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Visualization of the scatter radiation in real time using a high-sensitivity CMOS camera with pinhole 1 

collimator 2 

 3 

Abstract 4 

Purpose This study proposes a method for real-time visualization of scatter radiation using a high-5 

sensitivity CMOS camera with a pinhole collimator, within the energy range relevant to diagnostic imaging. 6 

Additionally, Monte Carlo simulations were employed to validate whether the measured data accurately 7 

represent actual scatter radiation. 8 

Methods A real-time scatter radiation imaging system was developed using a CMOS camera, CsI 9 

scintillator, and pinhole collimator. Various parameters, including pinhole diameter and exposure time, 10 

were evaluated to identify the optimal configuration. Monte Carlo simulations were used to compare the 11 

measured data against the simulated scatter radiation distribution. 12 

Results The system successfully visualized scatter radiation sources with high spatial resolution. The 13 

optimal parameters were identified as a 2 mm pinhole diameter and 50 ms exposure time, balancing image 14 

clarity and efficiency. The measured data closely matched the simulation results, confirming the accuracy 15 

of the system. 16 

Conclusion The proposed system offers significant potential for enhancing radiation protection in clinical 17 

settings by enabling real-time visualization of scatter radiation. It is expected to contribute to safer working 18 

environments and more effective radiation safety management during diagnostic procedures. 19 
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1 Introduction 24 

 25 

The use of radiation in healthcare settings has been expanding, with x-rays being extensively 26 

employed for diagnostic purposes. Accurate diagnostic imaging often requires the assistance of caregivers 27 

and medical staff for patients who are unable to remain still, such as the elderly, children, trauma patients 28 

requiring cervical spine immobilization, and critically ill patients needing respiratory support [1–3]. 29 

However, scatter radiation, which primarily originates from the patient during exposure, poses a potential 30 

risk to caregivers and medical staff [4–6]. As these sources of scatter radiation are imperceptible to the 31 

human eye, visualizing them can offer critical information for identifying high-dose hazardous zones and 32 

low-dose safe zones. This visualization supports caregivers and medical personnel in implementing 33 

appropriate protective measures during procedures [7–9]. 34 

Research on scatter radiation visualization includes methods utilizing Monte Carlo simulations 35 

and imaging plates (IP) [10-15]. Monte Carlo simulations enable the analysis of scatter radiation 36 



distribution but are constrained by lengthy computation times and the need for accurate replication of device 37 

structures and conditions, which limits their practical application. On the other hand, methods using IP can 38 

directly capture the distribution of scatter radiation; however, they require a reading device, and the delay 39 

in accessing recorded images makes them unsuitable for real-time observation. 40 

Considering these challenges, this study proposes a method for real-time visualization of scatter 41 

radiation using a scintillator and a digital camera. Previous studies have utilized configurations combining 42 

a scintillator and a digital camera to visualize the primary beam, but their application to scatter radiation 43 

has been insufficiently investigated [16]. In this study, we adapt and apply this technique specifically for 44 

the observation of scatter radiation. 45 

This study aims to propose a method for real-time visualization of scatter radiation using a high-46 

sensitivity Complementary Metal-Oxide-Semiconductor (CMOS) camera equipped with a pinhole 47 

collimator, within the energy range relevant to diagnostic x-ray imaging. Monte Carlo simulations were 48 

also employed to validate whether the measured data accurately represent actual scatter radiation. 49 

Furthermore, by varying the pinhole size and the camera's exposure time, the study seeks to identify the 50 

optimal pinhole size and the minimum exposure time required for effective visualization. 51 

 52 

2 Materials and Methods 53 

 54 

2.1 Experimental setup for real-time scatter radiation imaging 55 

 56 

2.1.1 Scatter radiation real–time imaging system 57 

 58 

In this study, a scatter radiation real-time imaging system was developed to enable real-time 59 

visualization of scatter radiation. The system comprises a Complementary Metal-Oxide-Semiconductor 60 

(CMOS) camera (ORCA-Quest, Hamamatsu Photonics Corporation, Shizuoka, Japan), a Cesium Iodide 61 

(CsI) scintillator (Great Performance X-ray CsI Scintillator J13113, Hamamatsu Photonics Corporation, 62 

Shizuoka, Japan), an RGB camera (Intel RealSense Depth Camera D435, Intel Corporation, USA), a 63 

pinhole collimator, and a supporting device. The constructed system is shown in Figure 1. 64 



 65 

Fig. 1 Configuration and assembly of the scatter radiation visualization system using a pinhole collimator. 66 

