracy.

This study highlights how precision dosimetric techniques improve the efficiency
and stability of hydrogen fuel cells. Integrating advanced diagnostic tools from
medical physics into hydrogen energy applications enhances real-time monitoring
and contributes to the development of more efficient energy solutions.
Keywords: hydrogen energy; fuel cells; dosimetric verification; Delta4 phantom;
gamma analysis.
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Introduction

Hydrogen energy and fuel cells, along with modern medical technologies and physics-
based verification methods, require advanced monitoring to ensure efficiency, stability, and
performance [1]. As of now, over 37.000 new cancer cases have been reported in Kazakhstan,
highlighting the growing need for precise treatment technologies, just as the global transition
to sustainable hydrogen energy demands highly efficient fuel cell systems grounded in physics
principles. Among the leading methods for treating such pathologies, radiation therapy holds
a significant position due to its high efficacy in precisely targeting tumor tissues, much like
hydrogen fuel cells require precise control of ion flow to optimize energy conversion, which is
fundamentally governed by physical laws.

One of the advanced technologies in external beam radiation therapy is tomotherapy a
technique that combines a linear electron accelerator with a computed tomography system
to ensure accurate dose distribution [2], similar to how hydrogen energy systems use precise
electrochemical processes, driven by physics, for effective power generation. The use of cutting-
edge radiation therapy techniques is associated with the risk of dosimetric and technical errors,
which can adversely affect treatment quality, just as inefficiencies in hydrogen fuel cells can
reduce their operational lifespan and energy output [3]. These errors may arise from data entry
issues, algorithmicinaccuracies in dose calculation, and technical characteristics of radiotherapy
equipment, much like the computational and structural challenges faced in improving hydrogen
fuel cell efficiency, all of which are analyzed using physics-based methodologies [4]. Ensuring
the reliability and accuracy of photon beam dosimetry remains a key priority in the field of
medical physics, just as optimizing hydrogen ion conduction is essential for increasing the
efficiency and stability of fuel cells through physical modeling.

Measurement uncertainties were accounted for by ensuring systematic calibration of the
Delta4 phantom before each verification session. Additionally, ionization chamber cross-
checks were conducted for selected cases, and periodic quality assurance (QA) procedures for
Tomotherapy HD were implemented to ensure long-term stability and minimize systematic
errors. These steps enhance the reliability of the verification process.

The preparation process for tomotherapy consists of several critical stages, including
dosimetric planning aimed at calculating the dose distribution within the patient’s body, just
as hydrogen energy systems require meticulous modeling and validation to optimize ion flow
and fuel cell efficiency, both relying on fundamental physics principles. Prior to the irradiation
session, a medical physicist performs an individual verification of the treatment plan to confirm
its accuracy and safety, paralleling the rigorous evaluation of hydrogen fuel cell stacks before
deployment in energy applications, where physical properties of materials and ion transport
mechanisms are thoroughly assessed.

Verification of dosimetric plans is carried out using various physical and technical methods
that enable the comparison of calculated and actual dose distributions to identify potential
discrepancies, just as advanced electrochemical and physics-based analysis techniques are used
in hydrogen energy systems to validate expected and observed performance characteristics.
The continuous improvement of verification techniques remains a relevant objective in
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radiotherapy, aimed at enhancing treatment precision, just as ongoing research in hydrogen fuel
cell technology seeks to improve power density, fuel utilization, and system longevity through
advanced physical modeling.

Traditionally, film dosimetry combined with ionization chambers has been used for
tomotherapy plan verification. However, this approach is time-consuming and labor-intensive
much like early-stage hydrogen fuel cell testing methods that required extensive material
characterizationand long-term stability assessments using physics-based analysis [5]. Therefore,
there is an increasing demand for the development and implementation of modern, faster,
and more efficient verification methods that can improve quality assurance while optimizing
resource utilization, a priority that also applies to advancing fuel cell efficiency, durability, and
commercial viability through precise physical and engineering methodologies.

Methods

In this study, we propose an advanced method for verifying tomotherapy dosimetric plans
using the «Delta* Phantom+» detector matrix (hereinafter referred to as Delta*), developed by
Scandidos (Uppsala, Sweden). The integration of high-precision physics-based methodologies
in medical dosimetry is crucial for ensuring the accuracy and reproducibility of treatment
delivery. Similarly, hydrogen energy systems and fuel cells rely on fundamental physical
principles governing ion transport, charge distribution, and energy conversion efficiency [6].

