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a b s t r a c t

A methodology to investigate damages in CCD sensors caused by radiation beams of neutron tomography
facilities is proposed. This methodology has been developed in the facility installed at the nuclear
research reactor of IPEN-CNEN/SP, and the damages were evaluated by counting of white spots in images.
The damage production rate at the main camera position was evaluated to be in the range between 0.008
and 0.040 damages per second. For this range, only 4 to 20 CCD pixels are damaged per tomography,
assuring high quality images for hundreds of tomographs. Since the present methodology is capable of
quantifying the damage production rate for each type of radiation, it can also be used in other facilities to
improve the radiation shielding close of the CCD sensors.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Neutron tomography is a three-dimensional imaging technique
employed to study the internal structure of an object. A typical
facility for tomography consists of a rotating table, a scintillator
screen, a plane mirror and a CCD digital video camera. An
important problem regarding these facilities is the high suscept-
ibility of the CCD sensors to radiation damages which lead to a
shortening of its lifetime as well as to a degradation of the cap-
tured image [1,2]. Besides the high cost of these cameras (usually
they are the most expensive component of the facility), the worse
the quality of the captured image, the worse the quality of the
tomography [3]. Normally tomography facilities are installed at
nuclear research reactors or at particle accelerators, and the
radiation field around the CCD sensors can be quite different. The
present work is focused in the facility installed at the research
reactor of the Nuclear and Energy Research Institute (IPEN-CNEN/
SP). In this case, fast and thermal neutrons as well as gamma rays
are present.

A CCD image sensor consists of a silicon substrate with a large
number of pixels arranged in a two-dimensional array. After being
damaged by radiation, there may be a change in some operational
parameters, resulting in malfunction and/or eventually a complete
destruction of the sensor. The damages may be divided into two
main kinds: surface and bulk damages. The first plays a minor role
regarding such changes [4–6]. The second, which is the focus of
the present work, is caused by the displacement of silicon atoms
out of their lattice sites. These damages are induced by radiations
which may transfer an energy higher than the displacement
threshold around 20 eV to the Si atoms [7]. Neutrons can induce
displacements either by elastic scattering, with threshold energy
around 185 eV, or by neutron capture. In the latter case, the
emitted prompt gamma ray yields a Si recoil atom with energy
greater than 1 keV (which is much higher than the displacement
threshold energy of 20 eV). On the other hand, further effects
produced by thermal neutrons depend markedly on the activation
of CCD and on the materials surrounding it [8,9]. The displacement
induced by gamma rays is mainly due to electrons from photo-
electric effect, Compton scattering or pair production. Gamma
rays, with energies of some MeV, can produce secondary electrons
mainly by Compton scattering with energies greater than 260 keV
– the threshold for electrons to generate the displacements [4,5].
One of the consequences of damaged pixels is the appearance of
permanent white spots superimposed to the image [1,2].

It is very important to mention that depending on the tech-
nology employed in their manufacturing, the CCDs can be differ-
ently affected by radiation. However, since all ordinary CCD sen-
sors are susceptible to radiation damages, it is essential to protect
them against radiation. For example in neutron tomography
facilities, direct exposure of the CCD sensor to radiation is avoided
by using a plane mirror to reflect the image generated in the
scintillator. The reflected light impinges the camera located at 90°
with respect to the radiation beam.

The purpose of the present paper is to present an overview of
the methodology to evaluate damages in CCD sensors caused by
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Fig. 1. Layout of the facility for neutron tomography of IPEN-CNEN/SP.

Table 1
Characteristics of the radiation beam at the sample position.

Parameter Value

Thermal neutron flux (n cm�2 s�1)a 8�106

Fast neutron flux (n cm�2 s�1) 2.5�106

Gammab dose rate (Sv h�1) 0.42c

Beam diameter (cm) 12

a Au-foil method.
b From U-235 fission and from structural materials of the reactor.
c Calculated by Monte Carlo simulation applying code MCNP version 5 [11].

Table 2
Characteristics of the test cameras.

