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Abstract

In this study, the mechanism and characteristics of the response « particles and the damage caused by them in CMOS active
pixel (APS) sensors were investigated. A detection and compensation algorithm for dead pixels caused by « particle ionizing
radiation was proposed, and the effects of dead-pixel compensation algorithms were compared and analyzed under differ-
ent parameter conditions. The experimental results show that « particle response signal has highest accuracy at 9 dB gain,
with an obvious “target-ring” distribution. With increasing cumulative dose, the CMOS APS pedestal tends to saturation
while dead pixels continue increasing. Though some pixel damage recovers through natural annealing, the dead-to-noise
ratio increases with irradiation time, reaching 32.54% after 72 h. A hierarchical clustering dead-pixel detection method is
proposed, categorizing pixels into two types: those within and outside the response event. A classification compensation
strategy combining mean and majority filtering is proposed. This compensation algorithm can address dead-pixel interfer-
ence without affecting a particle radiation response data. When iterated multiple times and with integration time exceeding
6.31 ms, the number of dead pixels can be effectively reduced.

Keywords CMOS active pixel sensor - « particles - Response event - Radiation damage - Dead-pixel compensation

1 Introduction

As an important branch of nuclear radiation detection [1],
a-particle detection technology has important applications
in surface nuclear radiation contamination detection [2, 3],
radon measurement [4, 5], and neutron measurement based
on the nuclear reaction method [6, 7]. Currently, the instru-
ments used for a-particle detection mainly include gas ioni-
zation detectors [8, 9], scintillator detectors [10, 11], solid
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track detectors [12, 13], time-projection chambers [14, 15],
and drift chambers [16]. Traditional detection methods often
have problems, such as large equipment size, complex opera-
tion, and limited measurement accuracy [17]. They are also
insufficient in digitalization and intelligence, and cannot
meet the needs of modern scientific research and industrial
production. Therefore, the development of digital and intel-
ligent chip-level detection methods, technologies, and equip-
ment has become an important direction for the development
of a-particle detection technology.

The CMOS active pixel sensor (CMOS APS), which is
a device that integrates signal detection, processing, and
readout functions, has shown significant advantages in the
field of nuclear radiation detection [18]. Its unique pixel-
level signal-processing capabilities enable the CMOS APS
to achieve high-resolution, low-noise, and high-frame-rate
radiation imaging [19, 20], thereby providing a new tech-
nical approach for nuclear radiation detection. This new
detection technology can not only achieve high-precision
and high-sensitivity detection of a particles but also has the
advantages of small size, low power consumption, and easy
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integration [21, 22]. It can also realize real-time transmission
and data processing, which provides core radiation monitor-
ing, and early warning provides timely and accurate informa-
tion. Currently, CMOS APS are widely used in the detection
of charged particles, such as y rays [23-25], X-rays [26-28],
protons [29] and low-energy electrons [30]. The principle is
that radiation interacts with the epitaxial layer material to
generate electron—hole pairs, which are then collected by the
space-charge region, resulting in a radiation response sig-
nal [31]. The application of CMOS APS for ionizing particle
detection is known as nuclear radiation detection. Scholars
have launched new explorations into detection methods, with
limited research on alpha particle detection. Research on a
particle radiation effect of CMOS APS will advance digi-
tal and chip-based development in a particle detection [32].
This detection technology faces challenges in optimizing
methods and radiation damage [33, 34]. Radiation damage
in CMOS devices includes ionizing type, caused by radia-
tion-induced electron displacement, and non-ionizing type,
resulting from atom displacement [35]. The radiation dam-
age by « particles to active pixel sensors primarily reflects
the displacement effect. With advancing reactor and accel-
erator technology, research has focused on displacement
effects in neutrons and protons [36], while studies on alpha
particle radiation damage remain limited. For noise detec-
tion and compensation, current methods include statistical
models, machine learning, transform domain techniques,
and image processing [37]. Statistical models detect abnor-
malities through pixel distribution and reconstruct images,
offering good noise robustness but with high computational
complexity [38]. Deep learning methods using computa-
tional neural networks (CNNs) and generative adversarial
networks (GANs) have progressed in image detection and
restoration [39, 40], enabling automatic dead-pixel detec-
tion, but require substantial data and computing resources.
Transform domain methods analyze noise through spectral
analysis [41], while image processing methods use edge
detection and segmentation for noise identification [42].
Though computationally simple, these methods have limited
effectiveness for complex scenes. Current algorithms, while
partially effective for noise identification and compensation,
struggle with refined detection and compensation for radia-
tion damage noise.

