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In this paper we analyse the response of two different Commercial Off The shelf CMOS image sensors as
particle detectors. Sensors were irradiated using X-ray photons, gamma photons, beta particles and alpha
particles from diverse sources. The amount of charge produced by different particles, and the size of the
spot registered on the sensor are compared, and analysed by an algorithm to classify them. For a known
incident energy spectrum, the employed sensors provide a dose resolution lower than microGray,
showing their potentials in radioprotection, area monitoring, or medical applications.
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1. Introduction

The detection of ionizing particles has important applications
in radioprotection, medical applications, experimental techniques
for study of condensed matter, industry, homeland security, en-
vironmental monitoring, and subatomic physics. Among different
detectors which can be used to detect ionizing particles, image
sensors in integrated circuits provide the possibility of having a
detector which consumes low power, is much smaller, portable
and provides a spatial resolution much better than traditional
detectors [1].

Complementary Metal Oxide Semiconductor (CMOS) in-
tegrated circuits with Active Pixel Sensors (APS) arrays are widely
used in Commercial Off The Shelf (COTS) cameras in consumer
electronics, and have usually very low costs, in the range of few
dollars, with low power consumptions. This work proposes the use
of COTS CMOS image sensors as ionizing particle detectors, with
the possibility of partially differentiating the type of incident
particle with an analysis of the ionization charge and the pattern
recorded by pixels in the image acquired. In this work the
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possibilities and limitations of such detectors are discussed.

Different works have dealt with the design of specially de-
signed CMOS image sensors for the detection of ionizing particles.
References [1-3] present the design and use of a fast APS array
specially designed for the ALICE experiment at CERN, which uses
correlated double sampling for the on-pixel correction of the Fixed
Pattern Noise (FPN) caused by transistor mismatch along the array.
Reference [4] shows the Medipix2 chip, a readout pixel chip spe-
cially designed for charge particle detection using arrays of dif-
ferent detectors being able of providing 100% fill factor. The
readout of each pixel comprises a preamplifier, a discriminator,
and a register, which requires 504 transistor inside each cell. The
complexity of the sensors allows a high temporal resolution and
suppression of FPN.

Furthermore, reference [5] describes a detector array built in a
high voltage power CMOS process which allows applying very
high voltages to create deep depletion areas which allow the
collection of more charge and have a 100% fill factor. Reference [6]
presents the design and fabrication of a detector named MIMOSA
(Minimum Ionising particle MOS Active pixel sensor) which uses a
thin depleted epitaxial layer to improve the charge collection.
Works [7] and [8] present an improved version of the detector
developed with the aim of detecting thermal and fast neutrons.
Thermal neutrons are detected using a boron conversion layer, and
energetic neutrons with use a plastic converter, but results were
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not presented in that work. Later, the same group presented a
thinned chip to be able to detect the alpha particles [9] generated
in the boron conversion layer. Besides, in a recent work it is shown
that thermal and epithermal neutrons can be detected with high
spatial resolution by coating a Charge Couple Devices (CCD) sensor
with a boron conversion layer [10]. All these works used chips
fabricated specially for the detection of charged particles.

On the other hand, only few works have dealt with the use of
COTS sensors as charged particle detectors. In [11] the response of
COTS CMOS imagers as ionizing radiation detectors in the detec-
tion of X-ray photons is studied. Then, the same group presents in
[12] the response of two COTS chips and studies its potential use in
interventional radiology dosimetry and for the detection of pro-
tons and location of the proton hit [13,14]. In [15], the use of cell
phones cameras to detect shower of particles from cosmic rays is
proposed, and the response of the sensor to different sources is
compared. A system comprising a world-wide array of cell phones
running a dedicated app would have a large effective section and
allow local monitoring of radiation levels.

This work studies the response of two COTS CMOS imager
sensors to different kinds of incident radiation; including beta
particles, gamma photons, X-ray photons, and alpha particles;
showing the possibility of partially identifying the type of incident
particle through the pattern in the image and deposited charge.
The image sensors used are embedded in low cost cameras,
showing the possibility of, with adequate processing, the devel-
opment of inexpensive detectors for wide applications, area
monitoring, radioprotection, dosimetry during imaging interven-
tions or other medical applications. The aim of the work is to show
the feasibility of using such a device at room temperature.