(a) Schematic diagram of system, (b) CMOS camera, (c) RGB camera, (d) Pinhole collimator and lead 67 

case, (e) Side view of system, (f) Front view of the system. 68 

 69 

The CMOS camera offers high quantum efficiency and low noise performance, enabling the 70 

precise detection of weak light signals [17]. Its ability to maintain signal quality even with short exposure 71 

times facilitates high-speed imaging. Image data were processed using the High-Speed Recording Software 72 

(Hamamatsu Photonics Corporation, Shizuoka, Japan), a dedicated application designed for the CMOS 73 

camera. To optimize light collection, the camera was equipped with an F2.4 lens (SMC Pentax-Da 35 mm, 74 

Pentax Corporation, Japan). 75 

The CsI scintillator is a high-performance X-ray scintillator made of CsI (Tl) (thallium-activated 76 

cesium iodide) with a columnar structure. This structure prevents light scattering and provides high spatial 77 

resolution [18]. The external dimensions of the CsI scintillator are 50 × 50 mm2, with an effective detection 78 



area of 45 × 45 mm2. The scintillator layer has a thickness of 400 µm, while the substrate thickness is 0.5 79 

mm. 80 

Visible light images of X-ray devices, phantoms, and other objects were captured using an RGB 81 

camera. The camera was positioned 7.1 cm above the center of the pinhole to ensure optimal image 82 

acquisition. 83 

The pinhole collimator utilized pinholes with diameters of 2 mm and 3 mm. It was constructed 84 

from a lead plate with dimensions of 12.0 × 12.0 × 0.3 cm³, designed to restrict scatter radiation to specific 85 

directions for improved imaging accuracy. 86 

The pinhole, scintillator, and camera lens were enclosed within a 10.2 × 15.5 × 10.5 cm3 housing 87 

made of 2 mm-thick lead to provide shielding and prevent the intrusion of scatter radiation and external 88 

light, except through the pinhole. Additionally, a custom fixture was fabricated using a 3D printer (Flash 89 

Forge Finder, Flashforge Corporation, China) to ensure precise vertical alignment of the pinhole collimator 90 

and scintillator. 91 

The distance between the pinhole collimator and the scintillator was set to 2 cm, while the 92 

distance between the scintillator and the camera was set to 9 cm. The distance between the pinhole 93 

collimator and the scintillator was set to 2 cm to ensure that scatter radiation passing through the pinhole is 94 

efficiently projected across the entire scintillator, covering the entire observation area. This configuration 95 

was determined based on the field of view (2.7 cm) captured by the camera positioned 9 cm from the 96 

scintillator. 97 

Furthermore, the distance between the scintillator and the camera was set to 9 cm, as this was 98 

determined to be the minimum distance at which the camera’s optical characteristics allow for clear and 99 

focused imaging without blurring. These distance parameters were optimized to facilitate the real-time 100 

visualization of scatter radiation, contributing to the development of an effective system design. 101 

 102 

2.1.2 Experimental conditions and structure 103 

 104 

X-ray irradiation was performed using an X-ray tube device (UD150L-30). Detailed 105 

experimental conditions are shown in Table 1. The irradiation conditions were based on an example of 106 

abdominal imaging parameters [19]. 107 

 108 

Table 1 Experimental X-ray irradiation conditions 109 

Tube voltage [kV] 74 

Tube current [mA] 250 

Exposure time [s] 0.14 



Source-to image distance [cm] 101 

Field size [cm²] 30 × 30 

 110 

The experimental setup for the scatter radiation imaging system is illustrated in Figure 2. A 111 

water phantom with dimensions of 30 × 30 × 15 cm3 was utilized as a scatter object to mimic a patient. 112 

The phantom was placed on the patient table, with the X-ray beam directed from the ceiling toward the 113 

floor. The pinhole camera was placed 150 cm from the center of the water phantom, and its height was 114 

adjusted to ensure that both the phantom and the X-ray tube were within the camera's field of view. The 115 

distance from the center of the pinhole to the floor was measured at 94.2 cm. 116 

 117 

 118 
Fig. 2 Experimental setup for scatter radiation visualization 119 

 120 

For image acquisition with the CMOS camera, the resolution was set to 1024 × 576 pixels with 121 