In this study, we conducted a-particle ionizing radiation
experiments on CMOS APS to elucidate the “target-ring”
distribution characteristics of a-particle radiation response
events. Based on a comprehensive analysis of the dark signal
characteristics of pedestals, noise, and dead pixels before
and after APS radiation damage, a hierarchical clustering
dead-pixel detection method was proposed to achieve refined
detection, classification, and localization of various com-
plex signals in images. We adopted a classification com-
pensation strategy combining mean and majority filtering
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by accurately locating the coordinates of dead pixels and
optimizing the compensation effect, lossless compensation
of a-particle response signals under radiation damage inter-
ference is achieved. The proposed algorithm was verified
experimentally. The results of this study provide support for
improving the mechanism of a-particle radiation effects on
CMOS APS as well as drive the development and enhance-
ment of a-particle detection technology.

2 Materials and methods
2.1 Samples and radioactive resource

The Onsemi MT9P031 CMOS active pixel sensor was used
as an experimental sample. Its pixel size is 2.2 pm X 2.2 pm,
the number of effective pixels is 2592 (H)x1944 (V), the
power supply voltage is 1.7 V=3.1 V, the power consump-
tion is 381mW, and the analog-to-digital converter inte-
grated on the sensor provides 8-bit data output. During the
experiment, the white balance control system, automatic
black balance calibration, noise reduction, and exposure
compensation were turned off and the integration time and
gain were set manually.

A 2! Am radioactive source was used in the experiment.
The characteristic energy of the radioactive source was
5.48 MeV, and the fluence rate was 8.56 X 10> cm=2 - s~1, as
measured using an ORTEC four-channel a spectrometer. The
ambient temperature was approximately 27 °C, the nonuni-
formity of the radiation source was less than 5%, and the
radioactivity was 33 kBq. The distance between the sensor
and radioactive source was fixed, and the a-particle fluence
rate was the same during the experiment. An 3 pm aluminum
film was used to isolate the interference of visible light on
the sensor. Physical radioactive sources and their energy
spectra are shown in Fig. 1a and Fig. 1b.

2.2 Experimental setup

The experimental system included a CMOS active pixel sen-
sor module, and data acquisition and analysis software that
used a USB high-speed interface for communication and
data transmission. The sensor module included an iCamera
mainboard and a CMOS APS sensor board. The mainboard
module is an iCamera 51 microcontroller used for the acqui-
sition, preprocessing, and transmission of APS signals with
a sampling frequency of 25 Hz. Data acquisition and analy-
sis software was used to read, analyze and store the response
data. The experimental setup is illustrated in Fig. 1c, Fig. 1d
and Fig. le.

The experimental plan and parameter settings are listed
in Table 1. Sensor pedestal data were measured and stored
prior to the irradiation experiment. During the irradiation
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Fig. 1 (Color online) Experimental samples and experimental system diagram. a Image of >*' Am radioactive source; b (Color online) Energy
spectrum in 2*! Am; ¢ Experimental module schematic diagram; d Experimental module physical diagram; e Experiment system

Table 1 Experimental plan and

. Step Experimental type Time (h) Gain (dB) Integral
parameter settings time
(ms)
1 Before irradiation 0 (1 times sampling) 5-15 0-90
50/100 0-90
Under irradiation 0 to 87 (29 times sampling) 5-15 0-90
3 After irradiation 0 to 87 (29 times sampling) 50/100 0-90

experiment, the radiation source was removed every 3 hto file format, and the frame sampling rate was 1 s to store one
collect dark image data. The data storage format was “BMP”  frame of image.
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3 Radiation response