The use of COTS sensors brings in several applications im-
portant advantages with respect to integrated circuits designed ad
hoc for a specific application. The first and obvious advantage is
the low cost of each sensor. The sensors used in this work have
costs in the order of few US dollars, which would allow the
manufacture of low cost personal dosimeters for the protection of
workers in radiation facilities and medical image facilities not only
in developed countries but also in the third world. Low cost allows
the integration at an affordable price of arrays of detectors, for
example to build an array for the characterization of radiotherapy
shaped fields. Other possible application is the construction of a
macroscopic linear array of these sensors to measure the angular
dependency of the diffracted particles in diffraction experiments.
Another important advantage is that COTS sensors are available in
the market and can be easily purchased and delivered, and are
well-documented, whereas experimental Application Specific In-
tegrated Circuits (ASICs) designed for harsh environments are
more difficult or impossible to obtain due for example to ITAR
regulations. For that reason, there is a tendency to try to use
whenever possible COTS circuits for space applications [16-18],
including different CMOS and CCD COTS image sensors [19-21].

Another advantage of COTS cameras is that since the technol-
ogy pushes to produce sensors with a higher number of pixels in
comparable sensitive areas, the pixel size and thus spatial re-
solution improves faster than ad hoc designed ASICs. For example
the color sensor used in this paper has a pixel lateral size at least
three times smaller than [7-9,5]. On the other hand, the use of
COTS sensors will have limitations compared to ad hoc ASIC, for
example time resolution, low noise, or total dose response [5,9,10]
which might be important for other applications.

Next section presents the devices used in this work, and the
algorithm used for FPN suppression. Section 3 shows the response
of the sensors to different kinds of radiation from different sour-
ces, and some characteristics of the patterns obtained in the
images with the different particles. Section 4 shows the sensors
used as particle counters in a real application; and an algorithm to

distinguish between alpha and gamma events. Section 5 presents
the conclusions of the work.

2. Devices under test and image processing

This section describes the COTS devices used in this work, and
the image processing strategy used to discern between different
incident particles using these devices.

2.1. Image sensors used in this work

Two commercial cameras based on CMOS APS sensor arrays
were used in this work. The cameras are CGH 309D and JMK JK-
801. The first camera is based on the APTINA MT9V011 0.25 color
CMOS sensor, 640 x 480 pixels with a size of 5.6 pm x 5.6 pm,
which has a RGB Bayer pattern filter applied. The second camera is
based on the OmniVision OV5116N black and white (BW) CMOS
sensor, 320 x 240 pixels of 11 pm x 11 pm. The sensor does not
have a color filter on it, as will be shown later. The cameras
comprise an image processing circuit, the ViMicro VC0702, which
provides a PAL-N video signal which was captured using a USB
grabber that digitalizes the signal using 8 bits. Fig. 1 shows pic-
tures of the devices used in this work.

The structure of the sensors was analysed using a Focus lon
Beam (FIB) and a Scanning Electron Microscope (SEM) to study the
thickness of the layers placed on the active silicon area [22]. The
BW sensor has an oxide layer with a thickness of ~2.7 um on top
of the silicon epitaxial layer, which is the active volume of the
sensor. Most of each pixel is covered only with this oxide layer, and
a fraction of its area with metal paths embedded in the oxide. The
color sensor has a Bayer filter with thicknesses from ~4 pm to
~5 pum, and then an oxide layer of ~4 pm on top of the silicon.
Incoming particles, or particles produced by the incident radiation
after some interaction, will need to penetrate these layers to reach
the active silicon volume.

As a normalization and to allow a simpler comparison of the
results of both sensors, the results obtained in the color sensor are
the average of the three colors, which lead to an equivalent pixel
pitch of 11 pm x 11 pm.

All measurements were done acquiring thirty images
per second and storing them for their analysis. During our ex-
periments, the sensors were integrating charge almost all the time
of the period.

