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Abstract

Forensic science employs various scientific techniques to analyze evidence essential for crime resolution, with radiation-based 
methods particularly crucial. These methods utilize electromagnetic radiation and subatomic particles to detect, identify, and 
quantify substances precisely. This review delves into the principles, applications, advantages, and limitations of radiation-
based techniques such as X-ray fluorescence (XRF), neutron activation analysis (NAA), gamma spectroscopy, and computed 
Tomography (CT). Each method offers unique benefits, such as non-destructive analysis and high sensitivity, though they require 
specialized equipment and safety protocols. Recent advancements in portable devices and imaging algorithms have improved 
accessibility and accuracy, facilitating on-site analyses and detailed imaging. Future developments include integrating AI for data 
analysis, creating hybrid techniques, and refining portable technologies, all aimed at enhancing forensic science by improving 
the precision and efficiency of evidence examination to support justice..
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Abbreviations

XRF: X-Ray Fluorescence; NAA: Neutron Activation Analysis; 
CT: Computed Tomography; DEXA: Dual-Energy X-Ray 
Absorptiometry; SR: Synchrotron Radiation; GS: Gamma 
Spectroscopy; AI: Artificial Intelligence.

Introduction

Forensic science, a critical component of the criminal 
justice system, relies on various scientific techniques to 
analyze evidence and assist in solving crimes. Among the 
diverse methods employed, radiation-based techniques 
have emerged as powerful tools in forensic scientists’ 

arsenal Borysenko IV, et al. [1], Zhang M [2]. These methods 
leverage the unique properties of electromagnetic radiation 
and subatomic particles to detect, identify, and quantify 
substances, offering unparalleled precision and sensitivity.

Radiation-based forensic techniques encompass various 
methods, including X-ray fluorescence (XRF), neutron 
activation analysis (NAA), gamma spectroscopy, and more. 
Each method utilizes different forms of radiation to interact 
with matter in distinct ways, providing valuable insights 
into the composition and structure of forensic samples. 
The application of these techniques spans various forensic 
disciplines, such as trace evidence analysis, toxicology, 
anthropology, and nuclear forensics Kucera J, et al. [3].
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X-ray fluorescence (XRF) spectroscopy, for instance, is a 
non-destructive analytical technique used to determine 
the elemental composition of materials. It is beneficial in 
analyzing trace evidence such as paint chips, glass fragments, 
and soil samples Misra NL, et al. [4]. Neutron activation 
analysis (NAA), on the other hand, involves irradiating 
samples with neutrons, causing elements to form radioactive 
isotopes that can be measured with high precision Minc L [5]. 
This technique is often employed to detect trace elements in 
hair, nails, and other biological specimens, providing crucial 
evidence for poisoning or exposure to toxic substances 
Przybylowicz A, et al. [6].

Gamma spectroscopy, which detects gamma rays emitted 
by radioactive substances, is instrumental in nuclear 
forensics and in identifying radioactive materials. This 
technique can trace the origin of nuclear materials, aiding 
in the investigation of illicit trafficking and the prevention of 
nuclear terrorism Ghimire L, et al. [7]. Additionally, forensic 
anthropology benefits from radiation-based imaging 
techniques such as computed Tomography (CT) and dual-
energy X-ray absorptiometry (DEXA), which are used to 
examine skeletal remains and identify trauma or pathological 
conditions Garvin HM, et al. [8].

Adopting radiation-based techniques in forensic analysis 
offers several advantages, including high sensitivity, non-
destructive testing, and the ability to analyze a wide range 
of materials. These methods can detect minute quantities 
of substances that traditional forensic techniques might 
overlook. However, the use of radiation in forensic analysis 
also poses challenges, such as the need for specialized 
equipment, stringent safety protocols, and expert 
interpretation of results Alkhuder K [9].

In recent years, technological advances and the development 
of portable radiation-based devices have expanded the 
applicability and accessibility of these techniques in 
forensic investigations. Integrating radiation-based methods 
with other forensic techniques, such as DNA analysis and 
chromatography, further enhances the robustness and 
reliability of forensic evidence Musile G, et al. [10]. These 
improved techniques in forensic science will undoubtedly 
play an increasingly vital role in uncovering the truth and 
securing justice Kloosterman A, et al. [11].

This comprehensive overview explores the various radiation-
based techniques used in forensic analysis, highlighting 
their principles, applications, advantages, and limitations. 
The review will provide a thorough understanding of how 
these techniques contribute to the field of forensic science 
and their potential future developments by examining case 
studies and recent advancements.

Methodology

In the methodology for a comprehensive overview of 
radiation-based techniques in forensic analysis, the 
approach involves several key steps. Initially, a thorough 
literature review is conducted to gather and analyze existing 
research on various radiation-based techniques used in 
forensic analysis. This review includes examining scientific 
journals, technical reports, and other relevant publications 
to identify and understand the different methodologies 
and their applications. Following the literature review, a 
detailed examination of each radiation-based technique 
is performed. This includes exploring techniques such 
as gamma spectroscopy, alpha spectroscopy, neutron 
activation analysis, and X-ray fluorescence. Each technique 
is assessed for its principles, instrumentation, sensitivity, 
and specific forensic applications. The review also considers 
the advantages and limitations of each method in different 
forensic contexts. The overview is compiled into a coherent 
document that presents a clear and comprehensive picture 
of radiation-based techniques in forensic analysis, offering 
insights into their effectiveness, challenges, and potential 
future developments in the field.