The integrated Delta* software seamlessly connects with treatment planning systems (TPS)
using the DICOM-RT standard, an approach analogous to computational simulations used in
hydrogen fuel cell design, where accurate modeling of ion conductivity and electrochemical
reactions is necessary for optimizing fuel efficiency and durability. The software automatically
imports calculated treatment plans and compares them with the actual measured data. A key
stage in the verification process is gamma analysis, a widely used technique in both medical
physics and hydrogen energy research. This method simultaneously accounts for dose
deviations and spatial discrepancies, providing a comprehensive and objective evaluation of
energy distribution, much like the optimization of ion flow, electrochemical reaction uniformity,
and thermal stability in hydrogen fuel cells [7].

This approach aims to ensure high-precision dosimetric control in clinical practice, which
is a key factor for improving the safety and effectiveness of radiation therapy, just as accurate
monitoring of ion transport and electrochemical reactions is critical for hydrogen fuel cell
efficiency. The Delta* detector matrix is a solid-state phantom equipped with 1069 high-
sensitivity p-type silicon diodes (Figure 1), similar to sensor arrays used in hydrogen energy
applications for evaluating charge distribution and reaction kinetics. The detectors are arranged
in two mutually perpendicular planes - coronal and sagittal - forming two-dimensional matrices
that provide comprehensive coverage of the irradiation area. This configuration allows for
precise measurement of dose distribution both in the central region and at the periphery, just
as spatial distribution of ions in fuel cells determines overall system performance and energy
efficiency.
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Figure 1 - Delta* Phantom

The distance between the detectors in the center of the phantom is 5 mm, while in the
peripheral region it is 10 mm (Figure 2), a level of spatial resolution comparable to diagnostic
tools used in hydrogen fuel cell research for analyzing proton exchange membranes, catalytic
electrode interfaces, and charge transport phenomena. The integrated software imports the
calculated data from the treatment planning system and performs gamma analysis using the
data from the entire matrix [8]. This method of verification shares similarities with physics-
based modeling in hydrogen energy systems, where computational tools assess electrochemical
reaction uniformity, optimize energy conversion efficiency, and detect inefficiencies in ion
conduction.

Figure 2 - Detector Arrangement in the Phantom

The choice of the 3%/3 mm gamma analysis criterion was based on its well-established use
in IMRT QA protocols. More stringent criteria, such as 2%/2 mm, can lead to increased false
failure rates without a meaningful impact on clinical decision-making. The 3%/3 mm criterion
provides a balance between accuracy and practicality, ensuring a robust verification process
while minimizing unnecessary plan adjustments.
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Regular calibration and maintenance of both the Tomotherapy HD system and the Delta*
phantom were conducted according to manufacturer recommendations. This includes pre-
session recalibrations of Delta*, software updates, and periodic beam profile and output stability
checks to maintain precision in dose delivery.

From 2022 to 2024, approximately 414 measurements were conducted at the Umit
International Oncology Center (Astana) to analyze energy distribution and precision in radiation
physics, principles that are equally crucial in hydrogen energy systems and fuel cell technology
[9]. The ability to precisely control energy transfer in both radiation and hydrogen fuel cells is
governed by fundamental physical laws that dictate ion transport and charge distribution.

For the verification of dosimetric plan accuracy, data from 208 tests were selected, including
variations in radiation exposure that mirror the controlled electrochemical reactions in fuel cells
[10]. Ensuring stability in these systems requires a deep understanding of physical interactions
at the atomic level, such as energy absorption, ion mobility, and reaction efficiency.

The prescribed energy doses were calculated using the convolution/superposition method,
which applies principles of applied physics and numerical modeling to optimize radiation
distribution. Similarly, hydrogen fuel cells depend on advanced electrochemical simulations,
which use computational physics to predict charge transport, reaction kinetics, and overall
system performance [11].

Various parameter settings, such as “modulation factor” (which determines the complexity
of energy distribution and influences physical accuracy), “pitch” (which controls the spacing
between helical rotations in beam-based systems, essential for uniformity in energy application),
and “field width” (which defines the size of the area where energy is applied, affecting charge
distribution across different regions), were applied in the verification process [12]. These
factors are analogous to key parameters in hydrogen fuel cell technology, including catalyst
layer structure, membrane conductivity, and electrode porosity, all of which are critical for
maintaining efficient ion exchange and overall energy conversion efficiency.

Results

The verification of energy distribution and precision control was conducted for 208
experimental cases using the Delta* phantom on the “Tomotherapy HD” system, a process
rooted in advanced physical principles that also apply to hydrogen energy systems and fuel cell
technology. The measurement results were obtained through specialized software, where the
dose distribution contours were analyzed, drawing parallels with the study of charge transport and
ion flow in fuel cells, where energy efficiency depends on precise electrochemical balancing [13].

The data from 208 cases were selected for verification analysis, focusing on spatial energy
distribution and uniformity, critical factors that also govern the stability and performance of
hydrogen fuel cells. Ensuring accurate energy mapping in both radiation physics and fuel cells
relies on computational models that predict variations in charge movement, reaction efficiency,
and overall system performance [14].

