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Abstract: In this paper, we present the availability of an active pixel sensor (APS) with four transistors
(4T) as a video monitor and radiation detector. Analyzing radiation damage must be one of the
first steps in recovering from nuclear accidents, and the radiation response characteristic is the basis
for the use of 4T-APS to detect radiation. The goal of this work is to suggest the use of cameras
with 4T-APS in widely distributed irradiation detectors. The total ionizing dose (TID) of radiation
damage on 4T-APS provided a threshold. Radiation tolerance was improved with the help of a
radiation shielding structure. The radiation response showed integration time dependence and pixel
information dependence, and greater radiation response was observed from the pixels with lower
grayscale values. Two methods are suggested based on different monitoring scenes. This study can
help to greatly improve nuclear accident emergency response and the safety of nuclear facilities.

Keywords: active pixel sensor; video monitor; radiation detector; radiation damage; radiation response;
nuclear accident

1. Introduction

The nuclear accident in Fukushima raised public awareness of ionizing radiation and nuclear
accident response activity. This has led to the desire for nuclear countries to improve video monitoring
and radiation detection at nuclear facilities. In response, we need to discuss the availability of cameras
at radiation accident sites. Video monitoring and radiation detection rely on the pixel sensors of
cameras. Complementary metal oxide semiconductor (CMOS) integrated circuits with active pixel
sensor (APS) arrays are widely used in cameras, and usually have very low cost, consume little power,
have strong environmental adaptability, and are sensitive to radiation. An APS with four transistors
(4T) has better background noise and a faster shutter speed than an APS with three transistors.
Moreover, because of the separation of the space charge region (SCR) away from the oxide, its radiation
resistance is greater than both APS with three transistors and charge coupled device (CCD) pixel
sensors [1-4]. The photodiode in the core of each CMOS 4T-APS is a pinned photodiode (PPD),
which is used in more than 99% of APSs today [5] and is designed to detect visible light photons, but is
intrinsically sensitive to gamma photons as well. The use of CMOS 4T-APS brings several important
advantages with respect to integrated circuits designed ad hoc specifically for application around
nuclear facilities. Cameras used in this work cost less than 300 CNY, which would allow a large number
of sensors to be arranged at low cost. The widespread distribution of sensors allows integration at
an affordable price and with a fast response of detector arrays, such as building a network of arrays
for video monitoring and radiation detection. The grayscale value of a pixel was used to measure the
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strength of the output signal within the range 0 to 2", where 7 is the bit depth of Analog-to-Digital
Converter (ADC) resolution, and the unit of the grayscale value is “gray”.

This work presents a study on the availability of 4T-APS as a monitor and detector in nuclear
accidents. As a video monitor, we were mainly concerned about performance deterioration and damage
of a 4T-APS at a nuclear accident site. According to the results of early theoretical research, the main
radiation damage that degrades APS performance is the generation of defects in the oxides of the
pinned photodiodes, such as positive-trapped charges and interface states, which lead to an increase in
dark current [6,7]. In order to understand the radiation damage of 4T-APSs used at nuclear radiation
accidents, we must improve our understanding of the damage induced by the total ionizing dose (TID),
with the aim of studying the availability of 4T-APSs by testing their radiation resistance. In recent years,
research on the application of smartphone cameras for radiation detection has been popular, and study
results have proved that smartphone APSs can be used for gamma photon detection [8,9]. Based on
the radiation response effect between CMOS APS and gamma photons, the possibility of using CMOS
APS to directly detect radiation has been confirmed [10]. The response effect is also related to the
particle type (such as gamma photon, electron, neutron, etc.) and energy [11-14]. This radiation
response characteristic enables APS to be used as monitoring and radiation alarm equipment under the
conditions of a nuclear accident [15]. However, the radiation response of APS under visible light and
at different integration times is rarely reported. Therefore, the understanding of radiation detection of
4T-APSs should be improved by testing their radiation response characteristics at different integration
times and with different pixel information. The pixel information is related to the signal values of
pixels in different regions of the sensor area before irradiation.

In this work, the possibilities, limitations, and improvements of such sensors are discussed.
A statistical study was executed in order to underline the grayscale value increase under different
irradiation dose rates. The paper is organized as follows: Experimental setup and data-processing
methods are detailed in Section 2. Results and discussion are described in Section 3. In Section 4,
we discuss the applications and improvements of 4T-APS as a monitor and detector at nuclear accidents.
Our conclusions are presented in Section 5.