X-ray Fluorescence (XRF)
Principles of XRF: XRF spectroscopy is a powerful analytical 
technique used to determine the elemental composition of 
a wide range of materials Oyedotun TDT [12]. It is based on 
the interaction of X-rays with matter, where primary X-rays 
excite atoms in a sample, causing them to emit secondary (or 
fluorescent) X-rays. The emitted X-rays are characteristic of 
the elements present in the sample, allowing for qualitative 
and quantitative analysis Ketterer ME [13]. Figure 1 depicts 
a simple schematic of the working principle of the XRF 
characterization technique.

 

Figure 1: Schematic of the working principle of XRF 
characterization technique (modified after Kumari et al., 
2023).
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XRF begins with generating primary X-rays, typically 
produced by an X-ray tube or a radioactive source. The X-ray 
tube consists of a cathode and an anode; electrons emitted 
from the cathode are accelerated towards the anode, where 
their sudden deceleration produces X-rays. When the primary 
X-rays strike the sample, they have enough energy to eject 
inner-shell electrons (usually K or L shell) from the atoms 
within the sample. This ionization process creates vacancies 
in the electron shells, leading to an unstable state Maxfield 
CM [14]. Electrons from higher energy levels (outer shells) 
drop down to fill the vacancies and return to a stable state. As 
electrons transition to lower energy states, they emit energy 
in the form of secondary (fluorescent) X-rays Streli C, et al. 
[15]. The energy of these fluorescent X-rays is characteristic 
of the specific elements present in the sample Simon AH [16]. 
The emitted fluorescent X-rays are detected and measured 
by an energy-dispersive detector or a wavelength-dispersive 
spectrometer. The detector identifies the energies of the 
X-rays, which correspond to the different elements in the 
sample. The intensity of the X-rays is proportional to the 
concentration of the elements Streli C, et al. [15].

X-ray tubes or radioactive sources (e.g., cadmium-109 or 
americium-241) are commonly used as instrumentation. 
X-ray tubes allow for control over the intensity and energy 
of the X-rays, while radioactive sources provide a constant 
output. Detectors such as silicon drift detectors (SDDs), 
PIN diodes, or proportional counters are used to measure 
the energy and intensity of the fluorescent X-rays. Energy-
dispersive detectors provide rapid analysis and are commonly 
used in portable XRF devices. Minimal sample preparation is 
required for XRF analysis Frydrych A, et al. [17]. Samples can 
be solid, powdered, or liquid, but they must be homogeneous 
to ensure accurate results. The detected X-ray spectra are 
processed using software that identifies the characteristic 
peaks corresponding to different elements and quantifies 
their concentrations based on the peak intensities Igwebike-
Ossi CD [18].

Applications of XRF in Forensic Science: X-ray 
fluorescence (XRF) spectroscopy has become an invaluable 
tool in forensic science due to its ability to provide detailed 
elemental analysis of a wide variety of samples. One of its 
primary applications in forensic investigations is analyzing 
trace evidence such as glass, paint, metals, and soils. By 
examining the elemental composition of these materials, 
forensic scientists can match samples from crime scenes 
to potential sources, establishing crucial links in criminal 
cases Kobylarz D, et al. [19]. In a review study, Trejos T [20] 
reported that glass fragments found at a crime scene can be 
compared to glass from a suspect’s vehicle or building, while 
the composition of paint chips can be matched to specific 
vehicles or structures, providing pivotal evidence in hit-and-
run cases or burglaries.

Beyond trace evidence, XRF also plays a significant role in 
examining questioned documents. In forensic document 
analysis, XRF detects variations in ink and paper composition, 
which can help determine the authenticity of documents, 
identify forgeries, or reveal alterations. The non-destructive 
nature of XRF is particularly advantageous in this context, as 
it preserves the integrity of valuable or sensitive documents 
while providing detailed information about their elemental 
makeup Dhara S, et al. [21]. This technique can identify ink 
formulations used in various document parts, indicating 
potential tampering or distinguishing between genuine and 
counterfeit paper types Khumalo NB, et al. [22].

XRF’s application extends to the field of art and antiquities 
authentication. Forensic scientists and conservators utilize 
XRF to analyze the elemental composition of historical 
artifacts and artworks, helping to determine their 
authenticity and provenance Liritzis I, et al. [23]. Experts 
can authenticate pieces and detect modern forgeries by 
comparing the elemental signatures of materials used in an 
artifact with those known to be used in specific historical 
periods or by particular artists. This method is beneficial for 
analyzing pigments in paintings, metals in sculptures, and 
the materials used in ancient artifacts, offering insights into 
the techniques and materials used by historical craftsmen 
Gianoncelli A, et al. [24].

The advantages of XRF-its non-destructive nature, rapid 
analysis, and the ability to handle a wide range of sample 
types-make it an essential technique in forensic science. 
By providing precise and reliable elemental analysis, XRF 
significantly contributes to investigating and resolving 
criminal cases, authenticating documents, and preserving 
cultural heritage. As technology advances, XRF’s role in 
forensic science will likely expand, offering even greater 
capabilities and applications in the future Kobylarz D, et al. 
[19].