4 × 4 binning and a bit depth of 16 bits. Exposure times of 2, 5, 50, and 200 ms were compared to determine 122 

the optimal imaging conditions. Additionally, to evaluate the dose rate of the scatter radiation images, a 123 

semiconductor-based survey meter (Raysafe X2, Unfors Raysafe, Billdal, Sweden) was utilized. This 124 

measurement validated that the specified dose rate enables the current level of scatter radiation visualization, 125 



providing a foundation for understanding the relationship between dose rate and visualization quality. The 126 

survey meter was positioned at the location of the pinhole collimator to measure the dose rate reaching the 127 

collimator. 128 

 129 

2.1.3 Visualization of the scatter radiation in real-time 130 

 131 

 To provide caregivers and medical staff with data for appropriate protective measures, it is 132 

essential to identify the sources of scatter radiation. Overlaying scatter radiation visualization images with 133 

background images is highly effective for this purpose. A custom application was employed to combine 134 

these images. 135 

Since a CMOS camera and an RGB camera were used to capture scatter radiation images and background 136 

images, respectively, the application corrected positional misalignments caused by differences in the field 137 

of view and installation positions of the two cameras. The method for combining scatter radiation 138 

visualization images and background images is shown in Figure 3. As shown in Figure 3(a), eight blue 139 

Light Emitting Diode (LED) bulbs were attached to the vertices of the collimator and phantom. The setup, 140 

including the LEDs, was then captured using an RGB camera to create a background image. Subsequently, 141 

as depicted in Figure 3(b), tracing paper was placed at the position of the scintillator inside translated to 142 

align the centers of each LED lights in Figure 3(a) with those in each LED visualization image in Figure 143 

3(b) This process corrected any positional discrepancies. 144 

 145 

Fig. 3 Method for combining scatter radiation images with background images. (a) LED bulbs positions 146 

captured by the RGB camera (red dashed circle regions), (b) Scatter radiation image, (c) Final 147 

comprehensive image. 148 

 149 

2.2 Image evaluation index 150 

 151 

To evaluate image quality, analysis was performed using the Signal-to-Noise Ratio (SNR) and 152 

contrast. For SNR calculation, two Regions of Interest (ROIs) were defined within the image: one 153 

representing the signal region and the other background region. The signal region encompassed the X-ray 154 

tube and the phantom, The distinguishability of the signal was evaluated based on the average intensity of 155 

the background region. 156 



 For contrast analysis, the Michelson contrast method was employed. This approach evaluates 157 

the clarity of signal intensity variations within the image based on the difference between the maximum 158 

and minimum intensities within the region of interest. Michelson contrast is a widely used metric in image 159 

analysis and is particularly useful for assessing the impact of imaging conditions on the distinguishability 160 

of signals from the background in the image. 161 

These analyses were conducted using ImageJ (version 1.54g, National Institutes of Health, MD, 162 

USA). The software was utilized to extract statistical values within the defined ROIs, enabling a 163 

quantitative evaluation of SNR and contrast across various imaging conditions. This approach clarified the 164 

effects of pinhole size and camera exposure time on image quality, ultimately identifying the optimal 165 

imaging conditions. 166 

 167 

2.3 Validation of the images obtained using Monte Carlo simulation 168 

 169 

Monte Carlo simulation was conducted to verify whether the radiation passing through the 170 

pinhole and reaching the scintillator consisted of scatter radiation. The Particle and Heavy Ion Transport 171 

Code System (PHITS) version 3.341 was utilized for this purpose, and comparisons were made between 172 

the measured data and simulation results [20]. In the simulation, the flux distribution on the scintillator was 173 

calculated, and data along the vertical axis through the center of the phantom were extracted as plot files 174 

from both the measured data and the simulation results. 175 

 As shown in Figure 4, the simulation geometry was designed to replicate the configuration of the 176 

Scatter radiation real–time imaging system and the arrangement of the scintillator used in the experiment. 177 

The pinhole diameters were set to 2 mm and 3 mm, while the distances from the pinhole to the scintillator 178 

(2 cm) and from the scintillator to the camera (9 cm) were maintained identical to the experimental 179 

conditions.180 

 181 
Fig. 4 System configuration used in the Monte Carlo simulation 182 

 183 

 The number of particle tracks was set to 1 × 10⁵ to ensure sufficient statistical accuracy. To 184 



enhance computational efficiency, photon energies below 10 keV and electron or positron energies were 185 

excluded from the calculations. SpekPy website was used to determine the X-ray spectrum, and a photon 186 

source with a continuous spectrum was configured as the radiation source, with an energy range of 0 keV 187 

to 74 keV [21]. 188 

The T-point tally, a function of PHITS, was utilized to measure the scatter radiation flux on the 189 

scintillator surface. The T-point tally deriving the fluence at a specific point. Based on the camera's field of 190 

view (2.7 cm), a total of 288 points were evenly distributed within a range of ±1.35 cm, centered on the 191 

camera. This setup enabled efficient and detailed evaluation of the spatial distribution of scatter radiation. 192 