2. Materials and Methods

2.1. Experimental Setup

This study used a set of cameras equipped with a 6.4 mm (type 1/2.8) CMOS active pixel-type
commercial image sensor, made of a square pixel array and approximately 2.43 M effective pixels.
Sensors were manufactured in a commercially available 0.18 um process and the pixel pitch was
2.8 um. The bit depth of the sensors was 8. The chips operated with analog 2.7 V, digital 1.2 V,
and interface 1.8 V triple power supplies. The red (R), green (G), and blue (B) primary color pigment
mosaic filters were adopted in these sensors. The cameras were comprised of an image-processing
circuit, the Ambarella A5S ARM11, which provided a video signal that was captured using a HikVision
(Hangzhou, Zhejiang, China) model DS-7804N-K1/C network video recorder (NVR) that digitalizes
the signal using 8 bits.

Figure 1 shows a structural diagram of the camera used in this work. Chips were integrated on
two printed circuit boards, the sensor board and the main board. The CMOS APS and peripheral
circuits were integrated on the sensor board, whose function was signal acquisition. On the main
board, the system-on-chip device was responsible for readout signals from sensor board and digital
signal processing. The transmission module formed by RS485 and RJ45 was also integrated on the
main board. Data transmission and power supply were achieved with the help of a flexible print circuit
between the two boards. If any board (sensor or main board) is broken down during irradiation, a new
one can replace it to keep the camera operational.

The camera samples were exposed to a columnar ®°Co y-ray radioactive source with photon
energies of 1.17 and 1.33 MeV. The activity of the radioactive source was 90 kCi. Figure 2 illustrates
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the experimental setup that was used to test the radiation damage and radiation response of the
cameras. A silver dichromate chemical dosimeter was used to measure radiation exposure at the
cameras’ locations. The %°Co y-ray source, cameras, switch, and direct current (DC) power were
placed in the radiation area. A network video recorder, personal computer (PC), and further power
supply were located in the operation area; without any irradiation. Signal data was transmitted by
using a 4800LX cable. During experiments, cameras were placed at different points along the path of
sample placement. The irradiation dose rate ranged from 5.24 to 1782 Gy/h. All of the samples were
in operation throughout the experiment. Cameras were placed in an opaque experimental box with a
video test card. The box helped insulate the samples and detectors from the visible light from outside.
A test card, a page of colorful paper in front of the camera lens, was used to provide pixel information
in the video frames. When we studied the radiation response of the APS at different pixel information
regions in frames, a stable light source was used to help the cameras acquire video information on
the test card. The color temperature of the stable light source in the box was 6000 K, and the mean
illumination was 3744 lux.

I I I
| | : DDR SPI FLASH |
| H— I |
| | | DDR SPI |
| : I System |
: CMOS APS i v on UART &> RS485 [e» RMS | |
| Chip

| I I
I | l Nand |
| ! : ¢ !
| | | Nand FLASH I |

. I
: Sensor board ! | Main board |

Figure 1. Structural diagram of the camera. CMOS APS, complementary metal oxide semiconductor
active pixel sensor; DDR, double data rate synchronous dynamic random access memory; SPI,
serial peripheral interface.
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Figure 2. Schematic diagram showing the experimental setup. NVR, network video recorder; PC,
personal computer; DC, direct current.

2.2. Data-Processing Methods

Recorded videos were processed on a PC running video-editing software, which was used to
select the videos recorded during and after irradiation. Each video was converted into individual
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frames (25 fps according to the sampling rate; each frame being an independent image) with the help
of data-processing software, and each frame series was saved in the JPEG file format. Due to the
8-bit depth of the ADC resolution, the range of pixel grayscale values is from 0 to 255 and the unit is

the “gray”.
The mean grayscale value (D) of the selected images at the radiation dose rate of k was calculated
as follows:
1 ] =M i=N
Dy = MN Z% Z% Eij, 1)
j=1 i=

where E; ; is the grayscale value of the ith pixel in the jth frame at the radiation dose rate k, M is the
number of frames, and N is the pixel count.
The total grayscale incremental value (Si) at the radiation dose rate k was calculated as follows:

=Mi_N
Se= 3 2 (Eij—Ii) )
=1 i=1

where I;; is the grayscale value of the ith pixel in the jth frame before irradiation.

