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To counter the growing threat of illicit radioactive material trafficking, we developed the
Radioactive Detection System (RDS), a scalable, low-cost sensor network for real-time
radioisotope identification and localization. Each node combines inexpensive detectors
(NaI(Tl) scintillation spectrometers or plastic scintillators) with existing surveillance
cameras. Machine-vision algorithms fuse radiation measurements with visual tracking
to simultaneously quantify intensity and precisely locate moving sources in complex
and dynamic urban settings. Laboratory and field tests using concealed sources carried
at pedestrian speeds (0.5-1.2 m.s™') showed: (i) detection and visual localization of a
100 pCi Cs-137 source in 8-25 s; (ii) reliable spectroscopic identification of the Cs-137
within approximately 100 seconds under the reported laboratory testbed configuration.
The multi-modal design substantially enhances sensitivity, specificity, and robustness
against background fluctuations. With low per-node cost and straightforward integration
into existing infrastructure, RDS enables practical large-scale deployment for continuous
monitoring of public spaces, critical infrastructure, border checkpoints, and high-security
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1 Introduction

Radioactive materials are indispensable across medicine,
energy, research, and industry. In the medical field,
radioactive isotopes are crucial for diagnostic imaging
and cancer treatment, significantly improving patient
outcomes (Kraft, 2006). Nuclear power plants harness
nuclear fission to generate electricity, offering a low-
carbon alternative to fossil fuels despite environmental
concerns (Adamantiades and Kessides, 2009). Industrial
applications utilize radioactive sources for radiography
in quality control and fundamental physics research (Jo-
hansen and Jackson, 2004). Radioactive sources also find
widespread use in fundamental research, enabling crucial
processes such as the calibration of particle detectors in
high-energy physics experiments, the characterization of
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material properties through radioactive tracer methods,
and the dating of geological and archaeological samples.
However, the use of radioactive materials poses signifi-
cant safety and security risks (Doyle, 2019; Zhu et al.,
2024). Unauthorized acquisition, loss, or theft can lead
to harmful radiation exposure, environmental contami-
nation, and potential misuse in malicious activities like
dirty bombs (Gonzalez, 2001). Mitigating the grave risks
associated with radioactive materials requires the devel-
opment of security protocols and detection systems that
are both highly effective and economically viable, enabling
widespread deployment to prevent accidents and unautho-
rized access.

Comprehensive lifecycle management of radioactive
materials, from production and use to final waste dis-
posal, is essential for risk reduction (Utami 1997). This
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strategy must also be practical and readily implementable.
The detection, localization, and identification of radioac-
tive material out of regulatory control (MORC) in real
time is a critical challenge for public safety, environmen-
tal protection, and national security. Accidental or de-
liberate releases of radioactive materials can result in se-
vere health risks, economic losses, and social disruption.
Traditional radiation detection methods often face signif-
icant challenges in terms of scalability, cost-effectiveness,
spatial resolution, and sensitivity. These limitations hin-
der their ability to accurately identify contaminated ma-
terials amidst non-contaminated ones, particularly in ex-
pansive environments where multiple radiation sources are
present. The constraints in scalability make it difficult to
deploy these detection systems over large areas efficiently,
while the high costs associated with advanced detection
technologies limit their widespread adoption. Moreover,
the spatial resolution of traditional methods may not be
sufficient to pinpoint specific areas of contamination, lead-
ing to imprecise detection and potential oversight of haz-
ardous materials. This issue is intensified in large envi-
ronments with numerous radiation sources. The ability to
distinguish between contaminated and non-contaminated
materials is crucial for effective radiation management and
safety measures. To overcome these challenges, advance-
ments in detection methods are needed, incorporating in-
novative solutions that enhance scalability, reduce costs,
improve spatial resolution, and increase sensitivity. Such
improvements would enable more accurate and reliable
identification of radioactive materials, ensuring better pro-
tection of public health and the environment. Recent ad-
vancements in machine vision and data fusion techniques
offer new methods for addressing these limitations. Ma-
chine vision enables real-time monitoring and tracking of
different objects. Furthermore, the integration of diverse
detector modalities and imaging systems, each character-
ized by unique specifications, enables a more comprehen-
sive and accurate characterization of the radiation envi-
ronment.

