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Abstract
This study investigates the effects of displacement damage on the dark signal of a pinned photodiode CMOS image sensor 
(CIS) following irradiation with back-streaming white neutrons from white neutron sources at the China spallation neutron 
source (CSNS) and Xi’an pulsed reactor (XAPR). The mean dark signal, dark signal non-uniformity (DSNU), dark signal 
distribution, and hot pixels of the CIS were compared between the CSNS back-n and XAPR neutron irradiations. The non-
ionizing energy loss and energy distribution of primary knock-on atoms in silicon, induced by neutrons, were calculated 
using the open-source package Geant4. An analysis combining experimental and simulation results showed a noticeable 
proportionality between the increase in the mean dark signal and the displacement damage dose (DDD). Additionally, neutron 
energies influence DSNU, dark signal distribution, and hot pixels. High neutron energies at the same DDD level may lead 
to pronounced dark signal non-uniformity and elevated hot pixel values.

Keywords  Displacement damage effects · CMOS image sensor (CIS) · CSNS back-n · XAPR neutrons · Geant4 · Dark 
signal non-uniformity (DSNU)

1  Introduction

Imaging detection systems using CMOS image sensors 
(CISs) have high application prospects in radiation envi-
ronments owing to their advantages, such as low-power 
consumption, improved electro-optical performance, and 
high tolerance to total ionizing dose (TID) effects [1–5]. 
Several previous studies have investigated the radiation 
effects of CISs, showing that they are particularly suscepti-
ble to displacement damage dose (DDD) effects. However, 
effective methods for radiation hardening have not yet been 

proposed [6–9]. Consequently, evaluating and estimating the 
DDD effects on CISs have become essential.

For Si-based devices, the concept of equivalent DDD, 
introduced by the US Naval Research Laboratory [10], has 
been utilized to assess the degradation caused by displace-
ment damage from various particles, such as neutrons, pro-
tons, and heavy ions. The DDD effect on the mean dark 
signal of CISs with different structures under neutron or 
proton irradiation is consistent with the theory of equiva-
lent DDD, as demonstrated by Virmontois and Goiffon [11, 
12]. In addition to the mean dark signal, dark signal non-
uniformity (DSNU) and dark signal distribution are crucial 
parameters for evaluating CIS performance, considering 
that CISs operate as an array of photodiodes. Analyzing the 
mean dark signal alone is insufficient for a comprehensive 
assessment of the impact of displacement damage on CIS. 
Unfortunately, the DDD effect on DSNU and dark signal 
distribution has not yet been elucidated.

Neutron irradiation experiments are commonly employed 
to investigate equivalent DDD effects induced by protons, 
heavy ions, or mixed particles [13, 14]. Typically, the irra-
diation fluence is converted to an equivalent 1-MeV neutron 
fluence for standardization. In previous assessments of DDD 
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effects on CIS, DDD has been considered, but the influence 
of neutron energy is usually overlooked. The impact of neu-
tron energy on the DDD effect in dark signals, especially on 
DSNU, dark signal distribution, and hot pixels, should be 
investigated to effectively assess the overall effect of DDD 
on CIS performance.

This study investigated the DDD effect on the mean 
dark signal, DSNU, dark signal distribution, and hot pixels 
induced by back-streaming white neutrons (Back-n) at the 
China spallation neutron source (CSNS) and Xi’an pulsed 
reactor (XAPR). Parameter degradation was evaluated via 
an analysis that employed the theory of equivalent DDD. 
To assess the energy distribution of the primary knock-on 
atoms (PKAs) and non-ionizing energy loss (NIEL) induced 
in Si by 1-MeV wide-spectrum neutrons at CSNS back-n 
and XPAR with an equivalent neutron energy of 1 MeV, the 
open-source package Geant4 was employed for calculations. 
Research findings were analyzed by combining the results 
from both experimental and simulation approaches.