Characteristics Specification

Type Intelbras-VM220DN
Image sensor CCD Sony ¼ in.
Pixel size 9.6 μm(H)�7.5 μm (V)
Number of active pixels 640(H)�480(V)
Dimension of active area of the CCD 6.1 mm (H)�3.6 mm (V)
Active area of CCD (cm2) 0.22
Time/image (ms) 30
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radiation beams at neutron tomography facilities, based on
counting of white spots. In the first place, the damage production
rate per radiation type is evaluated by making use of low cost CCD
test cameras and, in the second place, these results are used to
plan a safe experiment to evaluate the damages in the main
camera CCD of the facility. The methodology was applied to the
IPEN-CNEN/SP facility which, as described in reference [10], has
already been optimized with respect to radiation protection of the
CCD sensor.
Fig. 2. Behavior of the number of white spots as a function of the warm-up period.
2. Experimental procedure

The facility is installed at the radial channel #14 of the 4.5 MW,
pool type, nuclear research reactor IEA-R1,1 of the IPEN-CNEN/SP.
It is a materials testing reactor, with a maximum thermal neutron
flux around 1.0�1014 n cm�2 s�1 inside the core. The core con-
sists of 24 fuel elements, enriched at 20% in U-235, surrounded by
beryllium/graphite reflectors, and it is cooled by light water which
acts also as neutron moderator and radiation shielding. The layout
of the facility is shown in Fig. 1 and consists of a rotating table for
sample irradiation, a 18�24 cm2 6LiF(ZnS) – neutron scintillator
screen, a 18�24 cm2 glass based plane mirror, and an ANDOR
digital video camera (model iKon-M) to image capture for the
tomography (here referred as main camera). The camera provides
16 bit images, its CCD (1024�1024-pixel size 12�12 μm2) is
cooled and the shielding consists of borated poly plates 15 cm
thick and a transparent boron glass filter 1 cm thick [10], as shown
in the Fig.1. The characteristics of the radiation beam at the sample
position are shown in Table 1.

The test cameras used in the present study were the standard
ones used for surveillance and their main characteristics are
shown in Table 2. They were irradiated at two different places: at
the sample position and at the main camera position (see Fig. 1).
The captured images were digitized in an 8 bit gray level scale
using a PixelView capture frame grabber (model PV-CX850U-F)
and an Optiplex 960 DELL computer. The counting of white spots
was performed by the software Image-Pro Plus version 7.0 and
included the whole image. The camera lenses remained covered by
a cap in such a way that only the white spots were visible in the
1 IEA-R1. Denomination of the Nuclear Research Reactor installed at IPEN-
CNEN/SP.
captured images. For the test cameras, a white spot was here
defined as a pixel with gray level (GL)45. This value was deter-
mined analyzing histograms (n° of pixels vs gray level) and
counting pixels of captured images of several not-irradiated test
cameras. The obtained results demonstrate that GL45 for less
than 0.1% of the all pixels of the CCD. The intrinsic gray levels for
99.9% of the pixels arising from the manufacturing process of the
CCD, ranged between 0oGLo5.
3. Data acquisition and analysis for the test cameras

3.1. Thermal equilibrium

Since the amount of visible white spots in a captured image
depends of the temperature of the CCD [1], before starting the
counting procedure it was necessary to determine the warm-up
period, after the camera has been powered on, in order to reach
thermal equilibrium. For such purpose, thermo-couples were fixed
in some damaged CCDs of the test cameras, and they were pow-
ered on. As the temperature increases, images are captured and
the white spots counted. For all the cameras, the obtained results
were very close to each other and a typical one is shown in Fig. 2,



Fig. 3. Behavior of the white spots as a function of the exposure time, per
radiation type.

Table 3
Summary of the results obtained for the test cameras.

Radiation Parameter

Damage produc-
tion rate sample
position (s�1)

Damage produc-
tion rate camera
position (s�1)

Calculated damage
production rate cam-
era position (s�1)

Fast neu-
trons

314726 //////// (1.070.2)�10�2

Thermal
neutrons

9174 //////// (1.570.4)�10�5

Gammas 1872 //////// (1.270.1)�10�4

Total (423726) (1.270.2) x 10�2 (1.070.2)�10�2
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demonstrating that the CCDs reached the thermal equilibrium
14 min after the camera had been powered on, at a temperature of
62 °C, in a room temperature of (24.070.2) °C. The uncertainties
in the number of white spots (standard deviation in the number of
counts) were about 1%.