This work introduces the Radioactive Detection Sys-
tem (RDS), a low-cost, scalable architecture that resolves
directional ambiguity of inexpensive non-directional detec-
tors (Nal(T1) spectrometers and large-volume plastic scin-
tillators) by fusing their measurements with object tra-
jectories extracted from pre-existing CCTV cameras. Un-
like previous multi-modal systems, RDS requires no addi-
tional ranging sensors (LiDAR, depth, or stereo) and lever-
ages only ubiquitous surveillance cameras and lightweight
computer-vision algorithms, enabling seamless integration
into current urban monitoring infrastructure at minimal
marginal cost.

The core innovation lies in real-time correlation of
time-stamped radiation count rates and energy spectra
with visually tracked object positions, allowing simulta-
neous detection, spectroscopic identification, and precise
localization of moving radioactive sources even in the pres-
ence of fluctuating natural background.

This study demonstrates the feasibility of the pro-
posed fusion approach in controlled laboratory experi-
ments using concealed Cs-137 (100 pCi) and Co-60 (4.3
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uCi) sources carried at pedestrian speeds. We quantify
detection times, identification performance, and the influ-
ence of detector placement, providing clear evidence that
low-cost, camera-enabled scintillation nodes can form the
basis of practical, city-scale radiological monitoring net-
works.

2 Related work

The evolution of radioactive source identification and lo-
calization techniques reflects significant advancements in
both sensing modalities and deployment strategies. This
progression can be categorized into four key phases, each
introducing novel approaches to address the limitations of
prior methods.

2.1 Static sensor networks and single-modality
detection

Early efforts focused on static deployments of radia-
tion detectors, often networked to improve detection re-
liability. Nemzek et al. pioneered distributed sens-
ing by simulating scintillator networks to track Cs-137
sources, demonstrating enhanced signal-to-noise ratios
and localization accuracy compared to individual detec-
tors (Nemzek et ali 2004). Brenann et al. extended
this concept using Bayesian methods to characterize de-
tection limits for moving sources, highlighting the trade-
offs between sensor density and computational demands
(Brennan et al., 2005). Centralized architectures, such as
the IoT-integrated system at CERN’s REMUS monitoring
service, enabled real-time data acquisition and alarm trig-
gering (Manzano et al., 2020). Advanced imaging systems
further refined static single-modality approaches. Mihaile-
sco et al. and Vetter et al. developed gamma-ray imag-
ing systems using segmented germanium and Si(Li) de-
tectors, respectively, leveraging Compton scattering and
~-ray tracking to eliminate bulky collimators (Mihailescu
et al., 2007; Vetter et al., 2007). Compact designs like the
two-sided coded-aperture imager (Ziock et al., 2008) and 1
kg Compton camera (Kataoka et al., 2013) demonstrated
portability without sacrificing sensitivity. The High Ef-
ficiency Multimode Imager (HEMI) combined Compton
and coded-aperture imaging in a static array, enabling
spectroscopic characterization (Galloway et al., 2011).