XRF’s advantages are substantial. It is non-destructive, 
meaning samples remain intact and unaltered after analysis, 
particularly important for valuable, rare, or limited samples 
Vanhoof C, et al. [25]. XRF also provides rapid results with 
minimal sample preparation, which is crucial in time-
sensitive forensic investigations. Furthermore, XRF can 
analyze a wide range of materials, making it a versatile 
tool in forensic science. However, XRF has limitations. It is 
generally limited to surface analysis, which may not provide 
information about the bulk composition of a sample Merelli 
V, et al. [26].

Additionally, potential interference from overlapping 
spectral lines can complicate result interpretation. XRF also 
has lower sensitivity for lighter elements, which can be a 
disadvantage when analyzing materials with low atomic 
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numbers Margui E, et al. [27]. Despite these limitations, 
the strengths of XRF make it an indispensable technique in 
forensic science, providing critical insights and significantly 
contributing to the field’s advancement Oyedotun TDT [12].

Computed Tomography (CT)
1.1.1.	 Principles of CT: Computed Tomography (CT) 
imaging employs X-rays to generate cross-sectional images 
(slices) of an object, which can then be reconstructed into a 
comprehensive 3D model. This technique involves rotating 
an X-ray source and detector around the object, capturing 
multiple images from different angles Schneider A, et al. 
[28]. These images are processed using advanced algorithms 
to produce detailed views, revealing the internal structure 
and composition of the object. Figure 2 depicts the scanning 
principle of CT. 

Figure 2: Computed Tomography scanning principle 
(modified after Chinene B, et al. [29]).

In forensic investigations, CT imaging is highly valuable 
because it allows for the non-destructive examination of 
objects. This capability is crucial for preserving evidence 
while obtaining detailed information about an object’s 
internal features Zhang M [2]. CT can visualize internal 
structures such as bone fractures, embedded foreign objects, 
and internal damage without altering the evidence. It is 
beneficial for analyzing delicate items like skeletal remains, 
mummified bodies, and artifacts, providing insights that 
might be missed with traditional X-ray techniques Gostner 
P, et al. [30].

CT imaging principles are based on various tissues and 
materials’ differential absorption of X-rays. As the X-ray 
beam passes through the object, denser materials absorb 

more X-rays, resulting in varying attenuation levels. These 
variations are detected and used to construct detailed images, 
allowing forensic experts to assess the internal condition of 
the object with high precision Goldman LW [31]. CT imaging’s 
ability to create high-resolution 3D models enhances the 
analysis and interpretation of forensic evidence, supporting 
more accurate and comprehensive investigations Carew RM, 
et al. [32].

Applications of CT in Forensic Science: CT has become 
an essential tool in forensic science, significantly enhancing 
investigative capabilities, particularly in analyzing human 
remains Zhang M [2]. CT scans are invaluable for examining 
skeletal remains, allowing forensic experts to identify trauma, 
such as fractures or bullet wounds, and to reconstruct 
remains with high accuracy Garvin HM, et al. [8]. This non-
invasive method preserves evidence integrity, enabling 
detailed study of injuries and potentially providing crucial 
insights into causes of death Kumar S, et al. [33].

CT imaging is also instrumental in detecting body packing, a 
method used by drug traffickers to smuggle drugs internally. 
The high-resolution 3D images produced by CT scans can 
reveal drug packets concealed within the body, which is 
critical in law enforcement and customs operations for 
detecting contraband Pinto A, et al. [34].

In artifact examination, CT imaging analyzes the internal 
structures of delicate or rare items like ancient artifacts, 
historical documents, or intricate evidence without causing 
damage. CT scans provide a non-destructive means to 
investigate composition, construction methods, and potential 
modifications or damages, contributing to preservation and 
forensic analysis integrity Lipkin S, et al. [35].

The advantages of CT imaging in forensic science are 
substantial. Its ability to produce high-resolution 3D images 
allows detailed internal visualization that is impossible with 
traditional X-ray techniques Villa C, et al. [36]. The non-
destructive nature of CT scans ensures that valuable evidence 
and artifacts remain intact and unaltered, which is crucial 
in maintaining evidence integrity for legal proceedings and 
historical preservation Keklikoglou K, et al. [37].

However, CT imaging in forensic science faces limitations. 
High equipment costs and specialized facility requirements 
can restrict availability in resource-constrained settings 
Nilendu D [38]. Additionally, exposure to ionizing radiation 
in CT scans necessitates careful risk consideration, especially 
in cases requiring repeated imaging or involving living 
subjects Power SP, et al. [39]. Despite challenges, the benefits 
of CT imaging in forensic science are undeniable. Its detailed, 
non-destructive internal examinations make it invaluable for 
forensic investigators. Zhang M [2] opined that as technology 
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advances and becomes more accessible, CT imaging’s role 
in forensic science will likely expand, offering even greater 
capabilities and applications in the future.