Owing to the influence of the gain settings on the ampli-
fication factor of each pixel’s response signal to a parti-
cles, the characteristics and distribution of the a response
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Fig.2 (Color online) Heatmap and Gaussian fitting of the response
signal distribution at different gains, and schematic diagram of the
a radiation response. a Pixel distribution of response signals and
Gaussian fitting under different gains; b 9 dB response signal heat-
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events are affected. As shown in Fig. 2a shows the distri-
bution map and Gaussian fitting curves of the response
signals with an integration time of 22.5 ms for different
gain settings. The experimental results indicated that when
the gain was set to 8 dB or lower, the characterization
measurement of the a-radiation response signal was in an
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unsaturated state, as indicated by a single point at the peak
falling below the fitting curve. When the gain is set to
10 dB, the sensor parameter setting is in an oversaturated
state, characterized by multiple points at the peak falling
below the fitting curve. When the gain is set to 9 dB, the
peak of the response signal coincides with the vertex of the
Gaussian fitting curve, indicating an optimal gain setting.
The cross-sectional heat map and distribution map of the
9 dB response signal are shown in Fig. 2b and Fig. 2¢, and
Gaussian curve fitting was performed.

Although a higher gain may cause distortion in the response
signal, it also makes the response signal more pronounced,
aiding in distinguishing the signal from the pedestal signal.
As shown in Fig. 2d, a heatmap of the gray value distribution
of the a response signal is presented under the conditions of a
50 dB gain and an integration time of 22.5 ms. As illustrated,
the a response signal exhibits a distinct “target-ring” distribu-
tion pattern. In central region A, the pixel values were nearly
saturated, with gray values close to 255. Region B is the “ring
band” of the & response signal, characterized by similar gray
values for pixels on the same ring, but significant differences
in gray values between different rings. In this region, the pixel
values exhibit a gradient distribution that decreases sharply
from the inside to the outside. This is because a particles have
high energies, typically between 3 MeV and 5 MeV, with
strong ionization capabilities but weak penetration abilities.
Consequently, the energy of a particles incident on the sensor
surface is almost entirely deposited within the pixels. The size
of the pixel area affected by the response signal is related to the
energy of the a particles and the number of response signals
in the frame image is related to the fluence of the « particles.
Region C is referred to as the “external region”, which rep-
resents noise or pedestal pixel values under dark conditions.
The red arrows in the figure indicate the dead pixels, which
are described in detail in the next section on radiation damage.

The principal diagram of the a particle radiation effects
on a CMOS APS is shown in Fig. 2e. When a particles enter
the interior of a pixel, electron—hole pairs are generated by
ionization within and near the space-charge region of the
photodiode structure. These electron—hole pairs are collected
and produce a current under the influence of the built-in
electric field, thereby forming a response signal. This is rep-
resented by regularly shaped white spots in the frame image.
Therefore, a correlation between the energy deposition of
particles and pixel values is evident.

4 Radiation damage
4.1 Radiation damage pattern

Figure 3a shows the distribution of radiation damage noise
within 24 h. As shown, the values of each irradiated pixel

are generally less than 20, primarily because of the dark
current caused by manufacturing defects in the sensor itself,
which is known as the pedestal. With prolonged irradia-
tion time and increased total radiation dose, the number of
pixels within the 30-255 gray range increases, indicating
an increase in noise. After further irradiation, some pixels
undergo irreversible damage, losing their ability to collect
charge. These pixels are known as dead pixels. Unlike radia-
tion response signals, dead pixels are typically distributed
randomly across the entire APS. A key characteristic is their
fixed presence across consecutive frames, with positions and
intensities unaffected by parameters and irradiation condi-
tions. Therefore, if the pixel values at the same pixel position
in three consecutive frames were identical and significantly
higher than neighboring pixels, they were identified as dead
pixels.