2.2. FPN suppression

Since our aim is to use these COTS image sensors at room
temperature for the detection of charged particles, several efforts
had to be done in order to mitigate some unwanted effects.

One of these unwanted effect which, as will be seen later, needs

R

Fig. 1. Board with (a) color sensor CGH 309D, and (b) with black and white sensor
MK JK-801.
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Fig. 2. Dark image mesh without FPN suppression.

to be minimized, is the reduction of random dark noise and de-
fective pixels which leads to a FPN—that also has a random
component which depends on each pixel of the employed sensor.
Fig. 2 presents the values of the ionization charge recorded on the
color image sensor blacked out and without incident particles. The
readings of most pixels have a small but not null value. Also, a
small number of pixels have very high readings, with values no-
toriously higher than the average of the whole image. Moreover,
the readings of pixels in dark conditions have a slow time de-
pendence. These values are probably not only the result of pixels
with defects, it can also be improper zeroing along the several
amplifying and conversion stages [22]. Similar results were ob-
tained with the BW sensor.

The mean value of FPN showed to be temperature dependent.
The statistical distribution of values read in the dark images is
plotted in Figs. 3 and 4. The read values in all the pixels in 36,000
frames were arranged in recorded histograms, in the curves re-
ferred to as “no filter”. The measurements were done at 20 °C and
40 °C to illustrate the effect of temperature. At both temperatures
most of the readings yield low values, in normal operating con-
ditions, but a very small proportion of the pixels yield values quite
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Fig. 3. Histogram of the ionization charge recorded in the color sensor in dark
conditions. The original values are compared with the result of applying the filter to
reduce FPN.
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Fig. 4. Histogram of the ionization charge recorded in the BW sensor in dark
conditions. The original values are compared with the result of applying the filter to
reduce FPN.

higher. These pixels with high values correspond to the spikes in
Fig. 2.

Since our strategy to detect a particle will be to localize events
in which the value read in a cluster of pixels is higher than a
threshold, it is necessary to eliminate this average FPN, specially
the values with High Fixed Pattern Noise Values (HFPNV) pre-
sented in the figures. To reduce the impact of FPN on the detection
of ionizing particles, we subtract the mean value of FPN to each
image. Since this mean value might slowly change with time, we
used a one tap autoregressive filter of order 1, with a time constant
of 128 images, which has a low computational cost and can be
easily implemented in an Field Programmable Gate Array (FPGA)
or a microprocessor or microcontroller in a future stand-alone
version of an instrument.

If we treat each frame as a matrix, with Iggap(n) being the frame
read at time n, the average FPN matrix Irpn(n) is computed using
Eq. (1) with a = 1/128. The clean image after noise suppression
Iciganen 1S obtained with Eq. (2).

Iepn () = Igpy( = 1)-(1 = @) + Iggap(n)-a M

Terean() = Ipgap(m) — Ipy() )

Figs. 3 and 4 show histograms of the values of several con-
secutive images before fixed pattern suppression Izgap and after
fixed pattern suppression I gay for the color sensor and BW sensor
respectively. Figs. 3 and 4 show that even for the operation at
40 °C the number of pixels over 20 and 60 ADC counts is
negligible.

Another problem which might appear would be the auto-gain
feature of some image sensors. In our experiments the almost
constant mean value of dark noise and FPN ensure that the gain is
kept constant along the experiments. Also, care should be taken
disabling the interleaving sometimes used by image acquisition
software.

It will be shown in the next section that the pattern left by the
incident charged particles employed in this work is formed by a
cluster of pixels with values much higher than the remaining
random noise after the FPN mitigation. Thus, it is possible to as-
sume that a group of adjacent pixels with values over a given
threshold are the detection of a particle and not random noise,
yielding a negligible rate of false positives.

