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Abstract

Radioactive substances have a wide range of applications in medical diagnosis,
industrial irradiation, scientific research and education, environmental monitor-
ing and other fields, so rapid and efficient monitoring methods are increasingly
important. The existing monitoring means are mainly divided into two cate-
gories: counting equipment and gamma camera. The counting equipment can
only give information such as counting and intensity, but cannot give location
information; gamma cameras either use bulky collimators (such as various de-
vices based on coded hole imaging) or require high-performance detectors and
complex image reconstruction algorithms (such as Compton cameras), which
are difficult to make portable and mass-promote. In this work, a new gamma
camera based on deposition energy distribution was developed. The main part
of the device is composed of a LaBr3 (Ce) scintillator array coupled with a
SiPM array, which does not require a collimator and uses a TOFPET2-type
ASIC chip for data acquisition. The imaging sensitivity, imaging accuracy and
other parameters of the device were detected by using the Cs-137 source to sim-
ulate the hot spots in the actual situation. Experiments show that the higher
the number of accumulated events, the higher the reconstruction accuracy of
the device, and when the number of events reach 10,000, the device can give
more accurate reconstruction results. The device has an imaging field of view
of 47, but the reconstruction accuracy will be different when the hot spot is in
different directions of the detector, and the reconstruction accuracy can be less
than 2.5° in most cases by rotating the detector. As a result, the device can
be applied to the monitoring of radioactive source hotspots in nuclear safety
applications.
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Full Text

Preamble

Development of a Novel Gamma Camera Based on Deposited Energy Distribu-
tionx*

Lin Song,! Hao-Tian Qi,! and Li-Hua Zhu', 'School of Physics, Beihang Uni-
versity, Beijing 100191, China

Radioactive substances have a wide range of applications in medical diagnosis,
industrial irradiation, scientific research and education, environmental monitor-
ing, and other fields, making rapid and efficient monitoring methods increasingly
important. Existing monitoring approaches are mainly divided into two cate-
gories: counting equipment and gamma cameras. Counting equipment can only
provide information such as count rates and intensity, but cannot determine
location information. Gamma cameras either use bulky collimators (such as
various devices based on coded aperture imaging) or require high-performance
detectors and complex image reconstruction algorithms (such as Compton cam-
eras), making them difficult to render portable and mass-produce. In this work,
we developed a new gamma camera based on deposited energy distribution.
The main component of the device consists of a LaBr;(Ce) scintillator array
coupled with a SiPM array, which does not require a collimator and uses a
TOFPET2-type ASIC chip for data acquisition. The device’ s imaging sensi-
tivity, imaging accuracy, and other parameters were determined using a Cs-137
source to simulate hot spots in realistic scenarios. Experiments show that the
reconstruction accuracy increases with the number of accumulated events, and
when the number of events reaches 10,000, the device can operate stably with
a maximum deviation of less than 2.5°. The device has an imaging field of
view of 47, though reconstruction accuracy varies when the hot spot is located
at different directions relative to the detector. In most cases, by rotating the
detector, the maximum deviation can be maintained below 2.5°. Consequently,
the device can be applied to the monitoring of radioactive source hotspots in
nuclear safety applications.

Keywords: Deposited Energy Distribution; Scintillator Array; Gamma Camera;
47 field of view

INTRODUCTION

With the continuous development and application of nuclear science and technol-
ogy, radioactive materials are playing an increasingly important role in various
fields such as industrial irradiation, nuclear power generation, medical imaging,
and scientific research and education [1, 2]. In the event of loss or leakage of
radioactive materials, the ability to quickly and accurately locate the radioac-
tive source is crucial for minimizing harm to the public and search personnel,
as well as for preventing public panic. To achieve monitoring and management
of radioactive materials, currently used monitoring equipment can be classified
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into two types: counting devices and gamma cameras [3-6].

Counting devices, such as Geiger-Miiller counters, only provide information
on counts and intensity, and can only roughly judge whether a radiation
source is nearby based on changes in count rate, without providing location
information [7]. While multiple counting devices can be used simultaneously
to form a system for position determination, this method has a small imaging
field of view, low accuracy, and is only applicable to single radiation sources.
Using gamma cameras to determine the location of radiation sources is a
more effective method [8]. Commonly used gamma cameras are generally
divided into two major categories: with and without mechanical collimation
[9]. Mechanical collimation primarily uses various types of coded apertures,
which improve the accuracy of position reconstruction but greatly reduce
sensitivity and field of view. Moreover, coded apertures are often constructed
with high-density metals such as lead and tungsten, which significantly increase
the weight and are not suitable for portable devices. Gamma cameras without
mechanical collimation mainly refer to Compton cameras [10-12], which can
achieve few-event imaging and 47 field of view. However, Compton cameras
are expensive and complex in structure. The imaging accuracy of Compton
cameras in actual use is lower than that of gamma cameras using coded
apertures. Some commercial Compton camera products have been developed
internationally, such as H3D in the United States [13] and ASTROCAM at
the Japan Aerospace Exploration Agency (ISAS) [14]. Research on Compton
camera technology in China started relatively late, but has made significant
progress in recent years. Guo Xiaofeng et al. have conducted research on
Compton cameras composed of CZT detectors based on Geant4 [15]. Liu
Yilin of Tsinghua University has built Compton cameras based on 4$x4pizel3 —
DC ZTdetectors[16].SongLino f BeihangUniver sityhasdevelopedaComptoncamerabasedonamonolithicGAG
imaging devices with other configurations have also been reported [18-20].