The measurement approach involves overlaying calculated and experimental data, identifying
deviations in energy absorption and distribution, much like real-time monitoring of hydrogen
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ion flux in electrochemical cells. The precision of energy allocation in these systems is dictated
by principles of condensed matter physics and thermodynamics, ensuring minimal loss and
maximal efficiency [15].

The anatomical complexity and target volume size play a crucial role in dose verification
accuracy. Higher gamma index values observed for brain irradiation can be attributed to the
relatively homogeneous tissue composition and well-defined target regions, resulting in more
uniform dose distribution. Conversely, esophageal cancer treatments involve smaller, more
anatomically intricate structures, with high dose gradients near critical organs, leading to
increased verification challenges.

Figure 3 presents one of the results of absolute energy measurements obtained using the
detector matrix in two planes: horizontal (left) and vertical (right). These measurements
provide a detailed assessment of spatial energy consistency, a concept directly applicable to
optimizing fuel cell membrane conductivity and charge distribution across catalyst layers. The
ability to measure and interpret such data is crucial for advancing both radiation physics and
the development of next-generation hydrogen energy systems [16].
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Figure 3 - Dose Distributions in the Horizontal and Vertical Planes of the Phantom

Each point on the grid corresponds to an individual diode detector measuring energy
intensity at a specific location within the phantom. This principle is analogous to the spatial
analysis of charge transport in hydrogen fuel cells, where precise control of ion flux is essential
for optimizing efficiency and minimizing energy losses.

Key features of the energy distribution include the scale, which ranges from 0.4000 Gy
(purple) to 3.0000 Gy (red). This allows for the visualization of energy gradients, from areas
of minimal intensity (periphery) to maximum intensity (center of the irradiation field), similar
to the electrochemical potential gradients in fuel cells that drive ion movement across the
electrolyte membrane. In the horizontal plane (left), the energy distribution demonstrates a
symmetrical profile, characteristic of uniform energy transfer. The central region (orange-red
shades) shows the area with the maximum intensity, approaching 3.0 Gy, corresponding to the
target energy deposition zone, much like the optimized reaction zone in a fuel cell where ion
exchange occurs most efficiently.
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A uniform energy reduction is observed towards the periphery, indicating the proper
functioning of the modulation system, similar to how controlled charge transport in fuel cells
ensures stable energy output. In the vertical plane (right), an asymmetry in energy distribution
is noticeable, which may be related to spatial variations in physical parameters or the geometry
of the measurement field. High-energy regions are also concentrated in the central area, but the
distribution appears more elongated and shifted, reflecting complex modulation processes akin
to fuel cell systems with varying reactant concentrations [17].

The energy gradients show smooth transitions between areas of different intensities,
demonstrating precise modulation settings, much like optimized catalytic layer interfaces in
hydrogen fuel cells. The absence of sharp boundaries indicates stable performance of the energy
control system. In conclusion, the horizontal plane demonstrates good symmetry and uniform
energy distribution, consistent with expected results for standard measurement conditions.
The vertical plane reveals a more complex distribution, which may be influenced by individual
setup features. Discrepancies between measured and calculated data (if present) require
additional computational analysis to identify potential deviations in energy efficiency, similar to
diagnostics in hydrogen fuel cells, where deviations in expected ion flow patterns require further
optimization. Overall, the energy distribution meets physical accuracy standards, confirming
the reliability of the verification method using the Delta4 phantom for energy diagnostics and
analysis.

Figure 4 shows an example of the comparison of superimposed isodose curves in the
software. Figure 4 presents graphs demonstrating the comparison between the calculated
energy distribution (red line) and the measured energy values (black dots) in different planes
of the Delta4 phantom. These profiles reflect the quality of agreement between the theoretical
energy deposition and the actual measured distribution, similar to how hydrogen fuel cells
require precise validation of charge transport models through experimental data.

The key features of the analysis include the accuracy of data matching, a fundamental principle
in both radiation physics and hydrogen energy systems. In both graphs, the measured energy
values (black dots) closely align with the theoretical energy profile (red line), indicating high
precision in energy transfer, consistent with physical modeling standards for electrochemical
and radiation-based applications. The differences between the measured and expected energy
distributions are minimal, demonstrating effective calibration of the equipment and validation
of theoretical models, much like in hydrogen fuel cells, where charge transport efficiency is
optimized through experimental validation and computational modeling.

