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ABSTRACT
Background: Recent research on photon detection has led to the introduction of

a silicone photomultiplier (SiPM) that operates at a low voltage and is insensitive to
magnetic fields.

Objective: This work aims to model a scintillation camera with a SiPM sensor and
to evaluate the camera reconstructed images from gamma ray projection data.

Material and Methods: The type of study in this research is experimental
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work and analytical. The scintillation camera, modelled from an SiPM sensor array
SL4-30035, coupled with a scintillation material Caesium Iodide doped with Thallium
(CsI(Tl)), is used in the experimental part. The performance of the camera was evaluated from reconstructed images by a back-projection technique of a radioactive source
Caesium-137 (Cs-137).

Results: The experiments conducted with a 1 µCi Cs-137 radioactive source have

revealed that the bias voltage (Vbias) of the SiPM needs to be set to 27.8 V at an operating temperature between 43 °C to 44 °C. The radioactive source has to be placed
within a 1 cm distance from the sensor to obtain the optimum projection data. Finally,
the back-projection technique for image reconstruction with linear interpolation preprocessing has revealed that the Ram-Lak filter produces a better image contrast ratio
compared to others.

Conclusion: This research has successfully modelled a scintillation camera with

SiPM that was able to reconstruct images with an 86.4% contrast ratio from gamma
ray projection data.
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Introduction

edical imaging techniques from a gamma camera such as Positron Emission Tomography (PET) and Single Photon Emission Computed Tomography (SPECT) have contributed to
earlier and more accurate cancer detection. Current gamma cameras are
typically built with photomultiplier tubes technology (PMT) for photon
detection. However, this conventional technology has been considered
costly and space consuming [1]. A typical gamma camera consists of
J Biomed Phys Eng 2022; 12(2)
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a collimator, scintillation material and a PMT
on the back end of the device [2-5]. Common
scintillation materials used in SPECT include
Sodium Iodide (NaI) and Caesium Iodide
(CsI), while common radio tracers include
the Technetium (99mTC), Gallium (67Ga), and
Iodine (123I), among others. In SPECT, these
radio tracers are injected in the patient’s body,
and emit gamma rays. The gamma rays are
then scintillated by the gamma camera producing light photons. Subsequently, a gamma
camera acts by measuring the amount of incident photons and determines the position of
the photons incident [6]. Meanwhile, a collimator assists in ensuring the gamma ray beam
aligns between the points of exposure from the
patient to the camera surface [7-8].
Recent research on photon detection and
the capability of the avalanche photodiode
(APD) has resulted in the introduction of the
silicone photomultiplier (SiPM), which is a
photo detector built with high gain capability and operates at a low voltage [2, 9]. The
SiPM comprises diodes with breakdown voltage, operating on a specific amount of photon incidents. Each pixel in the SiPM sensor
contains thousands of photodiodes, known as
microcells. Hence, there is a possibility of the
SiPM sensor to be utilized in determining the
amount of photon incidents [10]. Moreover,
it is insensitive to magnetic fields [1-2]. With
these advantages, it has the potential to replace
the conventional PMT in gamma cameras. In
short, this research contributes in producing
medical imaging devices with an alternative
solution. However, further research is needed
to be conducted on various elements of the
SiPM before this is possible.
Several objectives are specified for this research. The first objective is to model and construct a scintillation camera with a SiPM photo
based sensor to acquire gamma ray emission
from a Caesium-137 (Cs-137) radioactive element. Several important configurations of the
camera must be identified, including the sensor optimum operating temperature, proper
118

bias voltage (Vbias) and optimum operating
distance. The second objective of this research
is to obtain projection data from a radioactive
point source by applying the proper camera
configuration. Projection data was taken by
rotating the camera towards the radioactive
point source. Finally, the last objective of this
research is to evaluate the scintillation camera performance by reconstructing the images
from the projection data. Several different filtering techniques were implemented during
the image reconstruction process for evaluation purposes.