3. Response to different particles

This section presents the response of the sensors mentioned in
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Section 2 to the irradiation with different charged particles and and presented in the arbitrary units of an ADC count. Unless
photons. All the plots and analysis presented in this section are otherwise is specified, all measurements were done using a dis-
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3.1. Typical event responses

The image sensors were exposed to different radioactive sour-
ces which emit X-rays, gamma rays, alpha and beta particles. The
interaction of particles with the sensor produces signal in a small
cluster of pixels on the read image. This section presents typical
responses obtained with the different particles. Before irradiation,
a thin glass window which covers the image sensors was removed,
to allow the direct exposure of the sensors to the particles.

When a ionizing particle interacts with the sensor it loses en-
ergy generating ionization charge on a cluster of pixels, which can
be observed as an illuminated region in the image. Figs. 5 and 6
show typical patterns left by different particles on the color and
BW sensor, respectively. The plots show a mesh of the values of a
set of pixels around an event, and in the insets the corresponding
of the image with the events.

3.1.1. Beta and gamma rays from a >’Cs source

The image sensors were placed at ~5 mm from a '*’Cs source
which emits beta particles of 0.514 MeV and 1.174 MeV and pho-
tons of 0.662 MeV [23].

Since the attenuation range in Si of the gammas emitted by
137Cs is ~3.7 cm, much higher than the thickness of the active area
of the sensor, only a very small fraction of the incident gamma
photons will produce interactions with the active volume of the
sensor [8,24]. On the other hand, since the air distance between
the source and the detector is sufficiently small, most of the in-
cident betas will interact with the detector. This is because they
are charged particles, and its range is higher than the thickness of
the insulating layers and active volume of the sensors. Since one
beta particle and one gamma particle are emitted in each beta
decay, most of the observed events in this experiment are beta
particles. Typical patterns left in the sensors by these particles are
shown in Figs. 5a and 6a.

In order to check the nature of the radiation detected, a 5 mm
sheet of acrylic was placed between the source and the detectors,
and the experiment was repeated. This sheet is thick enough to
stop all beta particles from the source [25]. However, since it is
much thinner than the mean free path of the gamma rays, almost
all the photons could pass this sheet, as was experimentally ver-
ified using a Nal(IT) scintillator [22].

Then, the experiment was repeated with this configuration in
which the beta particles from the source are stopped, and only
gamma photons—or electrons generated by the bremsstrahlung
photons produced by beta particles—photoelectric and Compton
effects are expected. Figs. 5b and ¢ and 6b and c show typical
patterns observed in the sensor with this configuration. The pat-
terns recorded by the sensor were not only dots, but also small
traces. The reason of these different patterns is that gamma rays
from '’Cs interact with silicon mainly by Compton Effect [26],
thus generating Compton electrons leaving with different direc-
tions. The dots can be understood as electrons scattered into the
sensors in a normal direction, whereas traces can be caused by
electrons hitting the sensors with grazing angles.

3.1.2. Beta particles from a >2Eu source

The sensors were exposed to 356 keV beta particles and gam-
ma ray with energies below 1408 keV from a '>2Eu source [23].
The results are analysed below, but the patterns were similar to
what was shown for '*’Cs in both kinds of sensors and are not
displayed here.

3.1.3. Gamma rays from °Co, *>Ba, sources

The sources were encapsulated, and the emitted beta particles
could not leave the source. The same experiment was repeated
using a %°Co source which emits gamma rays with energies of

1.173 MeV and 1.332 MeV [23], and a **Ba shielded source which
emits gamma photons below 383.9 keV [23]. The patterns were
similar to what was obtained with gamma photons from *’Cs and
are not displayed here.

3.14. X-ray irradiation from a >°Fe source

The experiment was repeated with a 5°Fe source, which emits
X-ray with energies of 5.9 and 6.5 keV, which have attenuation
lengths of 28 pm and 38 pm in Silicon [24], most of them being
absorbed in the active region of the sensors. Typical responses are
plotted in Figs. 5e and 6Ge.

3.1.5. Alpha particles and photons from >*’Am and 2**U Sources

The experiment was repeated using two 2*!Am sources. The
isotope 24! Am emits alpha particles with energies of ~4.4 MeV and
X-ray up to 60 keV [23]. One of the sources has a shielding which
stops alpha particles, whereas the other source has only a very
thin protection layer, allowing the emission of both types of par-
ticles. The first source will be referred to as shielded 2*'Am source
and the second as unshielded 2*'Am source.