2.2  Multi-modal fusion for enhanced localization

To overcome background interference and directional am-
biguity, researchers integrated radiation detectors with
complementary sensors. Riley et al. fused unidirectional
radiological sensors with 3D depth sensors, resolving direc-
tional ambiguities in source tracking (Riley et al., 2015).
Another research group describes the Radiological Multi-
sensor Analysis Platform (RadMAP), a mobile detector
system designed to study natural gamma-ray and neu-
tron background variations that hinder the detection of
weak radiological threats. The authors conducted exten-
sive background measurements and collected contextual
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data to test algorithms minimizing false alarms. By inte-
grating gamma-ray and neutron detectors with contextual
sensors, RadMAP facilitates data fusion and the creation
of detailed multi-sensor datasets, which are used to ex-
plore correlations and develop novel detection techniques
(Bandstra et al., 2016). Similarly, Cooper et al. de-
tailed the establishment of a city-scale multi-sensor net-
work for the detection and localization of illicit radio-
logical and nuclear materials in urban environments. It
highlights the integration of various contextual sensors, in-
cluding video, Lidar, and meteorological data, to enhance
situational awareness and improve detection capabilities
(Cooper et al., 2023). Imaging systems also adopted multi-
modal fusion. A hybrid Compton camera and LiDAR sys-
tem achieved 3D source mapping in unconstrained envi-
ronments (Haefner, 2014), while Ardiny et al. presents a
novel data fusion and machine vision approach for detect-
ing radiological contamination in moving objects, such as
passengers and cars. Utilizing tracking methods to extract
features and track objects, the algorithm correlates radi-
ological system data with detected targets (Ardiny et al.,
2022). Surveillance systems like the IP camera-Nal(Tl)
detector network improved urban monitoring by correlat-
ing visual and radiological data (Ardiny and Beigzadeh,
2024). Another study introduced a real-time system that
integrates radiological detectors with LiDAR and. wvideo
tracking to enhance situational awareness and accurately
attribute and discriminate radiological sources in complex
urban environments (Marshall et al., 2020, 2023).

2.3 Mobile and autonomous deployments

The shift toward mobility addressed the need for rapid,
large-area surveillance. UAVs emerged as a critical plat-
form: Pavlovsky et al. introduced the localization and
mapping platform (LAMP) for real-time, meter-resolution
gamma-ray mapping. Designed for unmanned aerial ve-
hicles (UAVs) and portable use, LAMP efficiently maps
large areas while reducing user radiation exposure. It uti-
lizes scene data fusion to integrate radiation and scene
data, producing 3D maps of radioactive sources in real
time. UAVs equipped with radiation detectors could en-
hance security by rapidly detecting and localizing orphan
source threats. Authors proposed an innovative approach
to radiological monitoring by integrating a 2-inch NalI(T1)
detector with a PM tube onto a UAV (Ardiny et al., 2023).
Exploration algorithms for effective localization and detec-
tion of radioactive hotspots, addressing the limitations of
gamma cameras, such as long acquisition times and poor
angular resolution investigated by Ardiny et al. They de-
veloped behavior-based and multi-criteria decision-making
(MCDM) algorithms implemented on an autonomous mo-
bile ground robot (Ardiny et al., 2019). Another research
team developed an autonomous mobile robot for localiz-
ing unknown radiation sources in a cluttered environment.
They employed an information-driven measurement tra-
jectory and utilized a regularized particle filter for con-
tinuous parameter estimation (Lazna and Zalud, 2025).
Body sensor networks (BSNs) further advanced mobility
by relocating sensors dynamically for energy-efficient mon-
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itoring.

2.4 Large-scale networks and AlI-driven solu-
tions

Recent advancements emphasize scalability and intelli-
gence. IoT enabled Al system designed for the detection
and control of nuclear radiation was created by Jacob et
al. Utilizing a deep neural network, the system catego-
rizes radiation types and their health impacts, determin-
ing safe exposure levels (Jacob et al., 2024). The NYC
study showcased a 40,000-detector network using Pear-
son’s Method for data fusion, reducing missed sources by
99% (Flanagan et al., 2024). Visualization tools like the
Berkeley data cloud (BDC) facilitated the analysis of large
datasets (Weber et al., 2017), while Al-driven algorithms
improved threat prioritization and dose estimation (Jacob
et al., 2024).

From static networks to Al-enhanced mobile systems,
the field has evolved to address challenges in sensitivity,
background noise, and operational efficiency. Innovations
in multi-modal fusion and autonomous deployment now
enable precise, real-time localization in complex environ-
ments, laying the groundwork for smart, city-scale nuclear
security infrastructures.