Material and Methods

The type of study in this research is experimental work and analytical. This research
uses some gamma radiation data acquisition
equipment to capture the data projection from
a radioactive point source. The research also
implements Matlab analytical software for reconstructing images from the projection data.
Several experiments and analyses have been
conducted in this research to determine the
parameters and configurations in acquiring the
optimum results from a modelled scintillation
camera with a SiPM sensor. These configurations were then applied to an actual experiment in acquiring projection data for image
reconstruction.
The first experiment was conducted to determine the optimum operating bias voltage
(Vbias) for the SiPM sensor. The Vbias value was
set high enough to allow the sensor to trigger
once it detects the low light from the scintillation process, and yet low enough to prevent it
from triggering in the absence of a radioactive
source.
The second experiment was conducted to
determine the optimum operating distance
between the radioactive source and the SiPM
sensor. A closer distance between them generally increases the sensor readout performance.
However, it is more likely that more gamma
ray photons pass through the detector without
being scintillated.
J Biomed Phys Eng 2022; 12(2)
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A scintillation camera was then modelled
and constructed based on the outcome of the
experiments. Projection data were then extracted from the modelled scintillation camera.
Finally, image reconstruction using a backprojection technique was applied to evaluate
the performance of the scintillation camera.
Experimental Setup
This research utilizes Caesium-137 (Cs-137)
radioactive point source for the experiment. It
emits gamma ray photons with energy of 662
keV and also Cs-137 is among the most utilized radioactive sources in the nuclear medical field [11]. The material has an activity of 1
µCi, decaying at a rate of 3.7 × 104 disintegrations per second (dps). In addition to this, the
material has a longer lifetime of 30 years, and
is suitable for long experimental procedures.
Furthermore, Cs-137 is widely used in brachytherapy for radiotherapy during the treatment
of cancerous patients. In a brachytherapy procedure, the sealed capsule gamma ray radioactive substance is placed in the body to eliminate cancer cells [12].
A radioactive source emits a specific amount
of gamma ray photons, depending on several
factors, including the half-life of the source,
the age of the source, source activity as well
as the time exposure. The general relationship
can be observed using Equation 1 [13]. According to this equation, the number of emitted gamma ray photons (N) depends on the
exposure time t in hours and the radiation activity A. The element TB is the total branching
ratio, with a value of 0.85 for Cs-137 [13].
N=TB.t.A
(1)

However, since the source was manufactured in 2007, the activity has been slightly
reduced. The current activity A can be found
by implementing Equation 2 [13]. A0 represents the initial activity, while t represents the
interval after the manufacturing date in years.
Lastly, the element τ represents the mean-life
of the radioactive source with the same units
as the time interval. Currently, the radioactive
source for this research disintegrates at a rate
of 29 × 103 each second.
A= A0 ∙ e-(t/τ)
(2)
This research used the 16 channels SiPM
4 × 4 detector array SL4-30035 with a peak
wavelength absorption of 500 nm, connected
to an SIB 1256 interface board. Each sensor
pixel dimension is approximately 3 mm × 3
mm [14]. Measurements of light photons energy scintillated by the scintillation material
were collected using the Vertilon IQSP 480
data acquisition system. The experiment setup
is shown in Figure 1.
Finally, the experiment for this research utilized the Caesium Iodide doped with Thallium
(CsI(Tl)) type of scintillation material. The
thickness of this material is 6.35 mm. It is chosen for this experiment as previous research
has shown that at a radiation energy level of
662 keV with a scintillation material thickness
between 6 mm to 7 mm has the optimal sensitivity and resolution for CsI(Tl) [15].
Furthermore, this scintillation material has a
peak wavelength of 550 nm which is closely
matching the peak wavelength of the SiPM
sensor. The scintillation material CsI(Tl) is
considered less hygroscopic compared to the
sodium iodide (NaI(Tl)) type of scintillation