3. Results and Analysis

3.1. Radiation Damage

In this section, we describe the operation lifetime and noise increase of sensors after y-ray
irradiation. Table 1 shows the experimental conditions of irradiation and operation lifetime of the
sensors. Five different dose rates were used in this experiment. The operation lifetime represents the
total operation time of each board before it is dead under that dose of irradiation, and the “Dose” in
Table 1 is the irradiation dose when the board broke down. As we can see from Table 1, the range of
radiation tolerance of main boards is between 165.58 Gy and 274.08 Gy; the difference is more than
100 Gy. The radiation tolerance of the sensor board can also be seen in Table 1. Compared with the
main board, the sensor board had a much stronger radiation tolerance and a smaller difference of TID;
the TID of all the sensor boards was above 490 Gy. Combined with the structural introduction from
Figure 1, data-processing devices, data-transmission devices, and other peripheral circuits with special
functions are integrated on the main board, but the only radiation-sensitive device on the sensor
board is the 4T-APS. Therefore, the random radiation damage effects on the electronic devices caused
different operation lifetimes between the boards, and the operation lifetime result could therefore
represent the lifetime of the 4T-APS.

Table 1. Experimental conditions of irradiation and sensor operation lifetime.

No. Board Type Dose Rate (Gy-h™) Operation Lifetime (h) Dose (Gy)
1 104.80 1.58 165.58
2 104.80 1.53 160.34
3 Main board 113.27 1.68 190.29
4 455 0.33 150.15
5 1142.00 0.24 274.08
6 409.3 1.22 499.35
7 Sensor board 409.3 1.2 491.16
8 1142 0.45 513.90

As we know from Reference [7], the dark current increases with larger TID and leads to
increased noise. In order to improve our understanding of the total ionizing dose effect from induced
radiation damage, we need to study the noise increment of the 4T-APS before the sensor board dies.
Figure 3 shows the mean grayscale value of the 4T-APS versus the TID. All of the samples were running
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throughout the experiment, and the video data was recorded under non-irradiation conditions after
nine different TID irradiations. As we can see from Figure 3, the mean grayscale value increases with
larger TID, but an obvious threshold can observed from the curve. When the TID is lower than 38 Gy,
there is no significant change in mean grayscale value. However, when the TID is higher than 40 Gy,
the mean grayscale value increases.
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Figure 3. Mean grayscale value as a function of total ionizing dose before the sensor board dies.

The existence of the TID threshold can be explained by the analysis results shown in Figure 4,
which shows the cross-sectional view of the space charge region of the 4T-APS after different TID
irradiations. Ionizing irradiation causes an increase in the density of oxide-traps and interface-traps,
which induced an increase in the dark current generation rate. Meanwhile, with the increase of the two
types of traps, the space charge region (SCR) spreads to the oxide layer and shallow trench isolation
(STI), and the diffusion current contribution in the SCR is larger than the originating volume [16].
Therefore, the dark current increases with larger contact area between the SCR and STI, and is shown
by the grayscale value of pixels without exposure to light and irradiation. The space charge region
does not spread to touch the oxide layer and STI at lower TID, so the increased grayscale value of
pixels caused by the dark current increase with TID is very small. However, with TID increase, SCR can
touch the oxide layer and STI, in which case the traps caused by TID are rich [17]. The pixel grayscale
value increases sharply with larger contact area between the SCR and STI. This can explain why the
curve in Figure 3 is flat before 38 Gy and increases sharply after 40 Gy.
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Space Charge Region before irradiation

Pep; Pinned Photodiode (PPD) Space Charge Region after Irradiation

Figure 4. Cross-sectional view of the four transistor active pixel sensor (4T-APS) after different total
ionizing dose (TID) irradiation. Pgpy, P type epitaxial; P, P type doped region; P*, P* type doped region.
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We can conclude that for the 4T-APS, no radiation-hardening and data-processing are needed
before TID reaches the radiation damage threshold. In order to exclude the radiation damage effects
during the radiation response study, the TIDs of all the sensors were kept less than 38 Gy in the
following radiation response experiments.