2.5 Contributions

Recent advancements in radioactive material detection
and localization have focused on optimizing detector tech-
nologies (e.g., scintillators, HPGe detectors, Compton
cameras) and refining data fusion strategies to address
challenges in sensitivity, spatial resolution, and back-
ground discrimination. Static sensor networks established
the benefits of distributed sensing and Bayesian methods
for real-time tracking, while systems like CERN’s REMUS
and RadMAP integrated contextual sensors to mitigate
false alarms. Innovations in imaging, such as compact
Compton cameras and hybrid LiDAR-Compton systems,
improved directional accuracy, and mobile platforms like
UAVs and autonomous robots enabled large-area surveys.
Despite these strides, gaps remain in cost-effective scala-
bility, real-time multi-modal fusion, and field readiness for
urban deployments. Building on these foundations, this
paper introduces a novel system that addresses critical
limitations in existing approaches through the following
advancements:

o Cost-effective, scalable radioisotope detection: Un-
like prior systems reliant on specialized directional
sensors (e.g., coded apertures, depth cameras, or
3D-position-sensitive detectors), our design employs
ubiquitous surveillance cameras and low-cost ra-
dioactive detectors. This eliminates the need for
expensive hardware while maintaining compatibility
with existing urban infrastructure, offering a scal-
able solution for widespread deployment.

e Real-time operation for timely response: While ear-
lier frameworks, such as Bayesian networks and
TIoT architectures, prioritized computational effi-
ciency, our system integrates lightweight machine
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vision algorithms to enable real-time processing.
This ensures rapid threat identification and decision-
making, addressing delays observed in particle-filter-
driven robots and computationally intensive fusion
methods.

e Enhanced accuracy through multi-modal fusion:
Prior multi-modal systems (e.g., RadMAP, LiDAR-
Compton hybrids) required complex sensor suites
and calibration. By contrast, our approach simpli-
fies fusion by correlating radiation data with cam-
era imagery through lightweight machine vision al-
gorithms, achieving precise source localization with-
out depth sensors or directional detectors. This re-
solves directional ambiguities inherent in unidirec-
tional systems and outperforms static networks in
dynamic environments.

3 Materials and methods

3.1 FEzxperimental setup and testbed

The objective of this study is to identify radioactive
sources within a dynamic environment. By integrating
data from a camera system and a radiation detector, we
developed a method to detect objects emitting ionizing ra-
diation. To validate this approach, experiments were con-
ducted in a controlled laboratory setting, as illustrated in
Fig. 1.

Two distinct detector systems were employed in this
experiment. The first type, a multi-channel analyzer
(MCA) detection system, is situated either at positions
A or B, as depicted in Fig. 1. The second type is
a single-channel analyzer (SCA) located at position C.
To complement these detectors, a 4-megapixel Dh-TPC-
HFW1431SP-S4 CCTV camera with 30 frames per. sec-
ond was installed at a height of approximately 2.65 me-
ters adjacent to the MCA node at position A. Figure 2
illustrates the integrated camera and MCA “setup. The
MCA, a fundamental instrument in nuclear physics for
the spectral analysis of ionizing radiation (e.g., gamma
and X-rays), employed in this research, integrates a 2-inch
Nal(T1) scintillation crystal coupled to photomultiplier
tubes (PMTs) and associated signal processing electron-
ics (amplifier and counter). Incident gamma rays inter-
acting with the scintillator generate scintillation photons,
which are detected by the PMT. The PMT’s photocathode
converts these photons into photoelectrons, subsequently
amplified through dynode stages to produce an electri-
cal pulse at the anode, proportional to the deposited en-
ergy. The MCA digitizes and bins these pulses according
to their amplitude, constructing a radiation energy spec-
trum. This spectrum enables the identification of radioac-
tive isotopes and the determination of their relative abun-
dances based on their characteristic energy signatures.

Figure 3 illustrates the single-channel analyzer (SCA)
detector, a nuclear instrumentation device designed to se-
lectively isolate and count pulses within a user-defined en-
ergy window originating from a radiation detector. Pulses
meeting this energy criterion are routed to a scaler for
event quantification. The SCA utilized in this research
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incorporates a polyvinyl toluene (PVT) scintillator, a ma-
terial prevalent in radiation portal monitors owing to
its rapid response, high detection efficiency, and cost-
effectiveness. Analogous to Nal(Tl) scintillators, PVT
emits scintillation photons upon interaction with ionizing
radiation. This light is coupled to a photomultiplier tube
(PMT), which transduces it into a processable electrical
signal for the data acquisition system. PVT scintillators
are favored for their robust performance and reliability in
radiation detection applications.

