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Abstract Complementary metal-oxide-semiconductor

(CMOS) sensors can convert X-rays into detectable sig-

nals; therefore, they are powerful tools in X-ray detection

applications. Herein, we explore the physics behind X-ray

detection performed using CMOS sensors. X-ray mea-

surements were obtained using a simulated positioner

based on a CMOS sensor, while the X-ray energy was

modified by changing the voltage, current, and radiation

time. A monitoring control unit collected video data of the

detected X-rays. The video images were framed and fil-

tered to detect the effective pixel points (radiation spots).

The histograms of the images prove there is a linear rela-

tionship between the pixel points and X-ray energy. The

relationships between the image pixel points, voltage, and

current were quantified, and the resultant correlations were

observed to obey some physical laws.
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1 Introduction

Complementary metal-oxide-semiconductor (CMOS)

sensors have several applications, owing to their ability to

convert X-rays and c-rays into a bright spot on the image

[1, 2]. Apart from Chandra, concepts for future large X-ray

astrophysics missions have already been well developed

[3]. In addition, the technical aspects of CMOS X-ray

detectors have been developed significantly. By focusing

on space-based X-ray observatories, the Penn State X-ray

detector lab has developed new small pixel hybrid CMOS

X-ray detectors [4]. In medicine, high-performance X-ray

detectors based on CMOS active pixel sensors have been

developed and proposed for digital breast tomosynthesis

[5–7].

CMOS sensors can be employed to detect low energy

X-rays or c-rays for imaging [8, 9] or dosimetry [10–14].

Diagnostic X-ray dosimetry uses the current or charge

obtained using an ionizing radiation sensor, which is

amplified using a special weak signal amplifier and col-

lected with the data collector and microprocessor, com-

bined with different mathematical models to correct the

radiation energy value [15]. A smartphone application

(app) using the built-in camera equipped with a CMOS

sensor was designed by Wei et al. [16] to survey the ion-

ization radiation of the environment.

Thus, a CMOS sensor can be used to detect X-rays. In

this study, we explore the physical laws behind this

phenomenon.

This work was supported by the Plan for Science Innovation Talent of

Henan Province (No. 154100510007), the Natural and Science

Foundation in Henan Province (No. 162300410179) and the

Cultivation Foundation of Henan Normal University National Project

(No. 2017PL04).

& Chun-Wang Ma

machunwang@126.com

1 College of Physics and Materials Science, Henan Normal

University, Xinxiang 453007, China

2 College of Electronic and Electrical Engineering, Henan

Normal University, Xinxiang 453007, China

3 Chongqing Cancer Hospital, Chongqing 400030, China

123

NUCL SCI TECH (2019) 30:9(0123456789().,-volV)(0123456789().,-volV)

https://doi.org/10.1007/s41365-018-0528-4

http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-018-0528-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-018-0528-4&amp;domain=pdf
https://doi.org/10.1007/s41365-018-0528-4


2 Materials and methods

2.1 Experimental setup

The schematic diagram of the system is shown in Fig. 1.

X-ray photons are generated using the AcuityTM Simulator,

produced by American Varian. The AcuityTM Simulator

can fix the position of the tumor region in a radiotherapy

patient and simulate the accelerator parameter. When the

voltage and current change with the radiation time, the

energy of the X-ray photons is adjusted. A monitoring

control unit produced by Shenzhen Stjiatu Technology Co.,

Ltd (STJIATU) is used. It comprises a CMOS image sen-

sor, video recorder, and liquid–crystal display (LCD). The

CMOS image sensor was adopted as the key part of the

X-ray detector to receive X-rays without any scintillator

[17]. The pixel architecture of the CMOS sensor is based

on silicon photodiode active pixel sensor technology.

When an X-ray photon impinges on the CMOS sensor, a

current is generated on the PN junction of the photodiode

[18]. In this case, a bright spot appears on the image [17].

Owing to the Compton effect, the energy loss is insignifi-

cant [19]. The bright image is displayed on the LCD dis-

play and saved as a video using a video recorder.

The camera was covered by a film to reduce the influ-

ence of the infrared light produced by the lamps. Figure 2

shows the schematic of the X-ray detection experiment,

which was conducted without visible light.

2.2 Data analysis methods

The analyzed image was in grayscale, where the gray

region indicates the image brightness or color shading [14].

The gray value method has been adopted in various image

processing applications for satellite images, aerial pho-

tographs, and geophysical observations [20]. The color

values of a certain pixel in the original image (red, green,

and blue) were transformed into grayscale values according

to the following equation [21]:

G ¼ ð30� Redþ 59� Greenþ 11� BlueÞ=100: ð1Þ

The background threshold is obtained by analyzing the

rule of pixel maximum rendered by radiation-free pictures:

The pixel value of a valid data picture with radiant high-

lights is greater than the background threshold.