Neutron Activation Analysis (NAA)
Principles of NAA: NAA is a sophisticated analytical 
technique used across various scientific disciplines, including 
forensic science, archaeology, and environmental monitoring 
Acharya R, et al. [40]. At its core, NAA harnesses the unique 
properties of neutrons to induce radioactivity in samples. 
When neutrons bombard the material being analyzed, 
stable isotopes of elements within the sample absorb these 
neutrons, transforming them into radioactive isotopes. This 
process, known as activation, temporarily alters the atomic 
structure, leading to the emission of gamma radiation as the 
radioactive isotopes decay back to stability Minc L [5]. Figure 
3 is a schematic representation of NAA steps and illustrates 
the neutron capture process.

Figure 3: NAA working principle (modified after Nahar 
SN, et al. [41]).

The emitted gamma radiation is precise to each element in 
the sample. Scientists can accurately identify and quantify 
elements, even at trace levels, by detecting and analyzing 
these gamma rays. This capability makes NAA exceptionally 
powerful for elemental analysis across the periodic table 
with high sensitivity and precision Adeyemo DJ, et al. [42].

In forensic science, NAA plays a crucial role in identifying 
and comparing trace elements found in samples from crime 
scenes, such as metal fragments, soil samples, or biological 
tissues. NAA provides detailed information about elemental 
composition that traditional methods might miss, aiding 
in establishing links between suspects, crime scenes, and 
evidence crucial for investigations and legal proceedings 
Sijen T, et al. [43].

NAA is also valued for its non-destructive nature, allowing 
samples to be analyzed without altering their integrity. 

This feature is particularly advantageous in fields like 
archaeology and art conservation, where preserving 
the original state of artifacts and historical materials is 
paramount. By applying NAA, scientists can unravel the 
mysteries of ancient civilizations, authenticate artworks, and 
assess environmental contamination while safeguarding the 
objects under study.

As technology advances, NAA continues to evolve, often 
integrating with other analytical techniques to enhance its 
capabilities. This evolution supports applications ranging 
from understanding the environmental impact of industrial 
activities to uncovering historical trade routes through 
artifact analysis. NAA remains a cornerstone of scientific 
inquiry, offering profound insights into the elemental 
composition of materials and their broader implications 
across diverse fields of study Alshangiti DM, et al. [44].
Applications of NAA in Forensic Science: NAA is highly 
promising in forensic science due to its exceptional sensitivity 
and precision in detecting trace elements. This sophisticated 
analytical technique has several critical applications that 
significantly bolster forensic investigations Srividya B [45].

A critical application of NAA is the analysis of trace 
elements in various forensic samples, such as hair, nails, 
and gunshot residues. Its ability to detect elements at 
deficient concentrations makes it invaluable for identifying 
and quantifying minute traces of material. For instance, in 
gunshot residue analysis, NAA can identify specific elements 
like antimony, barium, and lead, providing crucial evidence 
to link a suspect to firearm use. Similarly, in toxicology, 
analyzing hair and nail samples can reveal trace elements 
indicating drug use or exposure to harmful substances over 
time.

NAA is also beneficial in environmental forensics, where 
it analyzes soil and sediment samples to identify pollution 
sources and environmental contamination. By determining 
the elemental composition of these samples, forensic 
scientists can trace pollutants back to their origins, aiding 
in environmental crime investigations and regulatory 
compliance Mudge SM [46]. For example, in cases of illegal 
dumping or industrial spills, the NAA can help pinpoint the 
responsible parties by matching the elemental signatures of 
contaminants to specific sources.

The high sensitivity of NAA allows for the detection of 
multiple elements simultaneously, providing comprehensive 
elemental profiles of samples. Its non-destructive nature 
ensures that valuable forensic evidence remains intact and 
unaltered during analysis, which is essential for preserving 
the integrity of evidence for legal proceedings. Additionally, 
NAA’s ability to analyze a wide range of elements with 
minimal sample preparation enhances its versatility and 
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applicability in various forensic contexts Ferreira BC, et al. 
[47].

However, the NAA does have limitations. One significant 
drawback is the need for access to a nuclear reactor for 
the neutron irradiation process, limiting its availability 
to specialized facilities and making it less accessible for 
routine forensic analysis. The technique is also relatively 
expensive compared to other analytical methods, which can 
be a limiting factor for some forensic laboratories Mishra 
S, et al. [48]. Additionally, the generation of radioactive 
waste during the analysis raises environmental and 
safety concerns that must be carefully managed. Despite 
these challenges, NAA’s precision and ability to provide 
comprehensive elemental analysis make it an indispensable 
tool for forensic investigators. It offers critical evidence that 
supports the resolution of criminal cases and environmental 
investigations. As technology advances and accessibility 
improves, the role of NAA in forensic science is expected 
to expand, further enhancing its contributions to the field 
Simon A, et al. [49].

Synchrotron Radiation (SR)

Principles of SR: Synchrotron radiation (SR) is a powerful 
tool in scientific research, known for producing highly 
collimated, intense beams of light that span a broad range 
of wavelengths, from infrared to X-rays Polizzi S, et al. [50]. 
This radiation originates from charged particles, typically 
electrons, moving at relativistic speeds in a circular or spiral 
path under the influence of a magnetic field Bharti A, et al. 
[51]. As electrons are accelerated to nearly the speed of 
light and forced into curved paths by magnetic fields, they 
emit energy in the form of electromagnetic radiation. This 
radiation is tangentially released and highly collimated, 
making it especially valuable for precision and high-
resolution imaging applications Polizzi S, et al. [50]. Figure 
4 illustrates the principles of synchrotron radiation Husnain 
G, et al. [52].