Figure 1: The test-bed considered for the experiment. The
MCA node was positioned at location A or B, while the SCA
node was placed at location C.

Figure 2: The MCA node and camera were mounted at
an elevation of 2.65 meters above the ground; the left image
depicts a side view and the right image shows a front view.
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Figure 3: The SCA node (plastic scintillator-based) and the
MCA node (Nal(T1) scintillation spectrometer-based) were po-
sitioned side-by-side on the testbed.
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To validate the spectroscopic performance of the MCA,
two standardized radioactive calibration sources, Co-60
and Cs-137, were positioned at a calibrated distance from
the detector. The respective activities of these sources
were measured as 1.43 and 7.32 mCi. The acquired
spectral data, presented in Fig. 4, exhibits distinct
photo-peaks corresponding to the characteristic gamma-
ray emissions of each isotope: 1173.2 keV and 1332.5 keV
for Co-60, and 661.7 keV for Cs-137. The spectra demon-
strate the systems energy resolution and its capability to
resolve overlapping gamma-ray signatures, confirming the
MCA'’s fidelity in discriminating between isotopes under
controlled experimental conditions. The acquired radia-
tion data streams are timestamped and consist of paired
gamma-ray counts and corresponding energy channel in-
formation for the MCA, and integrated total gamma-ray
counts within the defined energy window for the SCA.

3.2 Vision-based object detection and tracking
pipeline

Object detection and localization within images are cru-
cial tasks accomplished through various techniques. Tra-
ditional tracking algorithms like CSRT and KLT employed
in prior studies (Ardiny and Beigzadeh, 2024), and more
contemporary Al approaches, such as YOLO (Redmon
et al., 2016), are viable options. This experiment involved
a suspicious suitcase or package carried on a wheel by an
individual, necessitating the application of image process-
ing methods for its detection and localization. The vision
subsystem continuously detects the moving target (a suit-
case carried by a pedestrian) and estimates its ground-
plane position (z,y) in real-world coordinates at 30 Hz.
The processing pipeline was intentionally designed to be
lightweight, deterministic, and executable on low-power
edge hardware typical of existing CCTV deployments. All
components were implemented in Python using OpenCV.

Prior to experimentation; the camera was intrinsically
and extrinsically calibrated using a 9 x 6 chessboard cap-
turedfrom multiple viewpoints. OpenCV’s ‘findChess-
boardCorners’ and ‘calibrateCamera’ functions were used
to obtain intrinsic parameters (focal length, principal
point, distortion coefficients) and per-view extrinsic pa-
rameters (Fig. 5). Lens distortion was removed in real
time using ‘undistort()’. A planar ‘homography’ matrix
H € R*? was then estimated with ‘findHomography()’
from four known floor points in the image and their cor-
responding metric coordinates. This ‘homography’ maps
any image pixel directly to ground-plane coordinates un-
der the assumption that all objects move on a planar sur-
face, which holds in the laboratory environment.

This figure illustrates the impact of camera calibration.
The right image shows the pre-calibration state, where
lens distortion is evident in the curvature of the chess-
board grid. This distortion is effectively corrected after
calibration, which determines both intrinsic and extrinsic
camera parameters, as shown in the left image.

Because the experiments involve only a single salient
object, complex data-association strategies are unneces-
sary. Frame-to-frame linkage is performed via nearest-
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neighbor centroid matching with a maximum gating ra-
dius of 100 pixels. If no valid detection is obtained for
more than 0.5 s, the track is terminated and re-initialized
upon the next detection.

This approach offers several advantages: (i) extremely
low computational cost (< 10 % CPU), (ii) no requirement
for training data or deep-learning inference, (iii) fully de-
terministic behavior, and (iv) sub-deci-metre spatial ac-
curacy, which is sufficient for correlation-based source at-
tribution. Its limitations include: (i) strong dependence
on color distinctiveness and stable illumination, (ii) sus-
ceptibility to partial or full ecclusion, and (iii) lack of re-
identification following prolonged track loss.

