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Abstract

The study of radioluminescence, a phenomenon where materials emit light upon exposure to ionizing
radiation, has expanded significantly in recent years, finding applications in various fields, including
environmental remediation, radiation detection, and dosimetry. This paper reviews recent
advancements in radioluminescent technologies, particularly focusing on Radioluminescent Isotope
Cells (RLICs) and semiconductor colloidal quantum dots (cQDs). The use of RLICs, particularly those
based on 63Ni, demonstrates enhanced energy conversion efficiency through optimized photon
transport interfaces, achieving a significant output power increase compared to traditional structures.
Furthermore, the study highlights the potential of RLICs in extreme environments, owing to their long
lifespan, high stability, and energy density. Additionally, the performance of semiconductor cQDs,
specifically Multi-Shell (MS) and Core/Shell (CS) structures, is explored for radiation detection. MS
cQDs exhibit superior resistance to ionizing radiation, showcasing a better recovery of
radioluminescence signals compared to their CS counterparts. This resilience to radiation makes them
promising candidates for scintillation dosimetry in various applications, including medical and
industrial settings. Moreover, Gd-doped sol-gel silica glass is investigated for its radiation-induced
emission characteristics, establishing its suitability for dosimetry in radiotherapy. The emitted light's
intensity and decay characteristics provide crucial insights into dose measurements, essential for
therapeutic applications. Overall, the advancements in radioluminescent materials and technologies
demonstrate significant potential in enhancing radiation detection and measurement systems, with
implications for environmental monitoring and medical applications. This review not only underscores
the innovative strategies employed to improve the performance and stability of these materials but also
paves the way for future research in the field of radioluminescence and its diverse applications.
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INTRODUCTION

The process of producing light in a material by subjecting it to ionizing radiation, such as gamma
rays, beta particles, or alpha particles, is known as radioluminescence. Low-level light sources like
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radioluminescence are used to illuminate
instruments and signage at night. The primary use
of radioluminescence since the discovery of
radioactivity at the start of the 20th century has been
in radioluminescent paint, which is applied to the
faces of aircraft flight instruments, gunsights, watch
and compass dials, and other instruments to make
them visible in the dark. Combining these physical
phenomena under one name, radioluminescence,
has a wide range of applications, including
molecular imaging using nanoparticles,
phototherapy, radiation therapy monitoring, and
radionuclide imaging. The main goal of current
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research is to increase energy conversion efficiency. A 63 Ni-based RLIC with improved photon
transport interfaces is presented in this study. The ZnS: Cu layer and metal reflective films (Ag, Al, and
Ni) integration designs are compared and validated using theoretical simulations and experiments. A
maximum efficiency of 0.92% is anticipated when 63 Ni is exposed to beta radiation [1].

RLICs have a longer lifespan than beta-voltaic and alpha-voltaic cells, which convert radiation
energy directly into electricity. The energy conversion efficiency (ECE) as a whole is reduced as a result
of the indirect energy conversion process. As a result, ECE and reliability are the main areas of focus
for RLIC research. These radioisotopes are therefore infrequently used as RLIC radiation sources.
Gamma sources like Cobalt-60 (®°Co) and Cesium-137 (**’Cs) produce high-energy electromagnetic
radiation that has a greater ability to penetrate, resulting in less energy deposition in materials used for
energy conversion. As a result, they are frequently used in irradiation aging experiments or in
combination with scintillation crystals [2].

Radioluminescence (RL) Measurements and Findings: To use semiconductor colloidal quantum dots
(cQDs) for radiation detection, their response to ionizing radiation must be thoroughly characterized.
In this study, the radiation resistance of Multi-Shell (MS) and Core/Shell (CS) cQDs was examined.
Between kV and MV energies, a beam energy dependence of the RL stability was discovered. These
findings show that MS cQDs are superior to CS cQDs as ionizing radiation sensors, particularly in the
kV energy range [3].