Each T-point statistically calculated the scatter radiation flux at its specific position. Through this process, 193 

plot files representing the distribution of scatter radiation were obtained. The obtained plot files were 194 

compared with the measured data and simulation results. For comparison, normalization was performed by 195 

setting the maximum value to 1. 196 

 197 

3 Results 198 

 199 

3.1 Scatter radiation source distribution from experiment 200 

 201 

Figure 5 shows a real-time visualization of a composite RGB image and scatter radiation image. 202 

The visualization was conducted using different camera exposure times and pinhole sizes. Scatter radiation 203 

sources were identified in two locations: the X-ray tube and the water phantom. It was observed that 204 

increasing the camera exposure time improved the clarity of the scatter radiation distribution. In the images, 205 

the colors represent radiation intensity, with blue indicating high intensity and red indicating low intensity, 206 

corresponding to pixel values. 207 

For the 2 mm pinhole size, the shapes and distributions of the scatter radiation sources were 208 

observed with relatively sharp detail, achieving higher spatial resolution. In contrast, the 3 mm pinhole size 209 

resulted in broader distributions and a noticeable decrease in spatial detail resolution compared to the 2 mm 210 

pinhole. This demonstrates that pinhole size significantly impacts the visualization of scatter radiation 211 

sources. Additionally, the dose rate reaching the pinhole collimator was 10.71 μSv/s, with a total dose of 212 

2.10 μSv. 213 



 214 

Fig. 5 Comparison pinhole and camera exposure time scattered radiation image. 215 

 216 

3.2 Image analysis 217 

 218 

As shown in Table 2, both SNR and contrast exhibited an overall increasing trend with longer 219 

camera exposure times. For pinhole sizes of 2 mm and 3 mm, SNR and contrast improved as exposure time 220 

increased, although the rate of improvement varied between the two pinhole sizes across different intervals. 221 

Regarding the effect of pinhole size, the 3 mm pinhole demonstrated consistently higher SNR 222 

values compared to the 2 mm pinhole. This difference is likely attributable to the larger pinhole allowing 223 

the collection of more signals. Conversely, no significant differences in contrast were observed between the 224 

two pinhole sizes, with changes in contrast being primarily influenced by variations in exposure time. 225 

 226 

Table 2 Relationship between camera exposure time, SNR, and contrast for different pinhole sizes 227 

Pinhole 

size [mm] 

2 3 

Water phantom X-ray tube Water phantom X-ray tube 

Exposure 

time [ms] 
SNR Contrast SNR Contrast SNR Contrast SNR Contrast 

2 1.14 0.07 1.09 0.04 1.77 0.23 1.06 0.03 



5 1.59 0.23 1.25 0.11 2.89 0.49 1.64 0.24 

50 5.25 0.68 2.98 0.5 30.9 0.94 9.27 0.8 

200 12.57 0.85 6.66 0.74 77.61 0.98 23.18 0.92 

 228 

 229 

3.3 Comparison between Monte Carlo simulation and experimental measurements 230 

 231 

To determine whether the measured data accurately represents the scatter radiation distribution 232 

from the water phantom and X-ray tube, a comparison was conducted using Monte Carlo simulation. 233 

Specifically, the measured data obtained from the real-time scatter radiation imaging system were compared 234 

with scatter radiation distribution profiles generated by PHITS. 235 

Figure 6 presents the spatial distribution profiles of scatter radiation obtained from both 236 

experimental measurements and simulations. Figure 6(a) depicts the measured data, while Figure 6(b) 237 

shows the corresponding profile generated from the simulation. The vertical axis represents normalized 238 

intensity values, while the horizontal axis represents spatial positions in centimeters within the field of view 239 