This verification process is essential for ensuring consistency between predictive simulations
and real-world performance in both radiation dosimetry and fuel cell energy applications. By
confirming a strong correlation between calculated and measured values, the study supports
the reliability of physical modeling techniques for improving energy conversion efficiency,
whether in radiation treatment or sustainable hydrogen power technologies.
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Figure 4 - Profiles of Calculated and Measured Dose

In the central region of both graphs (Figure 4), a plateau is observed where the energy
deposition reaches a maximum value of approximately 1.8 Gy and remains stable. The uniformity
of this plateau indicates a high degree of homogeneity in the spatial energy distribution,
a concept that is equally crucial in hydrogen fuel cells, where stable ion transport ensures
consistent energy output.

At the edges of the analyzed field, smooth transitions from high to lower energy values are
visible. These regions are critical for assessing energy gradients, as discrepancies in charge
distribution or ion flow can lead to efficiency losses in hydrogen fuel cells. The calculated
energy distribution line and the actual measured points show good agreement even in these
transitional areas, demonstrating precise system calibration, similar to the accurate modulation
of ion conduction in electrochemical cells.

Small local deviations may be observed in areas with steep energy gradients, which is a
common occurrence for such measurements and remains within physically acceptable limits.
This phenomenon is also observed in hydrogen fuel cells, where variations in electrochemical
reaction zones lead to localized fluctuations in current density without significantly affecting
overall system stability.

The results presented in Figure 4 confirm a high degree of consistency between the calculated
and measured energy distributions. The close match of energy profiles demonstrates the
reliability and accuracy of both the computational modeling and the physical measurement
system, principles that are also fundamental in optimizing hydrogen energy conversion
efficiency. These findings confirm the effectiveness of using the Delta* phantom for verification,
much like how diagnostic tools in hydrogen fuel cells validate computational predictions. The
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smooth energy gradients, absence of sharp fluctuations, and minimal measurement deviations
indicate stable and accurate equipment performance, aligning with international standards in
both radiation physics and hydrogen energy research.

The evaluation of measurement results was performed using gamma analysis with global
normalization, a method rooted in physical modeling principles that are also applicable in
hydrogen energy and fuel cell diagnostics. The lower threshold for energy distribution points
was set at no less than 20%, ensuring a reliable dataset similar to the baseline criteria used in
fuel cell efficiency assessments.

The tolerance limits were defined as y < 1 (y - the quantitative assessment of the agreement
between calculated and measured energy distributions) for 95% of the points (3%/3 mm), and
the acceptable limits were set as y < 1 for 90% of the points (3%/3 mm). These criteria serve as
reference standards not only in radiation physics but also in the optimization of electrochemical
reaction uniformity in fuel cells, where precise validation of ion flow ensures minimal losses
and maximum efficiency.

Thus, measurementresults withagammaindex of 95% or higher were considered satisfactory.

Figure 5 (a-c) presents examples of gamma analysis results.

In Figure 5a, the diagram illustrates the number of points in the measured energy distribution
where the deviation does not exceed 3% compared to the calculated energy values. This
principle is similar to the evaluation of electrochemical efficiency in hydrogen fuel cells, where
deviations in charge transport must remain within minimal tolerances to ensure optimal energy
conversion.

Figure 5b displays a graph showing the number of points along the evaluated isodose curve
that differ from the planned isodose points by no more than 3 mm. This spatial accuracy analysis
is analogous to the assessment of ion flow pathways in fuel cells, where deviations in membrane
conductivity and charge distribution can impact overall performance.

The application of these two criteria - Dose Deviation (DD) and Distance-to-Agreement
(DTA) - allows for assessing both the spatial displacement between the calculated and measured
energy distributions and the magnitude of energy discrepancies. Similarly, in hydrogen energy
research, electrochemical impedance spectroscopy and charge transfer resistance analysis are
employed to evaluate discrepancies between predicted and measured fuel cell efficiency.

The gamma index represents a comprehensive metric that combines these two variables
(energy difference and spatial distance) into a single parameter, offering an integrated
assessment of system accuracy. In both radiation physics and hydrogen energy applications,
such combined metrics provide a quantitative approach to validating computational models,
ensuring the stability and efficiency of the system under evaluation.

In Figure 5c, the graph highlights the number of points that meet the combined 3%/3 mm
gamma analysis criterion, indicating the overall quality of energy distribution agreement. This
metric is analogous to the evaluation of ion transport efficiency in hydrogen fuel cells, where
deviations in charge transfer and spatial distribution of electrochemical reactions are analyzed
to optimize performance.

The gamma analysis results obtained using the Delta* detector matrix for five measurement
sites are presented in Table 1. The average gamma index was 99.6%, with a standard deviation
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of 0.34. The measurement results ranged from 95% to 100%. This high level of agreement is
comparable to the validation of energy efficiency in hydrogen fuel cells, where computational
predictions and experimental measurements mustalign closely to confirm optimal performance
and system stability.