Over the past few decades, studies into semiconductor colloidal quantum dots (cQDs) as a
scintillating substance in radiation detection have started. Among the research topics investigated are
radiation sensors for imaging applications or dose measurements in the medical or industrial sectors.
Among the appealing properties of cQDs, their elemental diversity offers the opportunity to optimize
radiation-cQD interactions in order to enhance the signal generated by the sensors.
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Figure 1. (a, b) An Integrated System for Radioluminescence.

Given that cQDs might be used in scintillation dosimetry, controlling their physical and optical
characteristics is crucial for creating the next generation of dosimeters, from macro to nano scales.
Respect found that CdSe/ZnS cQDs exposed to a 115 Gy total absorbed dose from a Cs-137 source
experience a 50% reduction in PL intensity. Another study demonstrated that CdSe/ZnS cQDs could
withstand a 100 Gy exposure to a Co-60 source with only a 75% loss in PL intensity. For cQDs that
had only their cores exposed to ionizing radiation, Figure 1 other researchers reported the opposite trend
[4]. This allowed us to hypothesize that the surface chemistry may have changed in those situations,
likely improving the surface passivation and leading to a rise in PL intensity. These studies demonstrate
that the optical properties of cQD nanocrystals are being impacted as they deteriorate under radiation.
Improved surface passivation of the nanocrystals is a suitable method for maintaining the cQD optical
properties since their high surface-to-volume ratio plays a significant role in the deterioration of the
luminescence [5].
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The purpose of this study was to compare the performance of MS cQD, specifically
CdSe/CdS/CdosZnosS/ZnS heterostructures, to commercially available CS CdSe/ZnS cQDs, under a
variety of radiation conditions. Descriptive issue made the decision to test the idea that MS cQDs would
be more resistant to high-energy radiation damage than CS ¢QDs in light of promising results on the
potential use of MS cQDs in scintillation dosimetry. The CS CdTe/CdS cQDs PL intensity that had
been initially lost after an X-ray irradiation was partially recovered when the cQDs were treated with a
glutathione solution containing free thiols to re-passivate the cQDs' surface. Using comparable
techniques, the CdSe nanocrystal cores were made by degassing 8 mL of Octadecene (ODE), 0.375
mmol of Cadmium Olate, and 90% tri-octylphosphine oxide for one hour at 100°C in a 50 mL three-
neck flask. Four milliliters of tributylphosphine selenide 1M, three milliliters of oleylamine,

To create CdSe cores with an absorption band that rose to about 550 nm, the temperature was rapidly
increased to the growth temperature of 250°C after a brief dip to 180°C. It was then held there for eight
minutes [6]. The mixture was dissolved in six milliliters of hexanes after three centrifugal purifications
using MeOH: EtOH 1:1. Multiple shell layers were created by the cores reacting with the additional Cd,
S, and Zn precursors in a Subsequent lonic Layer Adsorption And Reaction (SILAR) after being
triggered with oleylamine and ODE.

In the end, CdSe/CdS/CdysZnosS/ZnS multi-shell cQDs were produced. At least ten different
experimenters have produced these MS cQDs in our lab multiple times without observable changes in
their spectra and quantum yield, provided that the exact identical chemical products are utilized. These
MS cQDs are contrasted with CdSe/ZnS CS cQDs, as was previously mentioned.

Analysis of Radiation-Induced Luminescence (RIL)

Gd3+-doped sol-gel silica glass's Radiation-Induced Emission (RIE) has been shown to possess the
appropriate properties for usage in the dosimetry of ionizing radiation beams in applications such as
radiotherapy.

The properties of RIE under electron irradiation were examined in this paper. Clinical radiotherapy
beams often use linear electron accelerators. The optical emission spectra in different test configurations
were measured using a spectrometer setup, and the light properties in particular narrow wavelength
areas were examined using a monochromator setup. The output of the RIE as a function of depth in
acrylic was evaluated and compared with a reference dosimeter system for various electron energies
since dosimeters' capacity to detect dose-depth in radiotherapy is crucial.
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Figure 2. Radiation-induced luminescence and photoluminescence.