(FOV). 240 

In the experimental setup, scatter radiation was visualized over a 2.7 cm FOV, and the 241 

corresponding pixel positions were mapped to physical distances based on the optical characteristics of the 242 

imaging system. To enable direct comparison, the PHITS simulation extracted fluence values at the same 243 

spatial range, maintaining consistency with the experimental setup. 244 

The comparison revealed that both the simulation and the measured data exhibited two prominent 245 

peaks, corresponding to scatter radiation originating from the water phantom and the X-ray tube. Regarding 246 

pinhole size, the 2 mm pinhole diameter provided better peak separation and higher spatial resolution, 247 

whereas the 3 mm pinhole diameter yielded greater signal intensity at the expense of reduced peak 248 

separation. 249 

These findings confirm that the real-time imaging system effectively visualizes scatter radiation 250 

and that the PHITS simulation provides a reliable framework for optimizing and evaluating the system's 251 

performance. 252 



 253 
Fig. 6 Comparison of scatter radiation distribution between Monte Carlo simulation and experimental 254 

measurements (a) Measured plot profile (b) Simulation plot profile 255 

 256 

4 Discussion 257 

In this study, real-time visualization of scatter radiation was achieved using a high sensitivity 258 

CMOS camera, and the effects of pinhole size and camera exposure time on scatter radiation observation 259 

were evaluated. Among the exposure times of 2, 5, 50, and 200 ms, the 50 ms condition was identified as a 260 

balanced setting between short exposure time and image quality. Longer exposure times were found to be 261 

unnecessary, enabling the determination of efficient conditions for real-time observation. Short exposure 262 

times (2 ms and 5 ms) tended to result in decreased image quality due to noise. Additionally, the results of 263 

this study confirmed that the dose rate reaching the pinhole was 10.71 μSv/s, demonstrating sufficient 264 

applicability for real-time observation in general radiography. Based on this dose rate, it is possible to 265 

estimate the environmental dose rate conditions under which scatter radiation imaging is feasible. This 266 

estimation allows for discussions on the applicability of the system to portable imaging and more distant 267 



observations. 268 

The scatter radiation imaging system developed in this study may be influenced by setup errors 269 

arising from the use of 3D-printed structures and manual assembly. Minor variations in the alignment of 270 

the pinhole collimator and scintillator, distances between components, and the arrangement of equipment 271 

could affect image quality and the reproducibility of scatter radiation distribution. To minimize these 272 

variations, it is necessary to design fixtures that secure the alignment and positions of the experimental 273 

equipment and to standardize the setup process. Furthermore, conducting repeated experiments to 274 

quantitatively analyze the impact of setup errors and defining acceptable margins of error will enhance the 275 

reproducibility and reliability of the system. 276 

Next, the impact of pinhole size differences on image spatial resolution was evaluated. With a 2 277 

mm pinhole size, the scatter radiation distribution was observed sharply, indicating its suitability for 278 

detailed evaluations. These results suggest that selecting an appropriate pinhole size based on the objective 279 

can improve the accuracy of image analysis. 280 

Additionally, the comparison between the profiles of the simulation and the measured data 281 

confirmed the presence of two peaks. The consistency in peak shapes suggests that the simulation can be 282 

utilized for optimizing the camera system. However, slight differences were observed in intensity 283 

distribution and peak positions, which may be attributed to the reproducibility of the internal structure of 284 

the X-ray device in the simulation or the influence of the experimental environment. Improving the 285 

accuracy of the simulation remains a challenge for future work. 286 

Improving the accuracy of the simulation remains a challenge for future work. The ability to 287 

visualize scatter radiation in real time can provide immediate feedback to medical staff and caregivers 288 

regarding potential high-exposure areas, enabling them to adjust their positioning and protective measures 289 

accordingly. By integrating this system into clinical workflows, such as during fluoroscopic procedures or 290 

bedside radiography, it may contribute to improved radiation safety management and reduce unnecessary 291 

exposure. 292 

While this study demonstrated the feasibility of real-time scatter radiation visualization, further 293 

research is needed to assess its direct impact on radiation exposure reduction. Future studies may involve 294 

clinical trials or controlled experiments to compare staff and caregiver dose levels with and without the 295 

system’s implementation. Additionally, investigating its applicability to different imaging modalities and 296 

operational environments could further enhance its clinical utility. 297 

 298 

5 Conclusion 299 

This study successfully developed and evaluated a real-time scatter radiation visualization 300 

system using a high-sensitivity CMOS with pinhole collimator. The proposed system demonstrated the 301 

ability to identify scatter radiation sources with high spatial resolution while maintaining real-time 302 

observation capabilities. Through systematic evaluation, a pinhole diameter of 2 mm and an exposure time 303 



of 50 ms were identified as optimal parameters for achieving a balance between image clarity and efficiency. 304 

This system offers significant potential for enhancing radiation protection in clinical settings by enabling 305 

medical staff to visually assess scatter radiation distribution. It is anticipated that the application of this 306 

technology will contribute to safer working environments and more effective radiation safety management 307 

during diagnostic.  308 

 309 
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