First, the video data obtained from the experiment were

divided into images by using MATLAB. Subsequently,

images with valid data were filtered from these pictures

using the background threshold. Simultaneously, the

background threshold was used to filter out the background

noise. If a pixel point has a value lower than the back-

ground threshold, it is considered to be zero; otherwise, it is

regarded as an effective pixel point. A filtered grayscale

image without background noise is shown in Fig. 3.

Image histograms are used to illustrate the relationship

between the gray levels and their frequencies. If the total

number of pixels in an image is N, the number of gray

levels is L, and the total number of pixels in the kth gray

level with gray rk is n, the probability that the kth gray level

appears can be expressed as follows:

pðkÞ ¼ nk=N ðk ¼ 0; 1; . . .;L� 1Þ: ð2Þ

Figure 4 shows the image histograms for a group of images

with 80 mA and 250 ms. The voltages in Fig. 4a, b cor-

respond to 115 kV and 60 kV, respectively. In Fig. 4,

when the gray level is 255, the corresponding p is highest,

which indicates that there are many white pixel points.

Figure 4 shows that there is a certain relationship between

the gray value and voltage. In Fig. 4a, for centrally dis-

tributed effective pixels, when the voltage is 115 kV, the

gray distribution is higher and more focused in comparison

with that in Fig. 4b.

Considering that the effective pixel points correspond to

the radiation energy, we use the number of effective pixel

points and the sum of their gray values to quantify the

relationship between the gray value and voltage. As we

collected videos using various voltages and currents at

different points in time, the number of images in each

Fig. 1 Schematic diagram of

the system

Fig. 2 (Color online) Schematic of the X-ray detection experiment.

The red rectangle indicates the CMOS camera, and the green circle

indicates the recorder and LCD display
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group is different. Therefore, we normalized the afore-

mentioned two physical quantities.

3 Results

To investigate the correlation between the two physical

quantities and radiation energy, we perform linear fitting on the

obtained values, as shown in Figs. 5, 6, 7 and Tables 1, 2, 3.

Figure 5a shows the correlation between the voltage and

the number of effective pixel points when the current is 25,

50, and 80 mA. There are three distribution trends that

reflect the correlation between the gray value and voltage

at three different current values. The specific differences in

the fitting results are summarized in Table 1. The R2 values

of the sum of the gray values of all the effective pixels are

lower than those of the number of effective pixel points.

The correlations between the electron current and the

number of effective pixel points for the voltages of 60, 95,

and 125 kV are shown in Fig. 6a. Figure 6b presents the

correlation between the electron current and the sum of the

gray values of all the effective pixel points.

The three observed distribution trends for the two

physical quantities are similar; specific differences in the

fitting results are summarized in Table 2. The R2 values of

the sum of the gray values of all the effective pixels are

lower than those of the number of effective pixel points.

Figure 7 shows the correlation between the voltage and

the two physical quantities with the corresponding linear

function fitting at different times. The distribution trends of

the number of effective pixel points and the sum of their

gray values are similar; specific differences in the fitting

results are summarized in Table 3. The influence of time

on the radiation energy of the X-rays is considerably small.

4 Conclusion

An experiment for X-ray detection based on CMOS sen-

sors was designed. In this experiment, various voltages and

currents were used to control the energy of X-rays. Fur-

thermore, video data were collected using a detector at

Fig. 3 Grayscale image without background noise (80 mA; 250 ms;

60 kV)

Fig. 4 (Color online) Grayscale

image histogram without

background noise (80 mA;

250 ms)
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different points in time and images of valid data were

obtained from the video data via framing and screening

based on a background threshold. As shown in the image

histograms, the relationship between the effective pixel

points and radiation energy was quantified. With an increase

in the voltage and current, we obtained more effective pixel

points, and the gray distribution in the image histograms was

higher and more intensive. To determine the correlation

Fig. 5 (Color online)

Correlation between the voltage

and the two physical quantities

with the corresponding linear

function fitting based on the

different current values.

Number and sum, respectively,

indicate the number of effective

pixel points and the sum of their

gray values

Fig. 6 (Color online)

Correlation between the current

and the two physical quantities

with the corresponding linear

function fitting for three

different voltage values.

I denotes the electron current

Fig. 7 (Color online)

Correlation between the voltage

and the two physical quantities

with the corresponding linear

function fitting at different times
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between the effective pixel points, voltage, and current, we

fitted the experimental data of the two physical quantities—

the number of effective pixel points and the sum of their gray

values—with a linear function. The fitting results showed

that both measurements linearly changed with the voltage

and current but were not affected by time.
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