Figure 4: SR working principle.

The continuous and broad radiation spectrum makes it 
versatile for probing matter at various scales. The high 
intensity and brightness of synchrotron light allow for the 
investigation of small samples or minute details within larger 
samples, which is essential in materials science, biology, 
chemistry, and physics Takahara A, et al. [53].

In a synchrotron facility, electrons are first accelerated to 
high energies using linear accelerators (linacs) and booster 
rings. Once they reach the desired energy, they are injected 
into a storage ring, where powerful magnets maintain 
their curved trajectory. As the electrons circulate, they 
emit synchrotron radiation, extracted at various points 
around the storage ring through beamlines. Each beamline 
has sophisticated instrumentation to tailor the radiation 
for specific experimental needs. Researchers adjust the 
wavelength, polarization, and intensity of the light to suit 
their experiments, enabling a wide range of studies, from 
examining the electronic structure of materials to imaging 
biological macromolecules at atomic resolution.

One key advantage of synchrotron radiation is its coherence, 
meaning the light waves are in phase with each other. This 
coherence is crucial for techniques like X-ray diffraction 
and imaging, where fine details and structural information 
are derived from the interaction of coherent light with the 
sample. Overall, synchrotron radiation is a cornerstone of 
modern scientific research, offering unparalleled capabilities 
for studying the properties and behaviors of materials. Its 
principles of operation, based on the acceleration of electrons 
and their emission of intense, collimated light, underpin its 
wide-ranging applications and status as a vital tool in the 
scientific community L’Annunziata MF [54].

Applications of SR in Forensic Science: Synchrotron 
radiation has significant applications in forensic science, 
particularly for high-resolution imaging and microanalysis 
of samples like hair, fibers, and biological tissues. This 
advanced technology allows forensic scientists to examine 
these samples in exceptional detail, uncovering minute 
features crucial for investigations Banas K, et al. [55].

The primary advantage of synchrotron radiation in forensic 
science is its exceptionally high resolution, enabling the 
analysis of microscopic samples. This precision is invaluable 
for identifying trace evidence and understanding the 
microscopic characteristics of forensic materials Kempson I, 
et al. [56]. However, synchrotron radiation has limitations. 
Access to synchrotron facilities is limited, as they are 
specialized and not widely available. Additionally, the high 
cost of using synchrotron radiation can be a barrier to 
routine forensic investigations Kempson I, et al. [56]. Despite 
these challenges, the benefits of synchrotron radiation in 
providing detailed and accurate forensic analyses make it a 
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powerful tool in the field.
Gamma Spectroscopy (GS)
Principles of Gamma Spectroscopy: Gamma spectroscopy 
is a powerful analytical technique used to identify and 
quantify radionuclides by measuring the energy and 
intensity of gamma rays emitted from a radioactive source. 
This method leverages the unique properties of gamma 
radiation, which are high-energy photons emitted from the 
nucleus of a decaying radioactive atom.

Gamma spectroscopy’s core is a gamma-ray detector, typically 
a scintillation or semiconductor detector. Scintillation 
detectors, such as sodium iodide (NaI) crystals, emit 
light when struck by gamma rays. A photomultiplier tube 
converts This light into an electrical signal Buchtela K [57]. 
Semiconductor detectors, such as high-purity germanium 
(HPGe), directly convert gamma-ray energy into electrical 
signals without the intermediate step of light emission. HPGe 
detectors are preferred for high-resolution applications due 
to their superior energy resolution compared to scintillation 
detectors Cherry SR, et al. [58].

The process begins with the interaction of gamma rays with 
the detector material. When a gamma ray enters the detector, 
it interacts with the atoms in the material, primarily through 
three mechanisms: photoelectric effect, Compton scattering, 
and pair production. Each interaction deposits a specific 
amount of energy in the detector, corresponding to the 
gamma ray’s energy Wilhelm AS, et al. [59].

The detector then produces an electrical pulse proportional 
to the energy deposited. These pulses are processed by an 
electronic system that amplifies and sorts them by energy. 
The sorted pulses are recorded in a multichannel analyzer 
(MCA), which constructs a gamma-ray spectrum. The 
spectrum graph shows the number of detected gamma 
rays (counts) versus their energy, creating peaks at specific 
energies corresponding to the gamma rays emitted by the 
radioactive source.

Each radionuclide emits gamma rays at characteristic 
energies, allowing for the identification of the radionuclides 
present in the sample. The height and area under each peak 
in the spectrum are proportional to the number of gamma 
rays detected, enabling quantification of the radionuclide 
concentrations Buchtela K [57].