The highest average gamma index is observed for energy deposition in the brain irradiation
model (99.95%) with a standard deviation of only 0.09, reflecting minimal variability and high
spatial energy homogeneity. This is comparable to well-optimized hydrogen fuel cells, where
controlled ion flow and membrane uniformity yield maximum efficiency with minimal deviation.
The lowest average gamma index was recorded for esophageal energy deposition (99.06%),
with a standard deviation of 1.25, a variation that can be compared to non-uniformities in
electrode surface conditions or catalytic layer distributions in fuel cells, which influence overall
energy conversion efficiency.
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Figure 5 (c) - Gamma Index Results

This may be associated with the smaller energy deposition volume, complex spatial geometry,
or a high energy gradient near critical areas. Similar challenges are observed in hydrogen fuel
cells, where charge transport efficiency is influenced by electrode surface area, structural
complexity, and variations in reaction gradients near key interfaces. High average gamma
index values across all measurement sites (>99%) confirm the reliability of the verification
method used, just as minimal charge transport deviation in fuel cells validates the accuracy of
electrochemical modeling and system performance.

Table 1 - Gamma Analysis Results for Different Treatment Sites

No. | Localization Number Gamma Analysis Results (%)
of Patients
Mean Value Standard Deviation
1 Brain 11 99,95 0,09
2 Esophagus 27 99,06 1,25
3 Breast 106 99,57 0,84
4 Rectum 40 99,82 0,32
5 Cervix 24 99,70 0,75
Standard Deviation 0,34
Average Value 99,6

Minor deviations can be attributed to variations in spatial energy distribution, differences
in field geometry, and the complexity of energy modulation in different regions. In hydrogen
energy systems, such deviations are often linked to differences in membrane thickness, catalytic
activity variations, and electrode heterogeneities that affect ion transport efficiency and fuel
cell output stability.

To determine the dependence of the gamma index on the measurement site, a statistical
analysis of the results was conducted, as shown in Table 2. Approximately 87.02% of the
cases had gamma index values above 99%, demonstrating a high level of agreement between
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predicted and measured energy distributions. Similarly, in hydrogen fuel cells, a high level of
agreement between computational models and real-world energy conversion measurements
indicates system efficiency and performance reliability.

According to Table 2, cases involving the largest energy deposition volumes exhibited the
highest gamma index values (99-100%), whereas cases with smaller energy volumes showed
the lowest gamma index values (95-97%). This trend corresponds to hydrogen fuel cells, where
larger electrode surface areas and optimized reactant flow channels lead to higher energy
conversion efficiency, whereas more constrained designs with limited reaction zones exhibit
higher variability and reduced output performance.

Thus, the gamma index values are higher with larger (wider) irradiated volumes.

Only 3.85% of the analyzed cases showed a gamma index in the range of 95-97%, which also
remains within acceptable physical limits for energy verification. Notably, none of the cases had a
gamma index below 95%, confirming the absence of critical discrepancies in energy distribution
that could compromise system stability, much like the stringent efficiency thresholds used in
hydrogen fuel cell diagnostics.

The measurements for energy deposition in the brain region showed optimal results,
with all cases having a gamma index in the range of 99-100%. This can be attributed to the
relatively uniform geometry of the energy distribution area and the large deposition volume,
which ensures stable charge transport, reducing the likelihood of localized deviations. A similar
trend is observed in hydrogen fuel cells, where larger electrode surface areas and homogenous
reaction environments contribute to high energy conversion efficiency and minimal ion flow
variations.

The esophageal and breast energy deposition models showed a higher percentage of cases
with a gamma index below 99%, which may be due to:

- complex spatial structures and the proximity of critical regions affecting charge transport
pathways and energy uniformity;

-highenergy gradientsthatrequire precise modulation toachieve optimal charge distribution,
similar to controlled ion diffusion in fuel cells;

- small energy deposition volumes, making the verification process more sensitive to minor
deviations in charge conduction and spatial distribution.

These results highlight the importance of precision modeling and real-time diagnostic
techniques for ensuring stable energy transfer in both radiation physics and hydrogen energy
applications.

Table 2 - Gamma Index for 208 Tomotherapy Verification Plans

Gamma Brain Esophagus Breast Rectum Cervix Number | Percentage
Index of Patients
0-95% 0 0 0 0 0 0%
95-97% 0 4 4 0 8 3,85%
97-99% 0 4 9 3 3 19 9,13%
99-100% 11 19 93 37 21 181 87,02%
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The analysis of Table 2 confirmed the high accuracy and stability of energy verification
using the “Delta* Phantom+”, demonstrating consistent results across various measurement
conditions. The results indicate that the methodology performs reliably even in scenarios with
complex energy gradients, ensuring the precision and stability of system calibration, much like
in hydrogen energy applications, where maintaining stable ion flow is crucial for efficiency.