The types and characteristics of damage patterns in the
CMOS APS are shown in Fig. 3b. While setting a threshold
to subtract the pedestal can mitigate the pedestal’s impact on
the response signal statistics, it cannot eliminate the interfer-
ence of radiation damage on the response signals. In addi-
tion, dead pixels significantly disrupted the measurement
results of a particles.

4.2 Quantitative analysis of a radiation damage

Based on the assessment of a radiation damage patterns and
their characteristics in the CMOS APS, precise identification
and localization of dead pixels and noise in the output frame
images after sensor damage can be achieved. This allowed us
to obtain the quantity and positional information of the dead
pixels and noise in the frame images at different irradiation
times. Figure 3¢ shows the identification and localization of
the dead pixels in a partial area of the frame image. In the
figure, “P” represents dead pixels, and the red boxes indicate
response signals. This method enables the accurate detection
of failed sensor pixels, which is crucial for suppressing and
compensating radiation noise.

Figure 3d depicts the relationship curve showing the vari-
ation in noise and dead-pixel counts over the irradiation time
under continuous irradiation conditions for 72 h. As shown,
with prolonged irradiation time and increased total radiation
dose, the pedestal pixel values and number of dead pixels in
the CMOS APS continuously increase.

It can be observed that the amount of noise increases ini-
tially and then levels off with increasing irradiation time,
whereas the number of dead pixels continues to rise stead-
ily with irradiation time. This indicated that as the accu-
mulated dose increased, the pedestal pixel values continued
to increase. This is because of the increase in trap charges
generated at the Si/Si0O, interface of the shallow trench isola-
tion (STI) within pixel units with increasing total radiation
dose. This phenomenon enlarges the depletion region and

@ Springer
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Fig.3 (Color online) Types, characteristics, and temporal variations
of radiation damage. a Histogram of irradiation damage changing
with irradiation time; b damage mode type and characteristic rela-

pushes it closer to the STI structure, leading to an increase
in dark current. Some pixels may be more susceptible to
radiation damage due to their manufacturing processes. With
an increase in the total irradiation dose, the pixel values of
the vulnerable pixels reach saturation, and some pixels may
undergo natural annealing and recovery after damage. How-
ever, the number of dead pixels that have lost their charge
collection capability continues to increase.

The proportional relationship between the dead-pixel data
in Fig. 3d(1), and the noisy data in Fig. 3d(2) to derive the
curve in Fig. 3d(3) showing the variation in the dead-to-
noise ratio over time. The dead-to-noise ratio increased con-
tinuously with increasing irradiation time, indicating that the
impact of radiation damage on sensor performance gradually
intensified, with an increasing number of pixels becoming
dysfunctional. After 72 h of irradiation, the dead-to-noise
ratio reaches 32.54 %.
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5 Radiation damage compensation

5.1 Characteristics and detection methods of dead
pixels

Figure 4a shows the histogram of noise and response sig-
nals within a 25 X 25 pixel area after 24 h of irradiation.
Figure 4b shows the 3D distribution with dead pixels in
the response signal. Significant differences exist between
response signals and noise characteristics. The a response
signal covers an area of 3 X 3 pixels or larger, with gray val-
ues decreasing from the central pixel outward. The central
pixel has a gray value around 250, consistent with the target-
ring distribution. Dead pixels appear as isolated pixels with
higher values than adjacent pixels, ranging from 50 to 255.
Before irradiation, CMOS APS pedestal pixel values were
below 20. Irradiation increases pedestal pixel values and
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Fig.4 (Color online) Charac-
teristics and detection of dead
pixels. a Histogram of noise and
response signals; b charac-
teristics of dead pixels in the
response signal; ¢ logic block
diagram of dead-pixel detection
method; d histogram of the
number of dead pixels detected
by the two methods under dif-
ferent integration times
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damages pixels. When establishing statistical relationships
between pixel values and « particle radiation, dead pixels
affect the signal-to-noise ratio and a response signal statis-
tics, necessitating radiation damage compensation research.