Calibration of the gamma spectroscopy system is essential 
for accurate measurements. This involves using known 

radioactive standards to determine the relationship between 
the energy of the gamma rays and the corresponding channel 
numbers in the spectrum. Efficiency calibration, which 
accounts for the detector’s ability to detect gamma rays of 
different energies, is also crucial Hafızoglu N [60].
Gamma spectroscopy is widely used in various fields, 
including environmental monitoring, nuclear medicine, 
radiological protection, and the nuclear power industry. It is 
precious for its non-destructive nature, high sensitivity, and 
ability to simultaneously detect multiple radionuclides Saleh 
HM, et al. [61]. Gamma spectroscopy is a critical tool for 
understanding and measuring radioactive materials, offering 
detailed insights into their composition and behavior through 
precise gamma-ray energy measurements.

Applications of Gamma Spectroscopy in Forensic Science: 
Gamma spectroscopy has significant applications in forensic 
science, particularly in detecting and quantifying radioactive 
isotopes in forensic samples. This technique is precious in 
nuclear forensics, where it helps identify and trace the origins 
of radioactive materials Keegan E, et al. [62]. Additionally, 
it is instrumental in environmental contamination cases, 
allowing forensic scientists to assess and address radioactive 
pollution IAEA [63].

One of the primary advantages of gamma spectroscopy is its 
high sensitivity, which enables the precise identification of 
specific isotopes even at low concentrations. This capability is 
crucial for accurately determining the presence and quantity 
of radioactive substances in forensic samples Parshin A, et 
al. [64].

However, the use of gamma spectroscopy does have its 
limitations. It requires specialized equipment, such as 
high-purity germanium (HPGe) detectors, and expertise in 
handling and interpreting the data. These requirements can 
be a barrier for some forensic laboratories, as the necessary 
resources and skilled personnel may only sometimes 
be readily available Njinga RL, et al. [65]. Despite these 
challenges, gamma spectroscopy remains a powerful tool in 
forensic science, providing essential insights and evidence 
in cases involving radioactive materials IAEA [63]. Table 1 
compares each radiation-based forensic technique’s critical 
applications, advantages, and limitations.
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Technique Applications in Forensic Science Advantages Limitations

X-ray Fluorescence 
(XRF)

Analysis of trace evidence (glass, 
paint, metals, soils), Examination 

of questioned documents, 
Authentication of art and 

antiquities

Detailed elemental analysis, 
Non-destructive, Preserving 

the integrity of valuable 
documents and artifacts.

Limited to elemental composition 
analysis

Computed 
Tomography (CT)

Analysis of skeletal remains for 
trauma (fractures, bullet wounds), 
Detection of body packing in drug 

trafficking, Internal examination of 
delicate artifacts without damage

High-resolution 3D images, 
Non-destructive, Detailed 

internal visualization

High equipment costs, 
Specialized facility requirements, 

exposure to ionizing radiation

Neutron Activation 
Analysis (NAA)

Analysis of trace elements in 
hair, nails, gunshot residues, 

Environmental forensics (soil and 
sediment analysis)

High sensitivity and precision, 
Detects multiple elements 

simultaneously, Non-
destructive, Minimal sample 

preparation.

Requires access to a nuclear 
reactor, Expensive, Generation of 

radioactive waste

Synchrotron 
Radiation (SR)

High-resolution imaging and 
microanalysis of hair, fibers, and 

biological tissues

Extremely high resolution 
Enables the analysis of 
microscopic samples

Limited access to synchrotron 
facilities, High cost

Gamma 
Spectroscopy

Detection and quantification of 
radioactive isotopes in forensic 

samples, Nuclear forensics 
(identifying and tracing origins 

of radioactive materials), 
Environmental contamination cases

High sensitivity, Precise 
identification of specific 

isotopes even at low 
concentrations

Requires specialized equipment 
(e.g., HPGe detectors), Requires 

expertise in handling and 
interpreting data, Resources and 
skilled personnel may not always 

be available

Table 1: Applications of various radiation-based forensic techniques in forensic science.

Technological Advancements and Future 
Directions
Introduction of portable X-ray fluorescence (XRF) 
devices: Recent advancements in radiation-based forensic 
techniques have significantly enhanced their effectiveness 
and usability, marking a new era in forensic investigation 
capabilities. A pivotal development has been the introduction 
of portable X-ray fluorescence (XRF) devices. Traditionally, 
XRF analysis required large, stationary equipment in 
specialized laboratories, necessitating the transportation of 
samples from crime scenes. This process often caused delays 
and posed risks of evidence contamination or degradation 
Bonizzoni L, et al. [66].

The advent of portable XRF devices has revolutionized this 
approach by enabling elemental analyses directly at crime 
scenes. These compact and mobile units allow forensic 
scientists to promptly identify the elemental composition of 
materials such as glass, paint, metals, and soils on-site. This 
immediate analysis is invaluable in dynamic investigations 
where timely information can significantly influence case 
direction and outcomes Pringle JK, et al. [67].

The portability of these devices also enhances their utility 
in fieldwork situations, such as environmental crime 
investigations or archaeological digs, where transporting 
samples to a lab is impractical. Designed to be user-friendly 
with intuitive interfaces and robust software, portable XRF 
units facilitate quick and accurate readings. Real-time results 
enable investigators to make informed decisions promptly, 
aiding in suspect identification, contamination source 
tracing, or verification of artifact authenticity Pringle JK, et 
al. [67].