2 � Experimental details

2.1 � Samples

Two types of CISs (CIS1 and CIS2) were used in our 
experiments. The cross-sections of the pixel structures 
of CIS1 and CIS2 are presented in Fig.  1. CIS1 is a 
frontside illuminated scientific CIS comprising 11 μ
m-pitch 2048 × 2048-pixel arrays. The active image size 
is 22.5mm × 22.5  mm, and it is packaged in a 115-pin 
micropin grid array ( μPGA) package. The temporal noise is 
approximately 1.47e− , and the dynamic range exceeds 96 dB 
in high dynamic range mode. The power consumption of the 
image sensor operating at full speed is less than 600 mW. 
CIS2 is a backside-illuminated scientific CIS comprising 
6.5 μm-pitch 2048 × 2048-pixel arrays. The active image 

size is 13.3 mm × 13.3 mm, and it is packaged in a 153-pin 
μPGA package. The temporal noise is almost 1.20e− with 
two-correlated multiple sampling (CMS) operations, and 
the dynamic range exceeds 90 dB. Both CIS circuits were 
fabricated using a 0.18-μ m commercial CIS process. The 
CISs employ a P+∕N∕P sandwich structure, known as a 
pinned photodiode to accumulate charges during integration. 
When the transfer gate is open, charges collected in the 
depletion region (also referred to as the space charge region, 
SCR) of the CIS pixel are transferred to the floating diode 
and subsequently read. Shallow trench isolation surrounds 
the photodiode to minimize crosstalk. Compared with 
traditional photodiodes, such as PN diodes or PIN diodes, a 
CIS consists of millions of pixels that demonstrate unique 
statistical properties, rendering it suitable for analyzing the 
DDD effect.

2.2 � Experimental setup

Neutron irradiation experiments were conducted at XAPR 
and CSNS back-n facilities. In our experiment, we used 
four CIS samples: CIS1 − #1 , CIS1 − #2 , CIS1 − #3 , and 
CIS1 − #4 . CIS1 − #1 was exposed to a 1-MeV neutron 
equivalent fluences of 1 × 1011 n∕cm2 and 2 × 1011 n∕cm2 
at XAPR. CIS1 − #2 was exposed to CSNS back-n with 
fluences of 5 × 109 n∕cm2 , 1 × 1010 n∕cm2 , 3 × 1010 n∕cm2 , 
6.5 × 1010 n∕cm2 , and 1 × 1011 n∕cm2 . CIS1 − #3 was 
exposed to a 1-MeV neutron equivalent fluence of 1 × 1011 
at the XAPR. CIS1 − #4 was exposed to CSNS back-n with 
fluence of 1 × 1010 n∕cm2 , 3 × 1010 n∕cm2 , 5 × 1010 n∕cm2 , 
1 × 1011 n∕cm2 , and 2 × 1011 n∕cm2 . All CISs were unbiased 
during irradiation. The energy of XAPR neutron irradiation 
ranges from meV to 20 MeV, while that of the CSNS back-n 
neutron irradiation ranges from eV to 200 MeV [15–19]. 
The accuracy of the XAPR neutron irradiation fluence was 
within 10%, and that of the CSNS back-n irradiation fluence 
was within 5%. The mean dark signal, DSNU, and dark 
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Fig. 1   (Color online) Schematic of CIS1 (Left) and CIS2 (Right)
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signal distribution were measured after neutron irradiation. 
The ambient laboratory temperature was controlled using 
an air conditioner and maintained at approximately 25 °C. 
Images were captured until the output of the test system was 
stable to ensure that the measured uncertainty was less than 
1%. The parameters were then calculated using a program 
developed by our research team.