3.2. Irradiation at the sample position

Three test cameras have been employed: cam(a) was irradiated
in open beam; in this case, gamma-rays, fast and thermal neutrons
will be able to induce damages; cam(b) was irradiated shutting the
beam with a (Gd–Pb) shielding; in this case, gamma-rays and fast
neutrons will be able to induce damages; cam(c) was irradiated
shutting the beam with a (polyethylene-Gd-Pb) shielding; in this
case, only gamma-rays may induce damages. Before the irradia-
tion, the cameras were powered on for 14 min, the room tem-
perature was (2470.2) °C, and one image of each camera was
captured in order to establish the intrinsic background of white
spots. The cameras were continued to be irradiated and after each
period of 10 seconds one image was captured and the number of
white spots as a function of the exposure time was registered. To
separate the contribution due to each type of radiation, the fol-
lowing procedure has been established: gamma-rays correspond
to the net number of spots in the image captured by cam(c); the
contribution from fast neutrons was obtained by the net counting
rate: [cam(b)–cam(c)]; the contribution from thermal neutrons
was obtained by the net counting rate: [cam(a)–cam(b)]. The
results for the number of white spots and associated uncertainties
(one standard deviation) are shown in Fig. 3. A straight line was
fitted by the least square method to each data set and the rates of
white spots for each kind of radiation were evaluated from the
slopes. The results were: (314726) s�1 for the fast neutron beam,
(9174) s�1 for the thermal neutron beam and (1872) s�1 for the
gamma-ray beam. Taking into account the neutron fluxes and the
gamma dose rate shown in Table 1, 7.7�103 fast neutrons cm�2 or
8.8�104 thermal neutrons cm�2 or 7 μSv of gamma radiation are
necessary to produce 1 white spot in the CCD. Considering the
overall radiation field of the facility, and within the linearity range
of Fig. 3, (423726) s�1 white spots are produced per second of
exposure. Taking into account data from Tables 2, �0.13% of the
total active pixels are damaged per second, at the sample irra-
diation position.

3.3. Irradiation at 90° with respect to the beam

This experiment has a special interest because the test camera
is positioned exactly where the main camera of the facility is
installed. For this study, a single camera was employed which was
irradiated in open beam. In this case, the radiations impinging the
camera are: fast and thermal neutrons, as well as gamma-rays
which are scattered by the scintillator, plane mirror, rotating table,
air, etc., and attenuated by the radiation shield installed close to
the camera lens (see Fig. 1) [10]. As described in the previous
section, before irradiation the test camera was powered on for
14 min, the room temperature was maintained at (2470.2) °C,
and one image has been captured in order to determine its
intrinsic background of white spots. Since the intensity of the
scattered radiation is very low, when compared to the intensity in
the sample irradiation position, only one image, corresponding to
an extended exposure time of 5 h was captured, to improve the
counting statistics. The net number of white spots and its uncer-
tainty (one standard deviation) was evaluated, resulting a damage
production rate of (1.270.2)�10�2 s�1. This value is �35,000
times smaller than the rate at sample position (Section 3.2). This
good condition is a result of the optimization performed in the
facility in order to prevent damages in the main camera CCD
sensor, as described in references [10,12].

The damage production rates for each type of radiation were
evaluated. For fast neutrons it was obtained by multiplying the
corresponding damage production rate evaluated in Section 3.2, by
the ratio of the fast fluxes at the camera position and at the at the
sample position. However, since the flux at the main camera
position is very low, the ratio between the fluxes was calculated by
Monte Carlo simulation, applying code MCNP version 5 [11]. The
obtained result was (1.070.2)�10�2 s�1. The same procedure
was employed for the thermal neutrons and for the gamma-rays,
and the obtained results were (1.570.4)�10�5 s�1 and
(1.270.1)�10�4 s�1 respectively. The damage production rate for
the overall radiation field was (1.070.2)�10�2 s�1. By comparing
this overall rate with the one previously evaluated above of
(1.270.2)�10�2 s�1 is possible to conclude that they agree
within their uncertainties and the damage production rates by
thermal neutrons and gamma-rays are negligible. Therefore, fast
neutrons are the main responsible for the damages. The results
corresponding to Sections 3.2 and 3.3 are shown in Table 3.