The distance between the source and sensors was less than
5 mm, ensuring that alpha particles would not be stopped by air.
With the unshielded source two different groups of patterns were
observed, a first group similar to the patterns observed with
X-rays, and also a group of patterns generally bigger and in which
the reading of the sensor was saturated. As an example, Figs. 5d
and 6d show these different patterns that we associate to alpha
particles.

The same experiment was carried out using a natural uranium
source, which emits alpha particles with 4.679 MeV and photons.
The spots observed in the image were similar to what was ob-
served for 24'Am.

3.2. Charge collected after different events

Long irradiations were carried out using each source, with the
aim of collecting high numbers of events. The videos obtained
were processed applying the FPN suppression algorithm and then
each event was detected. For each event, we summed the ioniza-
tion charge collected in all the pixels of the cluster, considering a
cluster as a 10 x 10 pixel box in the image, centered in the pixel
with the maximum value of each event. This sum is proportional
to all the charge trapped in the active volume of the detector after
each event, i.e. a measure in the arbitrary units of the ADC of all
the collected charge. A large number of events were recorded for
each source and particle, and the number of events detected vs.
the amount of charge—in a.u.—are shown in the histograms of
Figs. 7 and 8 for color and BN cameras, respectively. Each figure
has three subplots. The subplot on the top shows the histograms
from 2*'Am and 23°U photon and alpha sources. The subplots on
the middle and bottom show the histograms with the other
sources which emit betas, gamma photons, or X-ray. The histo-
grams show that despite the differences in energies, the charge
collected from photons and electrons has so much dispersion that
it is difficult to find differences among the curves. However, a clear
difference is observed when alpha particles interact with the de-
tector, clusters with a quite higher amount of charge are detected.
This becomes clear comparing the curves for 2!Am with and
without shielding, i.e. without and with alpha particles, respec-
tively. Particularly, in Fig. 8 a high number of events with charge
from 1500 to 3500 a.u. are observed for the unshielded source.
These events do not occur with the shielded source. For the color
cameras, which use a Bayer Filter, it can be seen that there is a high
number of events with charges higher than 3000 a.u. clearly not
observed when the irradiation is carried out with shielded sources.
These events which leave higher levels of charge in the pixels can
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be associated to alpha particles, which have a higher Linear Energy
Transfer (LET). A comparison of the peaks from Figs. 7 and 8
suggests that the interaction of alpha particles with the Bayer filter
might modify the amount of charge collected by the sensor.
Considering that in silicon an average of 3.6 eV are required to
create an electron-hole pair, every incoming photon of 6.5 keV

from °°Fe will generate ~1800 pairs. If the photon is absorbed
close to the depletion regions a high fraction of the charge is
collected by the reversed biased junctions of the pixels. This
charge trapped in a set of neighbor pixels leads to the charge in
the histograms of Figs. 7 and 8. In the color sensor, the charge after
absorbing a photon has a peak in 500 ADC counts, whereas the BW
sensor has a peak in 250 counts.

On the other hand, beta particles from '*’Cs have 0.514 MeV
and 1.176 MeV, much more energy than 5°Fe X-rays. However, it
can be observed in Figs. 7 and 8 that the amount of charge left in
each event is almost the same than for X-rays.

High energy beta particles from '*’Cs have a LET from 1.5 to
1.6 MeV cm?/g, at least ten times lower than the LET of the lower
energy photoelectric electrons generated by absorption of >°Fe
X-rays. With that LET the beta particles can generate ~100 pairs/
pm. This means that beta particles generate in a distance of
~18 pm the same amount of charge as an X-ray photon. This dis-
tance is comparable to the thickness of epitaxial layers in bulk
CMOS processes, and it was reported that in such a depth is where
most of the generated charge after a single event is collected [27].