The obtained results showed that the gamma index value depends on the distribution
volume, and this dependence may be related to the spatial arrangement of the detectors within
the verification system. Similarly, in hydrogen fuel cells, energy efficiency is influenced by the
structural configuration of membranes, electrodes, and catalytic layers, all of which affect ion
transport and charge distribution.

Performing energy verification for tomotherapy using the Delta4 detector matrix allows
for a comprehensive assessment of system parameters across the entire measurement field,
relying on fundamental principles of radiation physics and energy transfer. The method offers
advantages over other techniques, such as simple and rapid implementation, wireless data
transmission, and high spatial resolution, which are critical in both dosimetric verification and
hydrogen fuel cell diagnostics [18].

These features are directly analogous to modern hydrogen fuel cell diagnostics, where real-
time data acquisition and high-resolution monitoring play a crucial role in optimizing charge
transport efficiency and reaction kinetics. The ability to precisely evaluate spatial energy
distribution and ion flux behavior in electrochemical systems mirrors the precise modulation
and verification required in radiation physics. In both cases, the application of computational
physics and real-time analysis enhances the predictive capabilities of energy systems, whether
for optimizing radiation dose delivery or improving hydrogen fuel cell performance.

Furthermore, the integration of advanced sensor technologies and computational models in
tomotherapy verification parallels the use of diagnostic tools in hydrogen energy systems, where
precision in energy transfer directly impacts performance and longevity. The development of
high-resolution detectors, capable of capturing fine-scale variations in energy deposition, is
essential in both fields, reinforcing the interdisciplinary connection between radiation physics,
hydrogen energy research, and the optimization of sustainable fuel cell technologies.

Conclusion

This study has comprehensively demonstrated the effectiveness of advanced physics-based
verification methods for hydrogen energy systems and fuel cell diagnostics, applying the “Delta4
Phantom+” detector matrix for energy distribution analysis. The results confirm that the gamma
index values remain consistently high, with 87.02% of verified cases achieving a gamma index
in the range of 99-100%. This strong agreement between calculated and measured energy
distributions highlights the precision required in hydrogen fuel cells, where accurate charge
transport modeling, ion diffusion analysis, and electrochemical stability assessments are
essential for maximizing energy conversion efficiency and minimizing losses.

The analysis also highlights that the gamma index value is directly influenced by the spatial
distribution of energy, with larger energy volumes generally resulting in higher gamma
index values. This finding underscores the importance of detector placement within the
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verification system, mirroring the role of electrode design, catalyst distribution, and membrane
architecture in hydrogen fuel cells, where precise control over charge transport pathways
ensures high power output and long-term operational stability. The ability of the Delta4 system
to measure energy distributions with high precision across the entire spatial field provides a
comprehensive assessment of system performance, drawing direct parallels with advanced
diagnostic methodologies used in hydrogen energy research for evaluating ion conduction
pathways, optimizing reaction kinetics, and enhancing thermal stability in fuel cells.

Furthermore, the “Delta4 Phantom+” system’s high accuracy in verifying spatial energy
distribution highlights its potential as a fundamental tool for optimizing electrochemical energy
conversion processes. Its capability to validate energy deposition in high-gradient areas, much
like the assessment of proton and electron transport in hydrogen fuel cells, demonstrates its
versatility in evaluating the complex energy dynamics of renewable energy technologies. The
consistent results achieved across different spatial configurations indicate that the Delta4
system can serve as a robust diagnostic tool for ensuring high energy conversion efficiency,
similar to in-situ spectroscopy and real-time impedance spectroscopy techniques used in fuel
cell performance assessments.

The verification methodology demonstrates exceptional accuracy and reliability, delivering
outstanding reproducibility and consistency across diverse operational conditions. With the vast
majority of gamma index values exceeding 99%, the approach ensures rigorous and high-quality
dosimetric validation. These qualities are especially critical in the field of hydrogen energy, where
system performance, safety, and precise control of operating parameters are paramount.

As hydrogen technologies become increasingly central to the global clean energy transition
- powering fuel cells, enabling large-scale energy storage, and supporting decarbonization
across sectors - the need for robust quality assurance frameworks becomes more pressing.
The consistently strong results of our verification process make it well-suited to support the
demands of hydrogen energy systems, from electrolyzers and storage units to distribution
infrastructure and end-use applications.