8000 T T T T
| Co-60
Cs-137
7000 r 1

6000 { " 1

5000

T
I

4000} || |

Count

T
I

3000
2000 [ 1

1000

T
I

o

500 1000 1500 2000 2500 3000
Deposited Energy (keV)

3500

Figure 4: Energy spectra were acquired for Co-60 sources
(with an activity of 1.43 mCi) and Cs-137 sources (with an
activity of 7.32 mCi) using the MCA.

Figure 5: This figure illustrates the impact of camera calibra-
tion. The right image shows the pre-calibration state, where
lens distortion is evident in the curvature of the chessboard
grid. This distortion is effectively corrected after calibration,
which determines both intrinsic and extrinsic camera parame-
ters, as shown in the left image.
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Figure 6: The color segmentation and detection of luggage
were achieved using image processing techniques. The right
image displays the original image with the detected object out-

lined in a red bounding box, while the left image demonstrates
the separation of target pixels from the background.

The current color-based tracking pipeline is intention-
ally optimized for controlled, single-object scenarios such
as checkpoint or gate monitoring, where lighting is sta-
ble, occlusion is minimal, and only one salient object tra-
verses the field of view at a time. In such settings, the
lightweight, deterministic approach offers sufficient accu-
racy with minimal computational overhead. For wide-
area or multi-lane deployments involving multiple moving
objects, complex backgrounds, or variable illumination,
the vision module can be seamlessly upgraded to a deep-
learning tracker (e.g., YOLOv8 + ByteTrack) without
modifying the downstream fusion logic-the homography-
based projection and correlation-based attribution remain
unchanged. This modularity allows RDS to scale from
low-cost pilot deployments to complex urban environ-
ments while preserving the core fusion architecture.

3.3 Data fusion

The fusion task is to solve for unknown parameters =
A(activity), (z,y, z)(t)(position), E(isotope) given three
heterogeneous measurements. Individually, each sensor
leaves the problem severely under-determined. Together
they are over-determined:

e Vision: Achieve high-precision continuous tracking
of the (x,y) position over time for every individual
object in the field.

e SCA: Rapid scalar count-rate signal C(f)
Zj(Aj/r]Z(t)) where C(t) is total detected
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counts.s™!, A; is activity of source j, and 7;(t)
is instantaneous distance from detector to source j.

e MCA mode: Full energy-resolved vector spectrum
S(E,t) where the spectrum is isotope-labeled (E
axis corresponds to characteristic ~y-lines of specific
isotopes) and recorded continuously as a function of
time ¢.

Once the luggage is successfully identified and located,
the relative distance between the center of the red rect-
angle encompassing the luggage and the centers of the
detectors can be calculated. The object’s positions rel-
ative to the camera are timestamped and transformed
to a fixed reference frame (i.e., the detector’s position).
Due to disparate acquisition frequencies, with radiation
data sampled at 1 Hz and vision-derived positional data
at 30 Hz, a l-second integration window was employed.
To synchronize the positional information with the lower-
frequency radiation data, an averaging filter was applied
to the vision-based position data over this 1-second inte-
gration period. As previously documented in existing re-
search: (Ardiny and Beigzadeh, 2024; Ardiny et al., 2022),
the correlation coefficient between this distance and the
detector’s recorded radiation count per second (CPS) can
serve as an indicator of source presence. The correla-
tion coefficient is a ‘statistical metric that quantifies the
relationship and-interdependence between two quantita-
tive variables. It reflects both the strength and nature of
the relationship, ranging from -1 to 1. A positive corre-
lation coefficient implies that an increase or decrease in
one variable corresponds to a similar change in the other.
Conversely, a negative correlation indicates an inverse re-
lationship. A correlation coefficient close to or equal to
zero suggests a lack of correlation, implying independence
between the two variables. The correlation between two
random variables, X and Y, is formally defined as follows:

covariance(X.Y)

correlation(X.Y) =

(1)

OX0y

where o is the standard deviation of the data. The pri-
mary variables under investigation are the distance from
the detector and the corresponding gamma-ray count. An
inverse relationship is anticipated between these two vari-
ables, such that an increase in distance leads to a de-
crease in gamma ray count. Consequently, the correlation
coefficient between these variables should be a negative
value. Conversely, if the moving object lacks a radiation
source, variations in distance will not influence the radi-
ation count, resulting in a correlation coefficient closer to
Zero.