On the other hand, in Figs. 7 and 8 it is clear that the charge left
by alpha particles is higher than beta particles or electrons, a result
which can be explained by the different LET of the particles.
However, since the reading of the pixels in the spots generated by
alpha particles correspond to saturation values—probably of the
internal preamplifiers—, a linear quantitative comparison cannot
be done.

3.3. Event spot size

X-ray photons from >>Fe have energies of 5.9 and 6.5 keV [23].
The interaction of these photons with silicon will thus generate
mainly photoelectric electrons with energies below 6.5 keV, with a
range in silicon—for the electrons—lower than 2 pm [25], smaller
than a pixel size. In case a secondary photoelectric photon is
emitted from silicon, its energy would be 1.7 keV, with a at-
tenuation length of ~11 pum [28], to then generate another electron
with a short range. This means that most of the times all the
charge generated by the absorption of an X-ray photon should be
collected within a region smaller than or comparable to the lateral
size of a pixel.

However, as was shown in Figs. 5 and 6 the charge deposited
after an event is spread in a cluster of several pixels. To illustrate
this, Fig. 9 shows an histogram of the radius of events observed in
the both sensors using the >>Fe source. These radii were calculated
as the second order momentum of the distribution of charge. It
can be concluded that despite the fact that the charge left by a
photon is supposed to be generated in a volume smaller than a
pixel, this charge is usually spread in several pixels, in areas of
100-200 um?. Similar spot sizes were observed for X-ray photons
in CMOS image sensors with 5.6 pm pixel pitch [11,13].

This result can be explained with the following facts. >°Fe
photons have attenuation lengths of 28 and 38 pm, whereas the
depletion region of the PN junction in CMOS pixels are usually at a
depth lower than 1pm from the silicon-oxide interface. This
means that most of the photons absorbed in the silicon will be
absorbed in the bulk of the chip, below the depletion region of the
reversed biased junction of the pixel. When the photon is ab-
sorbed, it generates in a region of few pm electron-hole pairs, as
was stated before. This charge, generated below one pixel, will
spread to neighboring pixels by diffusion, leaving the observed
spot. This effect is known to cause crosstalk in image sensors when
irradiated with visible light [29-31].

The spot size of events generated by alpha particles is slightly
bigger, with radius ranging from 33 to 44 pm. Similar results have
been reported in CCD image sensors by [32], where the radius of
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the alpha events for similar energies is approximately two pixels.
The pitch between pixels is 15 pm, yielding a radius of ~30 pm.

4. Discussion and applications

This section discusses possible applications of the sensors and
their performance as particle counters.

4.1. Particle counting, sensitivity and threshold dependency

A detector using these sensors would count the arrival of a
particle whenever, after FPN suppression, a set of pixels has in-
tensity values higher than a threshold. If this threshold is chosen
too low, the random values of dark noise would lead to false
counts. On the other hand, if the threshold is too high, many
events will be ignored, leading to a low responsivity and low dose
resolution of the system. A good choice for the threshold should
consider the trade-off between a extremely low chance of having
false counts and do not miss too many events. This trade-off is
exemplified in Fig. 10. The solid line, referenced to the left vertical
axis, shows the fraction of pixels with values lower than a
threshold—horizontal axis—, obtained from the curve at 40 °C
after FPN suppression in Fig. 3. This line can be interpreted as an
estimation of the probability that randomly chosen pixel in an
image has been considered as an event vs. the threshold.

Referenced to the right vertical axes, we plot the number of
events detected by the systems in several irradiations when dif-
ferent thresholds are used. The number of events for each
threshold is normalized to the number of events using 32 as
threshold, to allow a comparison of the different irradiations.
Three curves are plotted, the response with alpha particles, gam-
ma photonsfrom '*’Cs, and beta and gamma particles from 37Cs.
The number of detected particles strongly depends on the
threshold used, specially for gamma irradiation, with almost eight
orders of magnitude of events counted when the threshold is
varied from 32 to 192. To make easier the comparison, the number
of events detected with each threshold is normalized to the
number of events with a threshold of 32.