3.2. Radiation Response

The number of APSs giving a radiation response signal is a measure for the amount of gamma
photons hitting the camera pixels. Charges generated in the hit pixel lead to an increased grayscale
value. We can study the radiation response of the APS with help of Equations (1) and (2). Figure 5 shows
the mean grayscale value as a function of irradiation dose rate. All of the video data were recorded
under 16 irradiation dose rates from 8 to 276 Gy/h, and the dose was changed by varying the distance
between the radiation ®*Co source and the sensor holder position along with the path of sample
placement, as shown in Figure 2. The TIDs of all the irradiated sensors were less than 20 Gy to reduce
interference from the radiation damage effects, discussed above. The integration time was set as 1/25s.
The sensors were shaded to insulate from visible light. As shown in Figure 5, the mean grayscale value
of sensors increases linearly with increased dose rates from 5.24 Gy/h to 69.24 Gy /h; after 70 Gy /h,
the radiation response of the 4T-APS gradually reaches saturation. When the irradiation dose is larger
than 155 Gy /h, the curve shows no relationship between dose rate and mean grayscale value.

—1
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Figure 5. Mean grayscale value as a function of irradiation dose rate for an integration time of 1/25 s.

Figure 6 shows the mean grayscale value as a function of the irradiation dose rate at eight
integration times, ranging from 1/10,000 s to 1/100 s. An increase in grayscale value with increased
irradiation is shown in the figure. The curve in Figure 5 has a much steeper initial gradient and
saturates at the same level as those in Figure 6. The value recorded by the sensors for a longer
integration time was greater than that for a shorter integration time with the same dose of irradiation.
Additionally, the linear range of the curves in Figure 6 with the shorter integration time is shorter.
The curve at 1/8000 s is similar to the curve at 1/10,000 s. This is probably due to two reasons: (1) the
minimum extremum of the integration time was 1/8000; (2) changing the integration time shorter than
1/8000 has little effect on the collection of radiation-induced charges.



Sustainability 2018, 10, 2172 7 of 10

w
S

100
—=— 1/2000s

—e— 1/4000 s
—+— 1/8000 s
—v— 1/10000 s

—=— 1/100s
—— 1240's
80 —f| —— 14805

1/1000 s

S8
W

[\
S

—
(=)

Mean Grayscale Value (gray)
wn

Mean Grayscale Value (gray)
9
Lovabosnabonnsbonnsbonnalinne

S

LI L LA L L L L L LI B I L N I N L O L Y L
0 400 800 1200 1600 2000 400 800 1200 1600 2000
Dose rate / Gy~h’1 Dose rate / Gy-h'l

(a) (b)

(=]

Figure 6. Mean grayscale value as a function of irradiation dose rate for different integration times.
(a) Integration times from 1/1000 s to 1/100 s. (b) Integration times from 1/2000 s to 1/10,000 s.

When the originating neutral volume of the SCR is small and unchanged before irradiation,
the TID reaches the threshold, thus we ignore the radiation damage effects and the integration time
limits the ability of the SCR to collect radiation-induced charges. When the integration time is 1/25s,
we find linear radiation response from 5 to 70 Gy /h, but if we need to use the same 4T-APS to detect
higher dose rates above 70 Gy/h, we needed to decrease the integration time. A good linear radiation
response range from 70 to 100 Gy /h can be obtained at the integration time of 1/100 s. Furthermore,
1/240 s is applicable to dose rates from 100 to 550 Gy /h; 1/480 s is applicable to dose rates from 550 to
1000 Gy/h; and 1/1000 s is applicable to dose rates from 1000 to 1300 Gy/h.

Figure 7 shows the relationship between the mean grayscale value and irradiation dose at different
grayscale pixel regions in the imaging frames. Radiation damage can be ignored because the irradiation
TIDs were less than 20 Gy, and the integration time was set to 1/240 s. During the experiment,
the sensors were placed in an opaque experimental box with a video test card and a stable light source.
As we can see from Figure 7, curves with initial average greyscale values of 11 and 15 (gray) have
better linearity at irradiation dose rates from 38 to 557 Gy/h, but an unobvious relationship between
the incremental grayscale value and the irradiation dose rate is observed in the regions with grayscale
greater than 35. Results indicate that the frames with higher grayscale values show an irregular

radiation response.