Formally, the output of the RDS is defined as the
triplet: binary alarm decision, carrier image, and precise
spatiotemporal localization. the stability of the correla-
tion coefficient serves as the primary evaluation criterion.
A consistent negative correlation indicates that the vision-
derived coordinates (z,y) successfully model the physical
relationship between the source and detector, providing a
self-consistent validation of the localization accuracy.



H. Ardiny and A. Beigzadeh

4 Results and discussion

The experimental setup, as depicted in Fig. 1, involved
a person carrying a suitcase containing a Cs-137 source
with an activity of 100 mCi. The individual moved ran-
domly within the laboratory environment. Previous re-
search (Ardiny and Beigzadeh, 2024; Ardiny et al., 2022)
has demonstrated that an object carrying the source (con-
taminated object) exhibits a stable and distinct correla-
tion coefficient beyond a threshold value of approximately
-0.4. However, the precise threshold value is influenced by
experimental factors such as distance and source strength.
Moreover, experimental setup parameters can impact the
temporal evolution of the correlation signal, determining
the point at which it stabilizes and becomes distinguish-
able beyond the specified threshold. Therefore, this study
aimed to identify contaminated objects through the con-
tinuous monitoring of the correlation coefficient between
the distance from the object and measured gamma radia-
tion counts. This involved the identification of correlation
values indicative of a strong negative relationship and the
subsequent demonstration of a temporally stable graphi-
cal representation of this correlation, serving as a robust
indicator of contamination. In the initial test, the MCA
node was positioned at a height of 2.65 meters above the
ground position A (Fig. 1). In contrast, the SCA node
was placed adjacent to it at position C (Fig. 1). The re-
sults of Fig. 7, representing 50 series of count and distance
correlation data at 200 seconds, indicate that the contami-
nated object was not detected at this height. The reduced
radiation count at the higher elevation and the proximity
of the detector to the noise level hindered the detection of
displacement changes, leading to a weak signal. However,
the SCA node successfully identified the source within the
first 20 seconds. This improved performance can be at-
tributed to its larger volume and closer proximity to the
source compared to MCA.

Figure 8 illustrates the temporal evolution of the
gamma-ray spectral data acquired by the MCA. Each de-
picted graph represents a spectrum recorded at 50-second
intervals. A trend reveals a gradual increase in the count
rate within the Cs-137 energy channel as the acquisition
time progresses. Notably, the augmentation in the Cs-137
channel becomes apparent from approximately 100 sec-
onds onward.

In the next experiment, the MCA node was relocated
to a position on the wall near the ground surface, des-
ignated as position B in Fig. 1. By repositioning the
MCA, the contaminated object was accurately identified,
as illustrated in Fig. 9. This successful detection demon-
strates the MCA’s ability to track the random movements
of the person within the laboratory environment. The low
standard deviation observed in the data further supports
this claim, indicating the detector’s sensitivity to subtle
changes in the person’s position. After approximately 30
seconds, the correlation coefficient stabilized at -0.62, rep-
resenting a strong negative value. This significant drop
indicates the successful detection of the contaminated ob-
ject’s location within the first ten seconds. Despite the
larger volume of the SCA node, the MCA node exhibited
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performance in this scenario. Its proximity to the source
and the narrower field of view (FOV) contributed to a
more precise detection of the source’s displacement ratio,
resulting in enhanced resolution.