To maintain negligible the chance of having a false positive,
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Fig. 10. Determination of a threshold to improve sensitivity. Referenced to the left
vertical axis, the fraction of pixels with values lower than each threshold is plotted.
The data is obtained from a color sensor at 40°. Referenced to the right vertical axis,
the relative number of events which have a maximum over each threshold is
shown.

with a reasonable probability of considering as real an event, we
choose to use for this color sensor, a threshold of 64, and decide
that an event was detected whenever at least two contiguous
points have values over this threshold.

With this consideration, me made an irradiation with a
calibrated *”Cs gamma source to estimate the dose resolution of a
dosimetry system based on this sensor, considering that a measure
of the dose resolution is one count. The sensor was placed at a
distance of 29 cm from the source. In that position the dose rate
was 1.7 mGy/h, measured with a calibrated detector, valued which
agreed with the original calibration of the source considering its
decay. At that distance using a threshold of 64 the number of
events per second was 9.9, meaning that each event represents
~50 nGy. This dose per count of course will depend on the photon
energy—for gamma irradiation—, or type of incoming particle.

4.2. Sensor as gamma counter at different fluxes

To study the ability of counting particles at different dose rates,
and show the system can be used in a real application, the color
sensor was exposed to radiation available at the Neutron Imaging
Facility, RA6 nuclear research reactor, Bariloche, Argentina [33].
The Neutron Imaging Facility has a radial extraction tube from the
reactor core that provides a beam formed by gammas with a wide
range of energies, and thermal and epithermal neutrons that for
this measurements were attenuated using a polyboron layer.

The measurement consisted in counting the number of events
per unit time during the start-up procedure of the RA6 reactor
[22]. During start-up, the power of the core was increased from
zero to ~1.5kW, 10 kW, 30 kW, and 100 kW. The sensor was
placed in a dark plastic box with its surface normal to the radiation
field. Using the steps proposed—i.e. applying the FPN-mitigation
filter and detecting groups of contiguous pixels with values higher
than a threshold of 64—, the events were identified in the images,
integrating the number of events in 15 s to calculate the average
number of counts per frame (ACPF) during the measurement.

Fig. 11 presents the ACPF measured during the experiment. In
more detail, the inset of the figure shows the average number of
cps vs the reactor power during each power step. The number of
cps observed is proportional to the power of the reactor.

The gamma dose rate when the reactor operated at 100 kW
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was ~160 mGy per hour, estimated from a previous characteriza-
tion of the facility. At 100 kW the system detected ~100 counts
per second, meaning that each count represents ~460 nGy. The
different sensitivity compared to *’Cs is caused by the different
energy spectrum of gamma photons with much higher and dif-
ferent energies [15]. This shows that as happens with many par-
ticle counters, the conversion from counts to dose should take into
account the photon energy.

4.3. Particle classification

One of the aims of this work is to evaluate the capability of the
employed low cost sensors to identify the incoming particle; as
was done with CCD sensors in [32,34], where the amount of
charge or geometrical features of the event-induced clusters are
used. Several characteristics of the spots generated by the trapping
of different events were studied in Section 3. Figs. 7 and 8 compare
the charge left by different particles, and Fig. 9 compares the ra-
dius of the spots. In the three plots it can be concluded that the
patterns recorded by photons from few keV to more than one MeV
or beta electrons with energies from hundreds of keVs to more
than one MeV cannot be distinguished, as was discussed before.
However, alpha particles leave different characteristics, a higher
amount of charge— Figs. 7 and 8—, different radius— Fig. 9—, and
generally higher maximum values read on the pattern—closer to
saturation as is observed in Figs. 5 and 6.

We used these differences in the patterns to make an algorithm
to identify which particle was detected, based on the charge, ra-
dius, and highest pixel value read inside the cluster. Every time an
event is detected in the color camera, it is counted as an alpha
particle if the total charge is greater than 3000, the radius is higher
than 2.5 pixels, and the highest pixel value read in the cluster is
higher than 125 a.u.