Figure 1: Research experimental setup [13-14].
J Biomed Phys Eng 2022; 12(2)
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material. Hence, an aluminum shield case may
not be required. Aluminum casing prevents
gamma rays from reaching the scintillation
material and affecting the energy measurement accuracy during the experiment. A thin
aluminum sheet with a thickness of 2.54 mm
may potentially prevent up to 98% gamma ray
penetration. This was performed by measuring
Cs-137 with 1 µCi activity using the Spectech
ST360 Geiger counter device at a distance of
2 cm for a period of 60 s.
Configuring the SiPM Bias Voltage
The SiPM sensor typically operates at a
breakdown voltage (Vbr) that is slightly higher
than the one specified. It is critical to determine the correct Vbias of the sensor to prevent
the false triggering of the SiPM microcells.
Furthermore, it is also important to identify
the proper stabilized temperature of the sensor, as the Vbr value will be affected based on
different operating temperatures of the sensor
[16].
An experiment was conducted to determine
the relationship between the SiPM sensor surface temperature and its operating time. The
sensor operates from initial room temperature,
and the surface temperature is recorded for every 60 s. This step was repeated until the sensor’s temperature is stabilized. Next, the Vbias
value was determined by operating the SiPM
sensor at stabilize temperature. A dark room
condition was used throughout the experiment to prevent external lights from reaching

the sensor. Zero calibration was performed
on the IQSP480 equipment. In addition to
this, a threshold value of the sensor was set to
1 × 10-12 Coulomb (1 pC) to ensure only high
energy scintillated gamma rays was captured.
The experiment initiates by applying higher
Vbias and reducing the value until no trigger occurs with the absence of a radioactive source.
Configuring Optimum Operating Distance
The amount of radiation from a radioactive
source generally varies under different exposure periods and distances. Determining the
optimum distance between the radioactive
source and sensor is critical to perform later
experiments in modeling a scintillation camera with SiPM. The optimum distance was
acquired by finding the most similar photons
count between the experimental value and theoretical calculation.
According to this experiment, the point
source was directed to channel 6 of the SiPM.
The radioactive source Cs-137 was placed at a
distance of 1 cm from the SiPM sensor, with
the scintillator material in between. Readings
were recorded every 60 s at a stabilized operating temperature. The distance was then increased by 1 cm, and the process was repeated
until the distance reached 5 cm. The calculation on the triggered microcells was performed
on the readings to compare the actual triggered
values from the SiPM with the theoretical values. Figure 2 depicts the experimental setup.

Figure 2: Positioning of radioactive source.
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Projection with Scintillation Camera
Finally, the SiPM sensor was implemented
in the research scintillation camera to measure
the emitted gamma rays from the radioactive
source using the parameter acquired from the
previous experiment. The optimum bias voltage was applied at the optimum operating
temperature of the sensor at an optimum distance. The sensor was rotated on a 360° angle
across the radioactive source. The results of
the experiment, which are the projection data,
were utilized to reconstruct images by applying back-projection method using the Matlab
software. Readings were taken across channel
5 to channel 8 of the SiPM sensor. The reconstructed images carried out after several filtering techniques were evaluated.

from the SiPM sensor were taken upon varying distances of the radioactive source. The
trigger count reduces with a higher distance
between them. At a distance of 1 cm apart, the
SiPM will trigger 501 times in a period of 60
s, accumulating a total charge of 593 pC. The
rest of the results are shown in Table 1.
The number of triggered microcells in the
SiPM sensor can then be determined by applying Equation 3 in calculating Nfired [14]. According to the equation, Q is the accumulated
charge and G represents the sensor gain value,
while q is the electron charge. Analysis can be
performed in comparing the amount of gamma ray photons calculated to reach the sensor,
with the amount of actual triggered microcells
from the SiPM.