3 � Simulation details

To investigate the disparity in radiation effects on the CIS 
induced by neutrons at CSNS back-n and XAPR, Monte 
Carlo simulations were conducted using the open-source 
package Geant4 version 11.0 [20–22]. The sensitive region 
of the CIS comprises Si with a thickness not exceeding 
5 μ m. To enhance simulation efficiency, a simplified 
geometry was employed to simulate the DDD effect on the 
CIS. The geometry was simplified to a single Si box with 
dimensions of 1 cm × 1 cm × 2 mm, representing a ‘quasi-
infinite’ homogeneous medium. Incident particles were 
directed toward the center of the Si box, as shown in Fig. 2a. 
The cross-section of the neutron interaction with Si used 
in our Geant4 simulations is shown in Fig. 2b. The energy 
spectrum of PKAs resulting from neutron interactions was 
computed.

The DDD is then calculated using the NIEL and 
irradiation fluence [23].

where NIEL , representing the energy deposited in a material 
resulting in displacement damage, is used in this study. The 
PKA and NIEL energy spectra were calculated for 1 MeV 
wide-spectrum neutrons at CSNS back-n and XPAR with an 
equivalent neutron energy of 1 MeV. The energy spectra of 
the CSNS back-n and XAPR neutron used in the simulation 
were generated using measured data. Figure 2c and d shows 
the energy spectra of the CSNS back-n and XAPR neutrons, 
demonstrating the similarity between the simulated and 
measured data. To examine the disparity in degradation 
induced by the CSNS back-n and XAPR neutrons, the 
DDD was calculated using Geant4, employing Eq.  (1). 
Additionally, the NIEL was computed using the Lindhard 
energy-partition function Q(T) [24].

 where E0 is the incident particle energy, NA is Avogadro’s 
number, A is the atomic weight, T is the kinetic energy of 

(1)DDD = Φ(E) ⋅ NIEL
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the recoil, Tmin and Tmax are the minimal and maximum ener-
gies that can be transferred to the lattice atom of the target 
material, respectively, d�∕dT  is the differential interaction 
cross-section, and kL , � , g(�) are dimensionless parameters, 
which are expressed as follows [24, 25]:

where Z is the atomic number of the PKA, A is the atomic 
mass number of the PKA, ZL is the atomic number of 
the target material, and AL is the atomic mass number of 
the target material. To minimize calculation errors, the 
simulation was repeated 80 times using the Monte Carlo 
method. A random seed was set based on the system time to 
ensure different simulation processes. Figure 2e shows the 
NIEL of 1-MeV neutron, wide-spectrum neutrons at CSNS 
back-n, and XPAR with an equivalent neutron energy of 1 
MeV plotted against the run number. As shown in Fig. 2e, 
the average NIEL for a 1-MeV neutron is higher than those 
of the XAPR neutron and CSNS back-n. Moreover, the 
NIEL of a-1 MeV neutron aligns with the findings presented 
in reference [26]. Furthermore, the average NIEL of CSNS 
back-n is greater than that of the XAPR neutron.

4 � Results and analysis

4.1 � Mean dark signal

The mean dark signal represents the average value of the 
dark signal for each pixel of the CIS array, without any 
charge injected by light, particles, or electrical means. This 
parameter is significant for evaluating CIS performance. The 
mean dark signal is expressed as follows [27]:

where M and N are the number of rows and columns of the 
image, respectively. m and n are the row and column indices 
of the array. �y,dark[m][n] is the dark signal of pixel (m, n). 
Figure 3a shows the relationship between the mean dark 
signal and neutron irradiation fluence after CSNS back-n and 
XAPR neutron irradiation. Data uncertainties are mainly due 
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Fig. 2   (Color online) Simulation details and results: a schematic of target detector; b cross-section of neutron for Si; c energy spectrum of CSNS 
back-n; d energy spectrum of XAPR neutron; and e NIEL versus run number
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to the accuracy of the irradiation fluence and data measure-
ment system. The accuracy of the XAPR neutron irradia-
tion fluence was within 10%, and that of the CSNS back-n 
irradiation fluence was within 5%. In addition, image data 
were captured until the output of the test system stabilized 
to ensure that the measurement system uncertainty was 
less than 1%, which was negligible on this scale. Figure 3a 
shows that the radiation damage induced by XAPR neutrons 
is close to that induced by the CSNS back-n at the same 
irradiation fluence (the neutron fluence for XAPR neutrons 
is the 1-MeV neutron equivalent fluence). The dark signal 
is produced from bulk defects generated by neutrons when 
they traverse the SCR of the CIS. Further information on 

the mechanism of dark signal generation can be found in our 
previous studies [28].