Beyond traditional forensic contexts, portable XRF devices 
are increasingly applied in diverse fields. For instance, they 
play crucial roles in the non-destructive analysis of art 
and antiquities to determine provenance and authenticity 
without damaging cultural heritage items. Additionally, their 
use in industrial applications, such as verifying construction 
materials’ elemental composition, supports quality control 
and safety compliance efforts Gianoncelli A, et al. [68].

The development of portable XRF devices represents a 
significant advancement in forensic science. Their ability 
to deliver rapid, accurate, and non-destructive elemental 
analysis on-site does not streamline forensic investigations 
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and their application across various fields. As technology 
progresses, further enhancements in the capabilities and 
accessibility of these portable devices are anticipated, 
reinforcing their status as indispensable tools in forensic 
science and beyond.

Improved Computed Tomography (CT) Imaging 
Algorithms: Recent advancements in computed Tomography 
(CT) imaging algorithms have markedly enhanced the 
resolution and accuracy of scans, marking a substantial 
leap forward in forensic science. These improvements are 
particularly notable in examining skeletal remains and 
artifacts Pelc NJ [69]. Enhanced CT imaging algorithms now 
enable forensic scientists to achieve finer reconstructions of 
skeletal structures with unparalleled clarity, which is crucial 
for accurately assessing trauma such as fractures, bullet 
wounds, or other injuries Zhang M [2]. Moreover, these 
algorithms provide deeper insights into hidden structures 
within artifacts, revealing intricate details previously 
inaccessible through conventional methods.

The increased resolution of CT scans also plays a pivotal role 
in preserving the integrity of forensic samples. By delures 
the physical integrity of artifacts and skeletal remains. 
This is by delivering high-definition images of internal 
structures without invasive procedures. A non-destructive 
approach does not safeguard valuable evidence and rigorous 
preservation standards Rutty GN, et al. [70]. Furthermore, these 
advancements support comprehensive forensic analyses by 
facilitating precise measurements and assessments. Forensic 
experts can now examine minute details and anomalies that 
may hold critical evidentiary value, enhancing their ability to 
reconstruct events or determine the authenticity of artifacts.
In essence, the evolution of CT imaging through improved 
algorithms empowers forensic investigators with the tools for 
thorough and meticulous examinations of forensic samples. 
As technology progresses, further refinements in CT imaging 
algorithms are expected to enhance resolution, speed, and 
versatility, solidifying its pivotal role in advancing forensic 
investigations.

Enhanced Sensitivity in Neutron Activation Analysis 
(NAA): Neutron Activation Analysis (NAA) has seen 
significant advancements, particularly in sensitivity, which 
have revolutionized its utility in forensic science. These 
improvements enable NAA to detect trace elements at 
exceedingly low concentrations, making it a pivotal tool for 
analyzing forensic samples such as hair, nails, and gunshot 
residues Das DD, et al. [71]. This heightened sensitivity allows 
forensic scientists to uncover minute traces of materials with 
critical evidentiary value in criminal investigations.

PractiTheced sensitivity of NAA enables it to identify 
and quantify elements with unprecedented precision. 

For instance, in gunshot residue analysis, NAA can detect 
elements like antimony, barium, and lead at levels previously 
undetectable, providing vital clues linking suspects to 
firearm use or crime scenes Chohra M, et al. [72]. Similarly, in 
toxicology, NAA’s ability to measure trace elements in hair or 
nail samples can reveal patterns of substance exposure over 
time, aiding investigations into drug use or environmental 
contamination.

Furthermore, NAA’s heightened precision enhances its 
reliability in differentiating between samples and sources, 
bolstering forensic scientists’ ability to establish factual 
links in criminal cases. By generating detailed elemental 
profiles from minimal sample sizes, NAA minimizes the risk 
of contamination and preserves the integrity of forensic 
evidence, ensuring robust findings for legal scrutiny Koehler 
JJ, et al. [73]. Continued technological advancements are 
expected to refine NAA’s sensitivity and capabilities further. 
Future developments may focus on enhancing throughput, 
reducing analysis times, and improving accessibility, 
reinforcing its status as an indispensable tool for forensic 
investigations worldwide.

Integration of Machine Learning and Artificial 
Intelligence (AI): In the realm of forensic science, one 
of the most promising developments is the integration of 
machine learning and artificial intelligence (AI) into data 
analysis processes, which holds tremendous potential for 
revolutionizing how forensic scientists interpret and analyze 
complex datasets derived from various forensic samples 
Sessa F, et al. [74]. Machine learning algorithms applied to 
forensic data can discern intricate patterns and correlations 
that might elude human analysts, particularly in cases 
involving large volumes of data or subtle variations requiring 
meticulous examination Dunsin D, et al. [75]. AI assists in 
identifying critical evidence, linking disparate pieces of 
information, and even predicting possible scenarios based on 
statistical models derived from historical data by processing 
vast amounts of information quickly and systematically.

Moreover, integrating AI into forensic workflows promises to 
streamline processes and reduce human error. Automated data 
analysis handles repetitive tasks consistently and accurately, 
allowing forensic scientists to focus on interpreting results 
and drawing informed conclusions Jarrett A, et al. [76]. This 
shift enhances efficiency and boosts the reliability of forensic 
investigations by minimizing oversight or misinterpretation.