Results
Scintillation Camera Configuration
From the first experiment, it is found that
the SiPM sensor surface temperature will rise
from the start of the operation, until it reaches
a stable temperature reading. Rapid changes
in temperature were encountered during the
initial operation time. In addition to this, the
surface sensor temperature stabilized after
approximately 1,080 s (18 min) at values between 43.0 °C to 43.9 °C. The plotted surface
temperature is as shown in Figure 3. Hence,
further analysis was conducted at this particular temperature.
Based on the results from the first experiment, the sensor triggers even with the absence
of a radioactive source at a bias voltage 28.0
V. Upon reduction of the bias voltage, lesser
triggering occurs during a period of 60 s. The
optimum operating bias voltage for the sensor
is found to be 27.8 V. This value prevents any
triggering of the SiPM sensor in the absence
of a radioactive source. Readings can only be
acquired once it is exposed to a gamma radiated source.
For the second experiment, the readings
J Biomed Phys Eng 2022; 12(2)

Figure 3: Sensor surface temperature vs operating time.
Table 1: Results of total charge measured
with varying distance.
Distance
(cm)

1
2
3
4
5

Trigger
count
501
268
121
97
57

Total charge
(pC)
593
317
144
113
68
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Q=Nfired.G.q
(3)
Generally, when the distance between the
radioactive source and the sensor is increases,
the number of gamma ray photons, reaching
the sensor significantly reduces. Equation 4
provides a relationship between the theoretical
detector efficiency upon varying distance [14].
DEff=G.I.M
(4)
According to the equation, G is the ratio of
detector surface area over the sphere area in
between the detector and source; I is the fraction of photons from intervening materials;
and M is the fraction of Gamma ray photons
absorbed by the detector, and significantly depends on the scintillation material thickness.
Equation 5 depicts the relationship between
scintillation material thickness d and the Gamma ray photons absorbed by the detector M
[14]. The attenuation coefficient of the scintillator µ is represented by the value 0.3 cm-1 for
CsI(Tl) [14]. Typically, for CsI(Tl) material
with a thickness of 6.35 mm, the percentage
absorption is around 20% [14].
M= 1- e-(μ ∙ d)
(5)
Table 2 indicates the difference between the
theoretical calculation and the experimental
results after applying Equations 3, 4 and 5.
Firstly, according to the Table 2, the amount
of trigger microcells exceeds the desired photons reaching the sensor. This can occur as a
single scintillated gamma ray photon might
have triggered more than one microcell in a
single event. Moreover, scattered photons
might also trigger the microcells. Secondly,
from the Table 2, the error slightly increases as
the distance between the source and the sensor

increased. From Table 2, it is confirmed that
the distance of 1 cm apart produces less difference that is better at representing the photon
counts from the radioactive source.
Projection Data Image Reconstruction
Next, the SiPM sensor was exposed to the
radioactive source at a distance of 1 cm apart
for projection data acquisition. Charge measurements were taken at SiPM surface channels 5, 6, 7 and 8 for duration of 10 s. The
SiPM sensor was rotated across the radioactive source from 1° until 360°, in 10° increments. A total of 36 different measurements
from each angle from the four SiPM channels
were recorded. The measurements from each
angle were interpolated using the Linear Interpolation technique and fed to the Matlab function for Radon transformation. Data interpolation was basically a mathematical method in
constructing new data points from a range of
a known discrete set of points [17]. Interpolation in image reconstruction assists in enabling
the processing of multi-resolution pixels [18].
An example of the resulted Radon transformation is shown in Figure 4a. All 36 measurements from different angles are summed up to
produce the Sinogram image of the projected
radioactive source. The sample of the Sinogram image is depicted in Figure 4b.

Discussion

Results from the Sinogram images are analysed in this section to evaluate the performance of the scintillation camera. The filtered

Table 2: Comparing calculated and measured values.
Distance (cm)

Calculated Value (Photons)

Measured value (Triggered microcell)

Difference (%)

1

2147

1542

28.18

2

536

824

53.73

3

238

374

57.14

4

134

295

120.15

5

85

177

108.23

122

J Biomed Phys Eng 2022; 12(2)

SiPM Scintillation Camera Modelling

tion was applied to the reconstructed images.
The Weber contrast value was determined by
applying Equation 6 [21]. The maximum contrast of an image by Weber contrast has a value
of 1, while the lowest has a value of 0. The
constructed images are as shown in Figures 5a
to f.
L − LL
Cw = H
(6)
LH