It was found that the Cherenkov light, which was also created in the measurement setup, could be
separated from the main Radiation-created Luminescence (RIL) of the Gd3+-ions at 314 nm and that it
accurately reflected the dose as a function of depth.[7] After an initial reduction of the luminescence
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after the electron bunch, which is ascribed to a transitory radiation-induced attenuation from Self-
Trapped Excitons (STEX), the decay time of the 314 nm component was found to be approximately 1.3
ms.

The decay of the STEX centers is thought to have caused a second luminescence that was seen in the
400-600 nm range. This luminescence likely increased over the course of the tested sample's dose
history. Figure 2.

It has been demonstrated that silica glass produced using the sol-gel method and doped with Gd**-
ions is suitable for use in X-ray, proton, and electron beam dosimeters. These studies showed that the
radiation-induced luminescence (RIL) generated in the doped silica glass is proportional to the ionizing
dose on the tested samples by analyzing the light produced in the doped glass that was transported away
from the irradiation area through an optical fiber that was fusion-spliced to the doped glass.

X-rays were used to study the RIL response to steady-state radiation in. There, it was discovered that
the response in the dose rate range of 125 p Gy(SiOy)/s to 12.25 Gy(SiO)/s was at least linear, (Gy,
Gray). The sample was exposed to proton beams with energies ranging from 6 MeV to 63 MeV at dose
rates ranging from 0.02 Gy/s to 0.30 Gy/s in the study using proton irradiation. The study examined the
dosage profile of proton beams in water in addition to the samples doped with Ce3+ and Cu+ ions. The
Gd3+-doped sample outperformed the samples with other dopants in this area and performed almost as
well as the Markus chamber when the resolution of the proton Bragg peak of the doped glass samples
was compared to that of a reference Markus chamber [8].

Decay Characteristics of Radiation-Induced Luminescence

This section examines the decay behaviors of radiation-induced luminescence (RIL) in Gd3+-doped
sol-gel silica glass. Understanding these decay characteristics is crucial for assessing the performance
of dosimeters under ionizing radiation. The decay of luminescence signals can inform researchers about
the mechanisms underlying radiation interactions with the material. Factors influencing decay rates
include the presence of self-trapped excitons (STEX) and other defect states within the glass matrix.
The temporal evolution of RIL signals provides insights into the energy transfer processes and the
efficiency of the luminescent centers. Analysis of these decay dynamics can also guide the optimization
of material properties for enhanced dosimetric performance.

Mechanism of Self-Trapped Excitons (STEX)

This subsection delves into the mechanisms behind self-trapped excitons (STEX) that play a vital
role in radiation-induced luminescence. STEX centers form when excitons, or bound electron-hole
pairs, localize due to lattice distortions caused by radiation interaction. This localization alters the
electronic properties of the material, affecting the luminescent response. The transient behavior of
STEX significantly influences luminescence decay times, contributing to initial luminescence
suppression observed after radiation exposure. Understanding these mechanisms can enhance the design
of luminescent materials by mitigating radiation-induced damage and improving signal stability.
Research on STEX can also lead to innovative strategies for material passivation, which is essential for
extending the lifetime of luminescent centers in dosimetric applications [9].

Time-Resolved Luminescence Studies

In this section, time-resolved luminescence studies are explored to investigate the decay kinetics of
RIL in Gd3+-doped silica glass. Time-resolved techniques allow for the measurement of luminescence
decay profiles with high temporal resolution, providing valuable data on the lifetimes of various
luminescent states. Analyzing these decay curves reveals the dynamics of energy transfer processes and
the role of STEX in luminescence decay. The variation in decay times across different excitation
conditions highlights the importance of selecting optimal irradiation parameters for accurate dosimetry.
Additionally, these studies contribute to a deeper understanding of the factors affecting luminescence
efficiency and stability, paving the way for advancements in radiation detection technology.
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Observations of Secondary Luminescence Peaks