AI-driven data analysis also uncovers insights and nuances 
that traditional methods may overlook. For instance, AI 
algorithms excel in forensic document analysis by analyzing 
variation or ink composition with variations precision 
exceeding human capabilities Dunsin D, et al. [75]. In digital 
forensics, AI sifts through vast digital evidence, such as 
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metadata or file structures, to identify patterns indicative of 
tampering or manipulation Bokolo BG, et al. [77].

As AI advances, future research may refine algorithms to 
handle increasingly complex datasets, enhancing adaptability 
across diverse forensic disciplines. Ultimately, integrating 
machine learning and AI holds promise for significantly 
enhancing scientists’ analytical capabilities, leading to more 
accurate, efficient, and reliable outcomes worldwide Piraianu 
AI, et al. [78].

Exploring hybrid techniques integrating multiple radiation-
based methods represents a promising frontier in forensic 
science. These approaches leverage diverse analytical 
strengths to deliver comprehensive analyses of forensic 
samples. By combining X-ray fluorescence (XRF) for 
elemental analysis with computed Tomography (CT) 
for high-resolution imaging, forensic scientists can gain 
unparalleled insights into the composition and structure 
of various evidence types Rani A, et al. [79]. XRF excels in 
detailing elemental compositions and identifying materials 
like metals, glass, or paint. At the same time, CT provides 
precise 3D visualizations of internal structures, aiding in 
examining skeletal remains, artifacts, and complex forensic 
evidence Oyedotun TDT [12]. This synergy allows forensic 
scientists to identify elemental compositions and analyze 
their sample distribution. Such integrated approaches are 
particularly valuable in cases requiring a deep understanding 
of the elemental makeup and internal structure, such as 
examining archaeological artifacts or historical documents 
for authenticity and preservation.

Moreover, hybrid methods streamline forensic investigations 
by consolidating analyses and reducing sample handling. 
Integration of complementary data enhances workflow 
efficiency and results in soreness, safeguarding evidence 
integrity against contamination or damage Kloosterman A, 
et al. [11].

Advancements in hybrid techniques are poised to expand 
across forensic disciplines. Future research aims to 
optimize method integration, enhance sensitivity, and 
develop sophisticated data fusion algorithms for extracting 
maximum information from combined datasets. The 
development of hybrid techniques merging XRF and CT 
strengths represents a significant advancement in forensic 
science. These approaches enhance forensic analysis 
capabilities, offering novel avenues for uncovering critical 
evidence and advancing understanding in complex forensic 
cases Senthil P, et al. [80].

Radiation-based forensic science is evolving swiftly, 
marked by substantial advancements in technology and 
methodology. Ongoing research and development endeavors 

are poised to augment these techniques, rendering them 
more portable, accessible, cost-effective, and precise. The 
integration of AI and the advancement of hybrid methods 
are especially promising, offering the potential to transform 
forensic investigations and ensure justice is administered 
with heightened accuracy and efficiency Anshu K, et al. [81].

Conclusion

This paper presents a comprehensive overview of radiation-
based techniques in forensic science, offering unparalleled 
capabilities in analyzing diverse materials and samples. 
Methods such as X-ray fluorescence (XRF) spectroscopy 
for elemental composition analysis and neutron activation 
analysis (NAA) for trace element detection provide crucial 
insights that traditional techniques may overlook. Gamma 
spectroscopy is pivotal in enhancing nuclear forensics by 
detecting radioactive materials. At the same time, CT imaging 
enables detailed, non-destructive examination of skeletal 
remains and artifacts, significantly contributing to forensic 
investigations.

Despite their advantages, radiation-based techniques pose 
challenges, requiring specialized equipment and rigorous 
safety protocols. Recent technological advancements, 
including portable devices and enhanced imaging algorithms, 
have addressed many of these hurdles. These innovations 
have markedly improved the accessibility and accuracy of 
radiation-based techniques in forensic investigations.

Portable devices have revolutionized fieldwork by enabling 
on-site analysis without transporting samples to centralized 
laboratories, reducing turnaround times and minimizing 
risks of contamination or degradation during transit. 
Enhanced imaging algorithms have significantly improved 
the resolution and clarity of diagnostic images produced by 
techniques like CT scanning, enabling forensic experts to 
discern finer details in forensic samples.

Moreover, the integration of artificial intelligence (AI) 
holds promise in advancing the capabilities of radiation-
based techniques, which automate data analysis processes, 
facilitating the more efficient and accurate interpretation of 
complex datasets generated by these techniques. Machine 
learning models trained on vast datasets can detect subtle 
patterns or anomalies that might escape human observation, 
thereby enhancing the reliability and comprehensiveness of 
forensic analyses.

Another significant area of development lies in hybrid 
techniques that combine multiple radiation-based methods 
or integrate them with other forensic technologies. These 
hybrid approaches aim to synergize the strengths of 
different analytical methods, providing complementary data 
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and enhancing the overall investigative toolkit available to 
forensic scientists.

As these technologies continue to evolve, they promise 
to push the boundaries of forensic science, ensuring that 
justice is administered with unprecedented precision and 
efficiency. By embracing these innovations and continuously 
refining their applications, forensic scientists worldwide 
can anticipate uncovering new dimensions of evidence and 
further bolstering the integrity and reliability of investigative 
processes.
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