To prove the concept we made the following experiment. At the
facility described in the previous section, we placed in operation
and tested the color sensor and a 24! Am source was placed next to
the sensor. In this preliminary experiment the signal of interest is
the alpha particles, and the gammas produced by the RA6 reactor
are used as background. A fraction of the active area of the image
sensor was covered by a paper sheet with a thickness of ~100 pm,
which is enough to ensure that all alpha particles would be
stopped [24]. Fig. 12a shows the shadow caused by the sheet of
paper when the sensor is illuminated with a point-like light source
placed at several meters from the sensor, showing which part of
the sensor was covered.

Fig. 12 shows images under the three irradiation conditions
which include all the events registered in 2000 frames—i.e. 66 s.
The images on the left show all the events recorded, whereas the
images on the right show all the events identified as alpha parti-
cles with the algorithm. The images (b) and (c) show the events
captured using the 24'Am irradiation. All the events are recorded
on the uncovered region of the sensor as expected. The total
number of events detected was 138, being 101 of them detected as
alpha particles—the 37 remaining events do not comply with the
classification criterion, meaning that the algorithm has a high false
negative rate of about 40%. When the sensor was irradiated with
gamma photons the images (d) and (e) were obtained. The events
were uniformly distributed along the sensor, a result expected
since the thin paper sheet is almost transparent to gamma rays.
The total number of events recorded was 9842, and the algorithm
identifies 42 false positives, i.e. approximately a 0.4% of gamma
photons wrongly identified as alpha particles. When the sensor
was exposed to gamma photons and to the ?'Am source, the
images (f) and (g) were obtained. The total number of events was
9782, with 147 of them identified as alpha particles. The number
of events is the sum of the real number of alpha particles and
gamma photons mistakenly classified, and is approximately the
sum of figures (c) and (e). With the limitations of having ~0.4% of
false positives—gamma photons identified as alpha particles—,
the algorithm shows that it is possible to make a particle classi-
fication in a mixed field beam composed of particles with quite
different LETs. The parameters set in the algorithm were optimized
to have a low false positive rate at the cost of having a high false
negative rate. This would be useful for example to detect alpha
particles from '°B in an application as presented in [7,8] and [10].

The difficulty in separating beta particles from gamma photons
at a pixel level is caused by the fact that the particle which is really
detected in the thin active layer of the sensors during gamma ir-
radiation is the Compton electron and not the photon itself. In
both cases, Compton electrons and Beta particles are electrons
with comparable high energies which depend on the emission
direction and track. The only way of differentiating them with
these devices is through the use of shielding layers as was shown
in our experiments. The amount of charge left in the thin epitaxial
active layer of the sensors makes difficult also a classification be-
tween high and low energy photons.

5. Conclusion

This paper investigated the response of two COTS CMOS sen-
sors embedded in low cost cameras as single particle detectors,
showing their potentials and limitations. Through a simple filter-
ing algorithm the temperatures-dependent FPN and dark currents
can be reduced, allowing the detection of particles. The response
of the sensors to different beta, gamma, X-ray, and alpha sources
was obtained, studying the charge collected after each event, the
maximum value, and the spot radius. The results show that it is
possible to discriminate between events generated by alpha par-
ticles and events generated by the other particles used in this
work.

Also it was shown that the sensor could be used to count events
at different dose rates in a real application. The dose resolution of
the detector, which depends on the photon energy, can be set
below 1 pGy, with a negligible number of false positives. This re-
sult shows that these sensors have potential applications in
radioprotection or area monitoring, as well as in medical appli-
cations as was reported by [12], under low dose irradiation con-
ditions as used in our work.

The results presented in this work with two different sensors
from different vendors, under nine different irradiation sources
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Fig. 12. Images obtained in order to analyze the method implemented to differentiate alpha and gamma particles. See details of each image in the text.

and conditions, complement previous results obtained in refer-
ences [11-13], and [14]. These results show that with proper care
and signal processing it is possible to use in several applications
COTS CMOS image sensors as particle detectors. No total ionizing

dose effects are analysed in this work, assuming that low doses are

involved in the measurements.

Future work will be oriented to develop a stand-alone dosi-
metry system based on a similar image sensor, study the response
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to ions with known energies in a linear accelerator, and evaluate
the use of new coatings as neutron converters.
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