3.4. Image quality

Fig. 4 (left) is a typical example of a captured image of a
damaged CCD sensor of a test camera. Groups of individual white
spots (Fig. 4 right) compose bright clusters and they are randomly
distributed in the image. This effect produces localized dis-
continuities, leading to decrease in the image quality. The number
of clusters is cumulative with the exposure. As a result, the dis-
continuities spread out to the whole image leading to a continuous
degradation. According to these results, each cluster amounts 10–
20 individual white spots, with gray levels ranging from 5 to 255,
and covering areas between 700 and 1440 μm2.

The relative decrease in the image quality, was evaluated by the
change of mean gray level in the whole image caused by the



Fig. 4. Clusters of white spots in the captured image.

Fig. 5. Relative decrease in the image quality as a function of the exposure time.
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clusters, as a function of the exposure time, and may be given by
the following equation [13]:

CðtÞ ¼GL tð Þ�GLð0Þ
GLð0Þ ð1Þ

GL(t) is the mean gray level for exposure time t, and GL(0) is the
mean intrinsic gray level (t¼0). They were evaluated by averaging
the gray levels of all pixels in the image applying the same soft-
ware mentioned in Section 2. The experimental data was taken
with a single test camera, which was also powered on for 14 min,
at a room temperature of (2470.2) °C and irradiated in the sample
position (see Fig. 1). GL(0) is the minimum achievable gray level
value and the camera provides the best image quality. As the
exposure time increases the amount of white spots, and conse-
quently GL(t), increases too and image quality worsens according
to Eq. (1). Fig. 5 shows the behavior of C(t) for the present test
camera in the 0oto50 s time range. The uncertainties in C
(t) data were evaluated by usual error propagation applied to Eq.
(1).
4. Data acquisition and analysis for the main camera

As mentioned in the introduction, depending of the technology
employed in the CCD manufacturing, they may be affected differ-
ently by radiation [2,4,5]. Therefore, the results for the test cam-
eras cannot be directly transferred to the main camera CCD.
However, since the results obtained in Section 3.3 indicate very
low damage production rate in the test cameras, it was possible to
perform a safe and controlled experiment to evaluate, the damage
production rate in the main camera of the facility. The camera lens
was covered with a cap, as described in Section 2, and was posi-
tioned as shown in Fig. 1. The CCD temperature has been lowered
to �20 °C and 5 images, each one captured during 1 second,
before irradiating the camera. After that, the camera was irradiated
in open beam for 500 s and other 5 images were captured. The
temperature, the exposure time and the capture time per image,
were selected because they are the typical ones to perform a
tomograph in the present facility [10]. The counting of white spots,
in these 10 images was performed by the same software pre-
viously employed in Section 3 and in the whole images.

Using the same criteria as described in Section 2, a white spot
for this camera is defined as a pixel with gray level GL41400. By
considering the net counting of white spots, the obtained damage
production rate was (2.471.6)�10�2 s�1 meaning that from 4 to
20 pixels of the CCD sensor are damaged per tomography. The high
uncertainty is a consequence of the low exposure time.

The variation of image quality as a function of the exposure
time was evaluated by Eq. (1). Here GL(0) and GL(500) are the
average gray level values for the first 5 images and for the last
5 images, respectively, resulting GL(0)¼(87870), GL(500)¼
(88171). Therefore, C(t)�0 indicating a negligible image quality
degradation per tomography.
5. Concluding remarks

According to the data from Sections 3.2 and 3.3, the tested CCD
sensors are very susceptible to radiation damages, which are
caused mainly by interactions with fast neutrons. As experimen-
tally verified, the damage process is cumulative, but it is linear
only for small exposure times [14].

Considering that damage production rate in test camera CCDs
at the camera position was very low, it was possible to perform a
safe and controlled experiment to evaluate the damages at the
main camera of the facility.

The results for the main camera show that only 4–20 pixels of
the CCD are damaged per tomography, demonstrating the high
effectiveness of the measures that have been previously imple-
mented in the facility to minimize radiation damages in its CCD
sensor [10]. Furthermore, it is possible to conclude that the
amount of damages created in the CCD, as well as the degradation
of the image quality per tomography are negligible, assuring high
quality images for hundreds of tomographs.

Although each tomography facility is unique in terms of neu-
tron and gamma radiation fields, the proposed methodology
applies for general shielding procedures, and may be employed by
other users, in order to minimize the radiation damage rates at the
CCD sensor of their main cameras. Thus high quality images can be
achieved, for longer periods of use.
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