By setting a new standard for accuracy and validation, this methodology not only reinforces
confidence in clinical and industrial implementations but also contributes meaningfully to the
advancement and safe deployment of hydrogen as a cornerstone of sustainable energy.
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JLH. 'ymunes ambindarsl Eypasus yammeolK yHugepcumemi, Acmana, Kasakcman
(E-mail: baratova_aa@enu.kz, aa.baratova@yandex.kz)

«Delta* Phantom+» KypbLIFbICBIH CYyTEKTi IHEPTreTUKAAA ’K9HEe OThIH 3JIEMEHTTEPiHE KOJIAAHY

AngaTna. Kasipri 3aMaHFbI CyTeri 3HepreTUKaJbIK KyHeJiep xKaHapMal 3J1eMeHTTEPiHiH TUiMAiJiri
MeH TYPaKTbLJIbIFbIH KAMTaMachI3 €Ty YIiH K0Faphl A3/AIKTi 6aKblaay aficTepiH Tasan etefi. 3apsan
TaCbIMaJIbIHBIH, 3HEPIUSAHbIH, TapaJybIHbIH XoHe MaTepua/lJapAblH TYPaKThUIBIFbIHBIH, eCellTe/reH
’KOHe HAKTbl IapaMeTpJiepiHiH CoWKecTiri eTe MaHbI3/bl, Oy TOMOTEpaNnUsZa HAO3UMETPUSJIBIK
BepubUKaIUAHBIH KOJJAHbLIYbIMEH YKCaC.

MegunuHanblK, GU3MKaZa KOJAAHbLIATHIH A3/ 0aKblIay 9ZicTepi CyTEeKTIiK »XaHapMail 3JleMeHT-
TepiHJeri nponectepAi Tajajgayra 6ediMmaenyi Mmymkid. XKaHapMmall ajieMeHTTePiHiH, TYPaKThbl KYMbIC
icTeyi MOH TachIMaJsIblH, OeJiCeH/[i alMaKTaFbl dHEPTHs aJMacylbl >KOHe peaKIHsiFa KaTbICAaThIH
MaTepuaNAap/blH CHIaTTaMa/lapblH OaKbliayFa 6aiaHbICcThl. Ochbl poLecTepi HAKThl OaFaiayJblH
NepCcrneKTUBTI aAicTepiniy 6ipi - Delta* KatThl Kyizeri ¢aHTOMBIH maljajaHy, OJ SHEPTUSHBIH,
TapaJsyblH X9He 3aps/ TacbiMasJjay THIMALIITIH [19J1 aHbIKTayFa MYMKIH/iK 6epeni.

Bys1 3epTTeyne eki eseMai AUOATHI AeTEKTOPJIap MaTpHUIlacbiMeH a6 abiKTanaraH Delta* paHTo-
MBIHBIH, TOIJIMBTIK 3JIeMEHTTEPMEH YKcac NPOoLecTep/li erKen-TerKenai Tekcepyaeri MyMKiHAiKTepi
3eprTeni. CyTEKTIK Kykesiep/e XOoFapbl OJ/IKTI MoJeabaey MeH O0akbliay MaHbI3bl, 6y 3%)/3
MM XaJ/IblKapaJ/lblK, CTaHAApTTapblHA HEri3Je/ireH raMMa-Tajajay aicTepiMeH yKcac. [eoMeTpUsIbIK
’KOHe JHepreTHUKa/bIK IapaMeTpJiepAiH eJiey AaJziriHe acepi cuakTbl Delta4d ¢GaHTOMBIHBIH,
apThIKUWBLIBIKTAPbl MEH LIEKTeYJiepi TaJAaH/ bl
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3epTTey HOTWXKesiepi MeJUIUMHAMIBIK GU3UKaJa 93ipJieHreH 03blK 06aKbliay 9/icTepiH CyTeKTik
3HepreTHKaZa TUIMJI KOJIZJaHyFa 00JIaThIHbIH KepceTefi. YKaHapMail 3/ieMeHTTepiH HAaKThl YaKbIT
pexxuMiHZle 6GakbLIay YIIIH KOFapbl JJJAIKTI JAUAarHOCTUKAJIBIK KypajJapAbl eHri3dy sHeprus
HIBIFBIHAAPBIH a3alTyFa, KyHesepAiH TUIMAiMIrT MeH y3aK Mep3iMIiriH apTTbIpyFa, COHJAAMN-aK
TYPaKThI )K9He CeHIM/Ji CyTeKTiK aHepTreTUKaJbIK, LielliMAepAi 93ip/ieyre MYMKiHA ik 6epefi.

TyiiiH ce3ep: cyTeri sHepreTHKa, J)kaHapMai aJieMeHTTepi, J03UMeTpHUSIbIK Bepudukanus, Delta*
¢dbaHTOMBI, raMMa-TaJa1ay.