Based on the previous analysis of the response signal and
the characteristics of the dead pixels, as shown in Fig. 4a and
Fig. 4b, dead pixels are classified into two categories: one
type is dead pixels within the response signal and dead pix-
els within the pedestal or noise. By converting the imported
N images into array data and using the analyzed gray values,
response signal characteristics, and dead pixels for hierarchi-
cal clustering to identify pixel points, a hierarchical cluster-
ing dead-pixel detection method was proposed, as shown
in Fig. 4c.

In the figure, Th, represents the pedestal noise threshold,
which is obtained by calculating the average pixel value of
the dark image before irradiation. The calculation formula
is as follows Eq. (1):

N jxk

Thy = NXJ Nk 2 2 Fnint (1)

n=1 i=

where N represents the total number of frames and E, ;.
represents the pixel value matrix of the n-th frame, where
j and k are the horizontal and vertical pixel matrix coordi-
nates, respectively.

In this study, 300 dark image frames before irradiation
were selected for the calculation. The calculation results
show that the average pixel grayscale value was 15 or more
than 99% of the pixels with a value less than 15. Therefore,
in this study, the pedestal noise threshold Th,, was set to 15.

When determining whether the n-th imported frame
image contains dead pixels, the pixel points are scanned
row by row and then column by column. If the gray value
of a scanned pixel point exceeds the threshold, then it is
considered a potential response signal or noise. The target-
ring classification characteristics of the response signal were
imported to determine whether the point was a response sig-
nal. If it does not conform to the target-ring distribution
characteristics, then it is considered noise. Then, further ana-
lyze the identified response signal or noise and continued
scanning the gray values of the pixel points in the same posi-
tion for the next two frames. If the gray values of this pixel
are equal for three consecutive frames, the pixel is judged
to be a dead pixel. Based on the location of the dead pixels,
they were classified into two types: Type-A dead pixels were
located outside the response signal and type-B dead pixels
were located within the response signal.

A threshold-setting method and hierarchical clustering
dead-pixel detection method were proposed. The dead pixels
in the frame images were counted, and a histogram of the
dead-pixel count detected using the two methods at different
integration times is shown in Fig. 4d. The number of dead

@ Springer

pixels detected by the threshold-setting method was gener-
ally higher than that detected by the hierarchical clustering
dead-pixel detection method. This is because the threshold-
setting method counts noise above the set threshold as dead
pixels, which includes damaged pixels that have not yet died.
The detection error of this method across multiple frames
was higher than that of the hierarchical clustering detec-
tion method. The detection method proposed in this study
is more accurate and has fewer errors.

5.2 a radiation damage compensation method

A dead-pixel compensation method was proposed based on
the characteristics of the dead pixels, as shown in Fig. 5. For
type-A dead pixels (i.e., dead pixels in noise), compensation
was achieved using a majority filtering method. The com-
pensation algorithm is expressed by Eq. (2):

I = Iy, @

where I, is the gray value after dead-pixel compensation and
Iy 1s the gray value of the noise or pedestal pixel with the
largest number in the current frame image.

For type B dead pixels, i.e., dead pixels in the response
signal, based on the characteristics of the target-ring distri-
bution, we propose to mainly use the idea of mean filtering
using the interpolation of adjacent pixels to replace the out-
put of the dead pixel. When the dead pixel is in the “center
point” region, since the gray value of the pixel in the center
point region is relatively high in the entire response signal
characteristics, the dead pixel has little effect on it.