This subsection presents observations related to secondary luminescence peaks that emerge during
the RIL decay process. As radiation doses accumulate, additional luminescence features in the 400-600
nm range become apparent, indicative of complex interactions within the glass matrix. These secondary
peaks can result from various mechanisms, including defect formation and recombination processes in
the material. Understanding these luminescence features is crucial for interpreting dosimetric data, as
they may provide insights into the radiation-induced changes in material properties. The presence of
secondary peaks can also serve as a potential diagnostic tool for assessing the dose history of irradiated
materials, enhancing the overall utility of Gd3+-doped glass in radiation detection applications [10].

Response to X-ray, Proton, and Electron Beams

This section evaluates the response of Gd3+-doped sol-gel silica glass to different types of radiation,
including X-ray, proton, and electron beams. Understanding the material's behavior under various
radiation types is essential for its application in dosimetry, as different particles interact differently with
matter. The response profiles provide insights into the linearity and efficiency of the luminescent output
concerning the ionizing dose. This analysis not only helps in determining the optimal radiation
conditions for dosimetric applications but also assists in comparing the efficacy of different ion-doped
materials. Additionally, understanding the response to different beam types enables the identification
of any specific advantages offered by Gd3+-doped silica glass in clinical and industrial applications.

Dose Rate Response for X-ray Irradiation

This subsection focuses on the dose rate response of Gd3+-doped silica glass when subjected to X-
ray irradiation. It discusses the linearity of luminescence output across a range of dose rates, providing
critical data for calibration and validation of dosimetric systems. The analysis of this response is vital
for ensuring the reliability and accuracy of dosimeters used in clinical settings. The findings suggest
that the material exhibits a consistent luminescent response to varying X-ray dose rates, indicating its
potential for precise dose measurements. Understanding the dose rate dependence can also guide the
design of enhanced dosimeters with improved performance metrics for real-time radiation monitoring
[11].

Proton Beam Energy and Dose Rate Analysis

This section analyzes the response of Gd3+-doped silica glass to proton beam irradiation at varying
energies and dose rates. By investigating the material's luminescent response under different proton
energies, researchers can assess its capabilities in specific dosimetric applications, particularly in the
context of proton therapy. The study provides insight into how proton energy influences the
luminescence output, which is crucial for optimizing dosimetry protocols in clinical environments. An
understanding of the dose rate effects in this context allows for better prediction of performance in
radiation treatment scenarios, enhancing the effectiveness of proton beam therapy.

Comparative Performance of Different lon Dopes

This subsection presents a comparative analysis of Gd3+-doped silica glass against other ion-doped
materials such as Ce3+- and Cu+-doped glasses. The performance evaluation focuses on luminescent
response, resolution, and sensitivity under ionizing radiation exposure. Findings indicate that Gd3+-
doped materials exhibit competitive performance, particularly in terms of response stability and
dosimetric resolution compared to traditional reference dosimeter systems like the Markus chamber. By
highlighting the strengths and weaknesses of each dopant, this analysis aids in guiding future material
selection for specific radiation applications, paving the way for advancements in radiation detection
technology [12].

CONCLUSION

The conclusion summarizes the key findings and implications of the research on Gd3+-doped sol-gel
silica glass as a viable dosimeter for ionizing radiation. The study emphasizes the material's favorable
luminescent properties, including its linear response to dose rates across various radiation types.
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Insights into the mechanisms of self-trapped excitons, luminescence decay characteristics, and
comparative performance with other dopants underscore the potential of Gd3+-doped glass in clinical
dosimetry. The results suggest that this material can contribute significantly to advancements in
radiation detection technology, particularly in therapeutic settings. Future research directions include
optimizing dopant concentrations and exploring additional applications of Gd3+-doped silica glass in
other areas of radiation measurement and safety.
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