In our experimental setup, the fluence of the XAPR neu-
tron was equivalent to that of a 1-MeV neutron. Therefore, 
the NIEL of a 1-MeV neutron was employed to represent the 
NIEL of the XAPR neutron. However, the NIEL of a 1-MeV 
neutron is not greater than 10% of that of the CSNS back-n, 
which is similar to the accuracy of the irradiation fluence. The 
radiation damage induced by the XAPR and CSNS back-n 
neutrons is almost similar. As shown in Fig. 3a, the XAPR 
neutron causes damage similar to that of the CSNS back-n 
at an equivalent irradiation fluence, confirming our observa-
tions. Figure 3b shows the relationship between the mean dark 
signal and DDD following XAPR neutron and CSNS back-n 
irradiation. Data uncertainties, including the accuracy of the 
irradiation fluence and simulation uncertainties, are presented. 
As shown in Fig. 3b, the increase in the mean dark signal is 
proportional to the DDD. This result is consistent with the 
findings of Goiffon and Srour [12, 24]. The goodness-of-fit of 
the linear regression model was calculated, yielding a value 
of approximately 0.991 for CIS1 and 0.986 for CIS2. Thus, 
the relationship between the mean dark signal and DDD can 
be expressed as

where �y,dark_CIS1  is the mean dark signal of CIS1 and 
�y,dark_CIS2 is the mean dark signal of CIS2. In addition, 
Fig. 3b shows that the dark signal at 2 × 1011 n∕cm2 deviates 
from linearity. This deviation is mainly due to the increase 
in irradiation fluence, causing several pixels to reach satu-
ration, subsequently decreasing the rate at which the mean 
dark signal increases [28]. The goodness-of-fit of the linear 
fitting yields a value of approximately 0.998 for CIS1 and 
0.996 for CIS2 if the value of the dark signal at 2 × 1011 
n∕cm2 is not considered. Moreover, Fig. 3b shows that the 
fitting slope of CIS1 is greater than that of CIS2. This dif-
ference is mainly induced by the volume of the space charge 
region (also termed sensitive volume). The pixel sizes of 
CIS1 and CIS2 are 11 μ m × 11 μ m and 6.5 μ m × 6.5 μ m, 
respectively. More details about the effect of the volume of 
the space charge region on the dark signal of CIS need to be 
analyzed in future studies combined with TCAD fabrication 
simulations.

4.2 � Dark signal non‑uniformity

The DSNU is a measure of the non-uniformity of the dark 
signal within CIS arrays. This is defined as follows [27]:

(8)�y,dark_CIS1 = 8.13 × 10−8(DN∕ms∕g∕MeV) ⋅ DDD

(9)�y,dark_CIS2 = 4.44 × 10−8(DN∕ms∕g∕MeV) ⋅ DDD
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Figure 4a and b shows the relationship between DSNU and 
neutron irradiation fluence following CSNS back-n and 
XAPR neutron irradiation. Here, DSNU increases as the 
irradiation fluence increases under the same irradiated neu-
tron source. However, in certain cases, DSNU may decrease 
with increasing irradiation fluence when the integration time 
is sufficiently long, and many pixels reach saturation, as 

(10)DSNU =
1

MN − 1

M−1
∑

m=0

N−1
∑

n=0

(�y,dark[m][n] − �y,dark)
2.

observed in our previous work [28]. Figure 4c and d shows 
the relationship between DSNU and DDD after CSNS back-
n and XAPR neutron irradiation. Figure 4c and d shows that 
the DSNU of the CIS irradiated by CSNS back-n is higher 
than that irradiated by the XAPR neutron, even under nearly 
the same DDD. Both CIS1 and CIS2 exhibit similar phe-
nomena. This observation indicates that CSNS back-n has a 
higher tendency to induce non-uniformity in the dark signal 
of CIS arrays than the XAPR neutron when exposed to an 
equivalent DDD. The dark signal of each pixel is directly 