The compensation method is to calculate the average
pixel gray value of the entire center point region as the com-
pensation pixel gray value of the dead pixel after deduct-
ing the damaged pixel point; when the dead pixel is in the
“ring band” region, the average value of the current ring is
used as the compensation pixel gray value of the dead pixel;
when the dead pixel is in the “external region”, the noise
gray value of this region is not much different from that of
the sensor as a whole, and the detected dead pixel can be
replaced and compensated by the above-mentioned type-A

Determine the location
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[
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. i Average gray .
number of noise or excluding ST number of noise or
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Fig.5 Logic block diagram of dead-pixel compensation method
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dead-pixel compensation method. The mean filter processing
algorithm is as follows Eq. (3):

X )

= 3
f N 3

where N is the number of pixels in different “target-ring”
region in the response signal, V, is the gray value after dead-
pixel compensation, [ is the number of dead pixels in the
“target-ring” region, and V,j is the gray value of the pixel
in the “target-ring” region where the dead pixel is located.

5.3 aradiation damage compensation effect

In this study, Python was used to write the algorithms for
image data processing on a PC. The time required for this
algorithm to perform dead-pixel detection or compensa-
tion processing on a frame of image is 0.04 s (+0.005 s),
and the required storage space is 66 kB. To reduce statis-
tical errors, approximately 300 image frames were pro-
cessed for each parameter condition. Therefore, the image
data processing speed under a single-parameter variable
was approximately 12 s, and the occupied memory was
approximately 19.3 MB. Figure 6a and Fig. 6b show a
comparison bar chart of the compensation effects before
and after. After applying the compensation algorithm, the
number of dead pixels decreased significantly, whereas
the response signal remained unaffected. The compensa-
tion algorithm does not interfere with the response signal
data. Therefore, this compensation algorithm effectively
achieved dead-pixel compensation without affecting the
response signal.

Figure 6¢ and Fig. 6d depicts the distribution of the
pixel gray values of the cross section of the response signal
before and after compensation. The red pixels in the image
before compensation represent dead pixels, which clearly
indicate the location and degree of radiation damage. It can
be observed from the compensated image that the proposed
compensation algorithm based on the target-ring distribution
characteristics compensates for the red dead pixels in the
original Fig. 6c, the pixel value is replaced with that of the
blue pixel in Fig. 6d. The experimental results show that the
radiation noise compensation method proposed in this study
can effectively compensate for dead pixels and reduce the
interference of radiation damage on the image information
data, thereby improving the accuracy of the APS’s response
to a-particles.

The integral time is closely related to the characteriza-
tion of the dead pixels caused by radiation damage. Longer
integration times can improve the sampling efficiency of

@ Springer

alpha particle response signals, but they can also increase the
pedestal owing to the dark currents generated by radiation
damage during the integration period. Figure 6e shows the
relationship between the number of dead pixels before and
after compensation using the two methods under different
integral conditions. As shown in the figure, the compensa-
tion effect of the distribution compensation strategy adopted
in this study is better than that of the current single inter-
polation compensation method. Through multiple iterations
of the compensation algorithm, the number of dead pixels
can be further effectively reduced when the integral time
exceeds 6.31 ms.

6 Conclusion

In this study, experiments were conducted on the alpha parti-
cle radiation response and damage of CMOS APS by study-
ing the characteristics of the response events and damage
modes. It quantitatively characterizes radiation damage and
proposes a method for detecting, locating, and compensating
for radiation damage noise. The conclusions drawn from the
experiments are as follows:

1) For the selected samples in this study, the characteriza-
tion accuracy of the response signal generated by alpha
particles was the highest when the gain was set to 9 dB.
Alpha particle response events exhibit distinct “target-
ring” distribution characteristics.

2) As the cumulative dose increased, the pedestal of the
CMOS APS increased and eventually became satu-
rated. However, the number of dead pixels continues to
increase. Although some pixel damage may be recovered
through natural annealing, the dead-to-noise ratio con-
tinues to increase with prolonged irradiation time.

3) The dead pixels are divided into two categories accord-
ing to their location: those located inside and outside
the response signal. Using the target distribution char-
acteristics of the alpha response signal, the mean filter
method is used to compensate for dead pixels located
inside the response signal and the majority filter method
is used to compensate for dead pixels located outside the
response signal. Multiple iterations of the compensation
algorithm can effectively reduce the number of dead pix-
els caused by an increase in integration time.
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