The previous experiment was repeated using a Co-60
radioactive source with an activity of 4.32 mCi. As the
graph in Fig. 10 shows, the correlation coeflicient of the
MCA node could not reach a strong negative value, in-
dicating a weaker correlation between the measured data
and the expected pattern.. However, the SCA node was
able to detect the presence of the Co-60 source. This sug-
gests that SCA node, particularly those with larger sizes,
may be more sensitive to detecting very low-activity ra-
dioactive sources.
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Figure 7: The correlation coefficient was calculated for 50
data series obtained from the MCA node at position A and the
SCA node after 200 seconds of operation.
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Figure 8: Spectral data acquired via the MCA demonstrated
observable growth in the Cs-137 spectral peak, with a statisti-
cally increase emerging at 100 seconds
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Figure 9: Correlation coefficient for Cs-137 (100 pCi) after
100 seconds across 50 data series for MCA at position B and
SCA.
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Figure 10: Correlation coefficient for Co-60 (4.32 mCi) after
100 seconds for 50 data series for MCA installed at position B
and SCA.
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Figure 11: Growth rates of the Cs-137 channel were com-

pared for 50 data series, with and without the presence of a
Cs-137 source.

Radiation Physics and Engineering 2026; 2(%):2-2

To quantitatively assess the detector’s performance in
source identification under both background and source-
present conditions, the temporal resolution required to
achieve accurate classification of the radioactive source
type was determined. Focusing on the Cs-137 energy
channel at 662 keV, the energy growth of this channel
relative to the background was analyzed. The presence of
a (Cs-137 source significantly influenced the energy growth
of the related channel, as illustrated in Fig. 11.

To ensure the correctness of the function and assump-
tion, the channels related to the energy peaks of Co-60
(1173.2 and 1332.5 keV) have also been considered, and
the energy growth of this channel has been examined with
the background. As Fig. 12 shows, the growth of the Co-
60 channel when the Cs-137 source is present is less than
the background, which indicates that the Co-60 source
channel has a lower growth than the background and the
rays emitted in the Cs-137 channel are aggregated.
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Figure 12: Growth rates of the Co-60 channel were com-

pared for 50 data series, with and without the presence of a
Cs-137 source.
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Figure 13: Growth rates of the Cs-60 channel were compared
for 50 data series, with and without the presence of a Co-60
source.
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To further investigate the behavior of the system, we
examined the growth of the Co-60 channel while the Co-60
source was in motion. As illustrated in Fig. 13, the growth
of the Co-60 channel in this scenario was also observed
to be higher than the background level. This finding re-
inforces the previous observation that the Co-60 source
channel exhibits a slower accumulation rate compared to
the background in the presence of the Cs-137 source.

5 Conclusions

The development of an intelligent monitoring system inte-
grating vision and radiation spectroscopy represents a sig-
nificant advancement in societal safety and security. This
system, capable of locating, identifying, and detecting ra-
dioactive materials, effectively merges visual data from
urban cameras with spectroscopic measurements. This
approach allows for accurate detection and positioning of
radiation sources in various environments. The integra-
tion of these two methods improves the reliability and
speed of radioactive material detection and spatial infor-
mation, which is essential for timely responses to radiation
threats or incidents. This capability is invaluable for ac-
tion groups such as relief and rescue teams, enabling them
to make informed decisions and take appropriate actions.
Our findings highlight the importance of strategic detec-
tor placement. While the presence of radioactive sources
at low heights can be addressed by positioning MCAs on
walls or floors, detecting contaminated objects may ne-
cessitate more powerful detectors or alternative detector
placements. While this MCA has limitations in precisely
locating and tracking sources with low radioactivity lev-
els, their ability to accumulate gamma-ray spectra over
time enables them to detect and identify even low-energy
radioactive materials. This is particularly useful for ap-
plications requiring the identification of subtle radiation
sources.

The potential applications of this technology extend
to critical infrastructure protection, environmental moni-
toring for radioactive contamination, border security, and
emergency response. To fully realize its benefits, future
research and development must focus on enhancing the
system’s robustness, scalability, and accuracy. This will
ensure comprehensive radiological monitoring and protec-
tion, thereby contributing significantly to safety and en-
vironmental protection. In our next research endeavor,
we aim to address the scalability of this system to fa-
cilitate its deployment in real-world urban environments.
The current study serves as a fundamental validation
of the fusion logic within a single-room, single-object
testbed. While the underlying tracking algorithms (e.g.,
YOLO/ByteTrack) are natively capable of simultaneous
multi-object processing, the experimental verification of
the system’s performance in high-density, multi-source
scenarios remains outside the scope of this paper and is
designated for future work.
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