Fig. 4   (Color online) DSNU versus DDD after CSNS back-n and XAPR neutron irradiation: a DSNU versus neutron irradiation fluence for 
CIS1; b DSNU versus neutron irradiation fluence for CIS2; c DSNU versus DDD for CIS1; and d DSNU versus DDD for CIS2
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influenced by the displacement damage density, which, 
in turn, is affected by the PKA energy. The relationship 
between the dark signal and PKA energy was discussed in 
our previous studies [29]. Notably, the PKA energy induced 
by CSNS back-n is larger than that induced by the XAPR 
neutron. Consequently, the CSNS back-n may result in a 
high degree of non-uniformity in the dark signal. Detailed 
information regarding the PKA energy spectra of the CSNS 
back-n and XAPR neutrons is provided in the subsequent 
section.

4.3 � Dark signal distribution

Dark signal distribution refers to the variation in the dark 
signal among individual pixels within CIS arrays in the 
absence of external light, particles, or electrical inputs. 
Figure 5a–d shows the dark signal distributions of the CIS 
after exposure to CSNS back-n and XAPR neutron irradia-
tion. The irradiation fluence for both cases is approximately 
1 × 1011 n∕cm2 ( for the XAPR neutron, the irradiation flu-
ence represents a 1-MeV neutron equivalent fluence). As 
shown in Fig. 5a–d, noticeable differences can be observed 
in the dark signal distributions resulting from CSNS back-
n and XAPR neutron irradiation. The dark signal distribu-
tion can be analyzed in three distinct regions. In region I, 
the dark signal of the CIS exhibits minimal variation after 
irradiation by the CSNS back-n and XAPR neutrons. This 
region primarily comprises pixels that are largely unaffected 
by neutron irradiation, with minor differences likely attrib-
utable to variations in production technology. In region II, 
the number of pixels damaged by XAPR neutron irradiation 
exceeded those damaged by the CSNS back-n. In region III, 
the number of pixels damaged by CSNS back-n irradiation 
exceeded that damaged by XAPR neutron irradiation.

The dark signal is proportional to the dark current, which 
consists of surface, bulk, and diffusion currents in the CIS. 
After neutron irradiation, the increase in the dark current 
is mainly induced by the bulk current at room temperature. 
Bulk dark current is mainly induced by the bulk defects 
in SCR. The bulk defects in SCR induced by the PKA of 
neutrons operate as Shockley–Read–Hall recombination-
generation (SRH R-G) centers and generate dark current, 
leading to a dark increase. The bulk current density due to 
bulk defects can be expressed as

where Jgeneration represents the generation current density, q 
denotes the electronic charge, U(Et) is the generation rate 
when the additional trap energy level is Et , W is the width 
of the space charge region, ni is the intrinsic carrier con-
centration, �g is the generation lifetime, �e is the electron 
cross-section, �h is the hole capture cross-section, vth is the 
thermal velocity, and Nt is the defect density per volume. Nt 
is related to the PKA energy; a higher PKA energy results in 
a higher value of Nt . Therefore, the PKA energy spectra of 
the CSNS back-n and XAPR neutrons were simulated using 
Geant4, as shown in Fig. 5e. To maintain consistency and 
facilitate comparison with the results presented in Fig. 5a–d, 
we used a neutron equivalent fluence of 1 MeV based on 
the calculated NIEL. Figure 5e shows distinct differences 
in the PKA energy distributions between the CSNS back-n 
and XAPR neutrons. Specifically, in the lower PKA energy 
region, the XAPR neutrons exhibited a higher frequency of 
PKA production than the CSNS back-n. Conversely, in the 
higher PKA energy region, the CSNS back-n demonstrated 
a higher frequency of PKA production than XAPR neutrons. 
These findings are consistent with the experimental results 
presented in Fig. 5a–e. Therefore, when comparing the 
dark signal distribution of the CIS induced by particles, the 
energy of the particles should be considered.