Total incremental Grayscale value (gray)

0 LI
0 100 200 300 400 500 600
Dose rate / Gy-h™!

Figure 7. Total incremental grayscale value as a function of irradiation dose rate at different pixel

information regions in the imaging frames.
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4. Discussion and Application

4.1. Video Monitoring

As we learned from the results of the radiation damage experiment, a threshold exists in radiation
damage effects. Under lower TID, the inherent radiation resistance of the sensors could withstand
radiation damage in a short time. However, the grayscale value of pixels increased sharply when the
TID exceeded the threshold. The growth curve did not always have the same slope. In this paper,
no obvious change was seen before 38 Gy and the trend of increasing value slowed down after 63.58 Gy.
Therefore, cameras with 4T-APS could be available in a nuclear accident with strong radiation for a
short time; when the effects of radiation damage can be ignored.

Radiation hardening is an effective method to improve the radiation tolerance of cameras.
Radiation shielding could be easy to include on cameras with the structure described in this paper.
We can use shielding materials to shield against front incident and scattered y-rays. A 3D diagram
of a radiation hardening shielding structure is shown in Figure 8. Two containers are used to protect
the devices on the boards and maintain their stability. Shielding layers made of heavy metals such as
tungsten and lead are used to shield y-rays. Two holes are set to enable the 4T-APS to receive visible
light and connect the transmission line with the main board. Fixed frames are used to fix the shielding
structure. We can also add other transparent shielding materials in front of the translucent hole to
reduce the radiation of the frontal y-rays. The light transmittance of transparent shielding materials
is easily decreased by radiation damage [18], and weakens the radiation response of the 4T-APS to
v-rays. The optimal shielding design is to make the sensor board and the main board have the same
operation lifetime; the middle shielding layer is the key in this radiation hardening shielding structure.

Upper shielding layer
Right shielding layerbaffle

Main board container  Back baffle

Sensor board container

Front shielding layer

Back fixed frame
Data transmission hole

Translucent hole Left shielding layerbaffle

Button shielding layer Button fixed frame

Figure 8. 3D diagram of radiation hardening shielding structure.

4.2. Radiation Detection

Using cameras as y-ray radiation detectors can be done by analyzing the radiation response
characteristics of 4T-APS. According to the experimental results on the integration time dependence
and pixel information dependence, the radiation response signals in dark images were proportional to
the radiation dose rate and integration time. The lower the grayscale value of pixels, the more obvious
the response degree was. Therefore, we propose two methods to use 4T-APS to detect radiation
during video monitoring: (1) use a specific 4T-APS device as a dose rate detector, which is dark folded
to cut off visible light; and (2) analyze the output signal data from pixels with a grayscale value
below 15 (gray). The first method can approach higher detection efficiency and accuracy, but an extra
processed 4T-APS device has to be added in the camera system. This detector could be calibrated
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by recording the corresponding relationship between the response signal and the radiation dose rate
at every integration time. The second method can realize video monitoring and radiation detection
simultaneously, but this method is ineffective when the scene of the monitored image moves fast.
The camera could be calibrated by recording the corresponding relationship between the response
signal in the pixel regions with gray value below 15 (gray) and irradiation dose rates at every integration
time. The detection accuracy and efficiency of the second method are lower than the first method due
to the interference of monitoring images. Therefore, the method should be chosen by analyzing the
characteristics of the facility and the types of nuclear accident that could occur in nuclear facilities.

5. Conclusions

In this paper, we focused on researching the availability and methods of using a camera with a
4T-APS as both a video monitor and radiation detector. The radiation damage and radiation response
of the 4T-APS were discussed by analyzing results from our irradiation experiment. According to the
results, the following conclusions can be drawn.

A threshold exists in the radiation damage effect. Radiation damage can be ignored with the help
of the inherent radiation resistance of sensors under lower TID, but noise increases with higher TID.
For the sensors in this paper, the TID threshold was 38 Gy, and the noise increase slowed down after
63.58 Gy. Radiation tolerance could be improved with the help of a radiation shielding structure.

The radiation response shows the integration time dependence and pixel information dependence.
Pixels in regions with gray value below 15 (gray) had greater radiation response capability.
This characteristic enables cameras with 4T-APS to be used for radiation detection. Two detection
methods are suggested: either higher detection efficiency and accuracy can be achieved by using an
extra-processed 4T-APS that is dark-folded to cut off visible light; or both monitoring and detection
can be achieved when the camera is used at a fixed scene, and some pixel regions exist with a grayscale
value less than 13 in the video monitoring frames.
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