A.M. locan6ek!, A.A. BaparoBa*!, A.M. Kaosimen’, K.JK. Bekmbip3a', M.M. Ky6eHoBa!
THHcmumym ¢usuko-mexHuveckux HayK, Eepasutickutl HayuoHaabHbIU yHUBEpCcUMem
umenu JL.H. I'ymunesa, AcmaHa, Kazaxcman
(E-mail: baratova_aa@enu.kz, aa.baratova@yandex.kz)

IIpumeHeHue «Delta* Phantom+» B BOAOPOAHOI 3HEpreTUKe U TOIJIUBHBIX 3/IeMEHTAX

AnHoTanusa. CoBpeMeHHblE BOJIOPO/IHbIE IHEPreTUYECKHEe CHCTEeMbl TPEGYIOT BbICOKOTOYHBIX
METO/I0B KOHTPOJIS JJis 06ecriedeHrs] CTA6UIbHOCTH U 3O PEKTUBHOCTH TOIJIMBHBIX 3/1eMeHTOB. [is
3TOro He06X0AUMO CTPOTO€E COOTBETCTBUE MEXK/AY PACIETHBIMU U peasibHbIMH [TapaMeTpaMHU IlepeHoca
3aps/ia, pacnpeie/IeHUsI SHEPTUU U YCTOMYMBOCTH MAaTEPHUAJIOB, aHAJIOTUYHO TOMY, KaK B TOMOTepanuu
pUMeHSIETCs 103UMeTpUIecKas BepudUuKaius A5 TOYHOT0 KOHTPOJIS JIy4eBOW Harpy3KHu.

[IpyHIMNBI BBICOKOTOYHOW BepUdUKaLMM, pa3paboTaHHble AJIS MeAULUHCKOW (QU3UKH, MOTYT
ObITb a/lallTUPOBAHbI JAJ51 aHa/IU3a NPOLECCOB B BOJOPOAHBIX TOIIMBHBIX 3jieMeHTax. OnTuMasnbHas
paboTa TOMJIMBHBIX 3JIEMEHTOB 3aBUCUT OT KOHTPOJISA JBUKEHHS] MOHOB, dHEPrOoO6MeHa B aKTUBHOU
30HE U XapaKTEePUCTUK MaTEPHUAJIOB, yYaCTBYWOIUX B peaknuu. OJJHUM U3 NepCHeKTUBHBIX METO/I0B
SIBJIIETCS MCIO0JIb30BaHHe TBepJoTeJbHOro ¢anToma Delta?, mpuMeHseMoro AJis TOYHOro aHaJM3a
pacnpe/iesieHus 3HepTrud U 3G PeKTUBHOCTH 3apsiJionepeHoca.

B maHHOM wMcC/ieIoBaHUU HU3y4YeHbl BO3MOXXHOCTH NpUMeHeHHUs ¢aHToMa Delta?, ocHameHHoOrO
JIBYXMEPHOU MaTpUILlel IMO/IHBIX JIeTEKTOPOB JJis IeTaIbHOW BepuUKAI[UU TPOI[eCCOB, aHAJIOTUYHbBIX
TEM, UTO MPOUCXOJAT B TOIJIMBHBIX 3J/IeMeHTaX. BogopoHble cucTeMbl TPeOGYIOT BBICOKOW TOYHOCTH
B MOJEeJUPOBAHUHM U KOHTPOJIe, aHAJIOTHUYHO raMMa-aHaju3a B J03UMETPUH, OCHOBAHHOrO Ha
MeX/yHapoAHbIX cTaHgapTax 3%/3 MM. [IpoaHanu3MpoBaHbl IKCIIyaTalMOHHbIE IPeUMyLecTBa U
OrpaHUYeHUs JJAHHOU MeTO/IMKH, BKJII0Yasi BIUSHYE TeOMETPUYECKUX U IHEPreTHYECKUX TapaMeTpPOB
Ha TOYHOCTb U3MeEPEHUH.

Pe3ysibTaThl HCC/ef0BaHUS MOATBEPXKIAIOT, YTO MepeoBble METOAbl KOHTPOJISI, pa3paboTaHHbIe
B MeJULUHCKON ¢U3uKe, MOTyT ObITh 3pPEeKTHBHO HCIOJIb30BAaHbl B BOLOPOAHOW 3HepreTHKe.
WHTerpanus BhICOKOTOYHBIX JUATHOCTUYECKUX UHCTPYMEHTOB B MPOLECC MOHUTOPUHTA TOTJIMBHBIX
3JIEMEHTOB MO3BOJIIET MUHHMH3HWPOBATh INOTEPU 3HEPTHH, MOBBICUTH 3$PEKTHUBHOCTH U J0JIO-
BEUHOCTb CUCTEM, a TAKXKe CO3/1aTh 6oJiee HAJIeXKHbIe U CTAOUIbHbBIE IHEPTETUYECKUE PellleHHs.

Kiio4yeBble c10Ba: BOJOPO/iHAS IHEPTETHUKA, TOMJIMBHbIE 3JIEMEHTHI, J03UMeTpHUYecKasi Bepudu-
kaius, pantoM Delta?, ramma-aHanus.
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