4.4 � Hot pixels

Hot pixels in the CIS represent pixels that generate signifi-
cantly higher dark signals than normal pixels, resulting in 
noticeable bright spots or hot spots in the output images. The 
proportion of hot pixels is one of the most important param-
eters for evaluating the performance of CIS imaging and 
detection systems in radiation environments. Hot pixels may 
be caused by various factors such as manufacturing defects 
and radiation damage. After neutron irradiation, many pix-
els are damaged by neutrons and become hot pixels. The 
frequencies of hot pixels with dark signals higher than 1500 
and 2000 DN after CSNS back-n and XAPR neutron irra-
diation are shown in Fig. 6a and b, respectively. Figure 6a 
and b shows that the CSNS back-n produces higher dark 

(11)
Jgeneration = ∫

W

0

qU
(

Et

)

dx ≈ qUW =
qniW

�g

=
qniW�e�h�th

�e + �h
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signal value pixels than the XAPR neutrons. In addition, 
the number of pixels with high dark signal values produced 
in CIS2 was greater than that produced in CIS1, which may 
be affected by the pixel structure of these two types of CISs. 
The 3D dark signal spikes of CIS1 before and after neutron 
irradiation are shown in Fig. 6c. The neutron irradiation flu-
ence is 1 × 1011 n∕cm2 . Figure 6 shows that more high dark 
signal spikes of CIS1 are observed after CSNS back-n irra-
diation than after XAPR neutron irradiation. This result also 
agrees with the results presented in Fig. 5a–d.

The atomic number and energy of the PKA would have 
a significant effect on the degree of damage to pixels. 
Generally, after CSNS Back-n and XAPR neutron (with an 
average energy of several mega electron volts) irradiation, 
the main types of PKAs are Si ions. For the CSNS Back-n 
with a wide energy range, the probability of generating a 
high-energy PKA is greater than that of reactor neutrons 
(as shown in Fig. 5e). A high-energy PKA produces a high 
density of defects and causes severe damage. Therefore, 
the output signal in the CSNS Back-n with a thermal pixel 
greater than 1500 or 2000 DN is significantly higher than 
that of the XAPR neutron.

The mapping of the output signal of CIS1 after CSNS 
back-n irradiation and schematic of radiation damage in 
pixel of CIS1 are shown in Fig. 7. A dark signal of 51 × 
51 pixels is presented, with a neutron irradiation fluence 
of approximately 1 × 1011 n∕cm2 . Pixels of different colors 
represent different dark signals. Figure 7 shows that after 
neutron irradiation, different CIS pixels are subjected to 
different levels of radiation damage. In addition, some pix-
els remain undamaged by neutrons. The difference in dark 
signal from the damaged pixels of the CIS is primarily 
due to two aspects. First, the interaction between neutrons 
and the material results in different PKA energies that 
cause damage, and second, the same pixel is irradiated by 
multiple neutrons during the accumulation of a neutron 
irradiation fluence of 1 × 1011 n∕cm2 . In this irradiation 
experiment, the CIS is unbiased, and single-displacement 
damage is negligible. Fortunately, similar results were 
observed during an in situ radiation test of CCD [30]. 

Further, in situ CIS radiation tests will be conducted in 
our future studies.

5 � Discussion

The CIS includes a programmable gain amplifier (PGA) 
array, a low-power analog-to-digital converter array, a 
serial periphery interface, and eight low-voltage differential 
signaling channels. In neutron radiation environments, TID 
effects are induced by accompanying gamma rays or PKAs. 
It is crucial to determine whether these devices are damaged 
by the TID after neutron radiation to analyze the degradation 
of the dark signal. Therefore, the conversion gain (CVG) of 
a CIS is measured after neutron irradiation. The CVGs of 
CIS1 and CIS2 remain almost unchanged before and after 
exposure to CSNS Back-n and XAPR neutrons  [31, 32], 
indicating that the damage is mainly induced by the DDD 
effects in the pixel arrays of the CIS.