Figure 4: a) Sample of Radon Transformation
for angle 1 to 10 degrees, b) Sample of Sinogram image.
back-projection (FBP) technique was applied
to each of the Sinogram images to generate the
reconstructed image. FBP is a common technique used for analytical reconstruction [19],
and offers simplicity, speed, and computational efficiency [20]. In this particular research,
several types of filters were applied during image reconstruction such as the Ram-Lak filter
and Shepp-Logan filter.
The reconstructed images were evaluated in
terms of contrast value, as shown in Table 3.
The contrast of an image is basically the ratio
between the image highest luminance (LH) and
the lowest luminance (LL) [21]. For evaluation purposes, the Weber contrast (CW) equaJ Biomed Phys Eng 2022; 12(2)

According to the results, the experimental
setup was able to scintillate the radioactive
source material. Furthermore, the light photons
generated were able to trigger the SiPM sensor. Based on the results of the reconstructed
images, the SiPM sensor was able to produce
better contrast when the filtering technique was
applied. During the analysis, the Ram-Lak filter was able to produce a high contrast ratio of
approximately 86%. This filtering technique
also shows better image and contrast compared to other filtering techniques. This is due
to the fact that the Ram-Lak filter introduced
by Ramachandran and Lakshminarayanan
implements a windowing function to a standard Ramp filter to reduce the noise of higher
frequency in the reconstructed images [15].

Conclusion

A model of a scintillation camera using a
SiPM sensor was introduced in this research.
The experiment in the research uses the SiPM
sensor array SL4-30035. This sensor has 16
Table 3: Reconstructed image Contrast Ratio of with various Back-Projection filtering
techniques.
Applied
Filter

Contrast ratio
(%)

Linear interpolation

None

60.64

Linear interpolation

Ram-Lak

86.44

Linear interpolation

Shepp-Logan

84.41

Linear interpolation

Cosine

78.68

Linear interpolation

Haming

75.05

Linear interpolation

Hann

73.06

Pre-processing done
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Figure 5: a) Reconstructed image without Filter, b) Reconstructed image with Ram-Lak Filter,
c) Reconstructed image with Shepp-Logan Filter, d) Reconstructed image with Cosine Filter, e)
Reconstructed image with Hamming Filter, f) Reconstructed image with Hann Filter.
pixels, each with a dimension of approximately 3 mm × 3 mm. The experiment also used
the radioactive source Caesium-137 (Cs-137)
to emit gamma rays. The experiment was set
up using crystal CsI(Tl) as the scintillation
material with a thickness of 6.35 mm. Dur124

ing this research, it was found that the surface
temperature of the SiPM sensor stabilizes after
approximately 18 min of operation. The temperature stabilizes at an approximate temperature value of 43 °C to 44 °C. This is considered the optimum temperature to operate the
J Biomed Phys Eng 2022; 12(2)
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sensor. Next, the optimum bias voltage was
obtained from the experimental procedure. It
is found that a bias voltage of 27.8 V is the
optimum bias voltage required to ensure that
the sensor will only trigger with the presence
of a radioactive source. From the experimental
results, a 1 cm distance between the SiPM sensor and the radioactive source produced closely matched measurements with the theoretical
values. Hence, it is concluded that a closer
distance between the radioactive source and
the sensor will produce less error compared to
the theoretical values. Therefore, this distance
will be used in further experiments with SiPM.
This scintillation camera model was then used
to acquire a 360° projection measurement of
the radioactive source. A full rotation of the
sensor towards the source was performed due
to the stochastic nature of the gamma emitted
radioactive source. The reconstructed images
were then produced from the readings by applying different types of filtering techniques.
From the reconstructed images, the image using the Ram-Lak filter produced better contrast compared to others. For future research,
it is suggested that more image reconstruction
interpolation and filtering techniques are applied to evaluate the overall performance of
the sensor.
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