In addition, neutron irradiation in a CIS creates various 
defects, including point and clustered defects, in the SCR of 
pixels. These defects introduce energy levels within the Si 
bandgap and enhance thermal generation processes. There is 
a relationship that exists between the probabilities of gener-
ating both high-energy PKAs and neutron energy. In general, 
as neutron energy increases, the probability of generating 
high-energy PKAs also increases. This is because high-
energy neutrons have high momentum and kinetic energy, 
which can interact with surrounding atomic nuclei, generat-
ing high-energy PKAs. As the energy of the PKAs increases, 
the probability of cascade collisions gradually increases, 
causing defects to transition from point defects to defect 
clusters by irradiation. This transition changes the energy 
levels of the defects, influencing different energy levels of 
device performance in various ways [33]. Generally, defects 
located in the middle energy level of the forbidden band 
have the greatest impact on the device. Therefore, the types 
of defects generated by neutrons of different energies may 
vary. In future studies, we will investigate the energy-level 
positions and activation energies of defects in pixel arrays 
produced by neutrons of varying energies.

The effects of neutron radiation on CISs have also been 
employed to evaluate displacement damage induced by 
protons in the space environment. The different results from 
CSNS back-n and XAPR neutrons show that similar results 
may be found in neutron and proton irradiation experiments 
with different energies. Similar results were observed in 
proton irradiation experiments with different energies. 
Therefore, further experiments should be conducted to 
investigate this phenomenon.

Fig. 5   (Color online) Dark signal distribution and PKA energy 
spectra for CSNS back-n and XAPR neutron (irradiation fluence: 
1 × 10

11 n∕cm2 ). a Dark signal distribution of CIS1 with integration 
time 10.25  ms; b dark signal distribution of CIS1 with integration 
time 20.51  ms; c dark signal distribution of CIS1 with integration 
time 5.13 ms; d dark signal distribution of CIS1 with integration time 
10.25  ms; and e PKA energy spectra for CSNS back-n and XAPR 
neutron

◂
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Fig. 6   (Color online) Frequency of higher dark signal value pix-
els in CIS1 and CIS2 after neutron irradiation  (irradiation fluence: 
1 × 10

11 n∕cm2 ). a Frequency of hot pixels with dark signal >1500; 

b frequency of hot pixels with dark signal >2000; c 3D dark signal 
spikes of CIS1 before and after neutron irradiation (only 128×128 
pixels are presented)
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6 � Conclusion

This study focused on examining the impact of displacement 
damage on the dark signal of CIS when exposed to CSNS 
back-n and XAPR neutrons. Both experimental and 
simulation methods were employed to investigate the 
variations in the mean dark signal, DSNU, and dark signal 
distribution caused by the two neutron sources. The Geant4 
simulation tool was used to calculate the NIEL and PKA 
spectra of Si. The results revealed that the NIEL values 
followed the trend NIEL1MeV > NIELCSNS > NIELXAPR.

The mean dark signal is directly correlated with the DDD. 
However, it is noteworthy that the DSNU of CIS following 
CSNS back-neutron irradiation exceeds that of CIS exposed 
to XAPR neutron irradiation. Higher neutron energies at the 
same DDD level may lead to a more pronounced DSNU 
and elevated hot pixel values. Therefore, relying solely on 
the equivalent DDD for DSNU evaluation is insufficient. 
Additionally, variations in the dark signal distribution were 
observed, revealing three distinct regions that aligned with 
the predicted PKA distributions obtained through Geant4 
simulations. These findings are crucial for assessing the 
impact of displacement damage on CIS. Future studies will 
involve more experiments and simulations to provide an in-
depth analysis of the displacement damage effect on DSNU 
and the dark signal distribution of the CIS.
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