We propose a novel gamma imaging device without collimators, which can image
radiation sources in a 47 field of view using a scintillator array. The device is
based on a LaBrg(Ce) scintillator array. When the array is exposed to radiation
sources, a specific energy deposition distribution forms depending on the shield-
ing relationship between each crystal, the penetration distance of the radiation
beam in the crystal, and the angular relationship between the radiation source
and the crystals. This distribution is sensitive to the position of the radiation
source. Therefore, the position of the radiation source can be determined from
different deposited energy distributions measured with the array. In this study,
we built a prototype gamma camera based on the deposited energy distribution
and tested its performance.

II. THE EXPERIMENTAL EQUIPMENT

The prototype gamma camera is a LaBrs(Ce) scintillator array (Fig. 1(left)),
which consists of a set of LaBr;(Ce) scintillators coupled with two 8 x 8 arrays of
SiPMs. The scintillator array contains an 8 x 8 grid of LaBr4(Ce) scintillators,
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each with dimensions of 6 x 6 x 50 mm? polished on all six faces, and wrapped
with ESR film 0.067 mm thick on four sides as a reflective layer, excluding the
two end faces. Due to the hygroscopic nature of LaBr;(Ce), the array is encased
in an aluminum shell 2 mm thick on four sides, with the remaining two faces
serving as optical outputs, sealed with quartz glass of dimensions 52 x 52 x 1.5
mm?>. The two optical output faces of the encapsulated scintillator array are
coupled with two SiPM arrays through air, with each SiPM array containing an
8$x$8 grid of MicroFJ-60035 type SiPMs, each with a sensitive area of 6.07 x
6.07 mm?.

The readout system employs two TOFPET?2 type ASIC chips [21], each capable
of accommodating 64 channels, with each channel providing functions such as
leading edge discriminator (LED), time-to-digital conversion (TDC), and charge
integration (QDC). During the experiment, the ASIC chips record experimental
information for each channel, including the timestamp from leading edge timing,
the amplitude from the QDC, and the channel number. The recorded experi-
mental data are packaged by the motherboard and sent to the host computer,
exported in ROOT format for subsequent processing.

Fig. 1(right) shows the experimental setup used in this study. The main body
consists of two large protractors. By changing the position of the source on
the vertical protractor, different values are obtained. The detector is rotated
to obtain different values. A 2 nCi Cs-137 collimated source was used in the
experiment, with the source placed 30 cm away from the detector.

IMAGING PRINCIPLE

Fig. 2 is a schematic diagram of the principle of the gamma-ray imaging device
developed in this study. The detector used in this study is an 8 x 8 array,
but only a 4 x 4 array is shown here for demonstration purposes. The red
dot represents a radioactive source at an arbitrary position in space. In actual
detection, the radioactive source may have a shape, but the distance between the
source and the detector is usually quite large, allowing it to be approximated as
a point source. Therefore, in subsequent experiments, a point source is used to
simulate the actual detection scenario. The direction of the radioactive source
is determined by (,); when (,) changes, the energy deposition distribution
changes accordingly.

The deposited energy here refers to the total energy deposited within a crystal
during the measurement period. There is no need to distinguish whether the
interaction type is Compton scattering, photoelectric effect, or other types. At
the same time, this experiment does not consider the interaction positions of
~ rays within the crystal. Changes in the energy deposition distribution are
mainly due to the following three situations.

Situation 1): The shielding relationship between crystals changes, for example:
= 0°and changes. Fig. 3(left) shows the side view (x-z plane) of the detector
when this change occurs. During the change in , the mutual shielding situation
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between crystals changes significantly, leading to a noticeable change in the
energy deposition distribution.

Situation 2): The penetration distance of the radiation beam within the crystal
changes, for example: = 90°and changes from 0° to 45°. Fig. 3(middle) shows
the top view (x-y plane) of the detector when this change occurs. During the
change in , the mutual shielding situation between crystals remains essentially
unchanged, but the penetration distance within each crystal changes, leading to
a change in the energy deposition distribution. The figure only illustrates the
case where changes from 0° to 45°. For the case where changes from 0° to
-45° and other symmetric positions, the situation is similar.

Situation 3): The angular relationship between the radioactive source and
the crystal face changes, for example: = 90° and changes from 45° to 90°.
Fig. 3(right) shows the top view of the detector when this change occurs. The
radioactive source has an angular relationship with each crystal face, and 64
crystals form an angular distribution, which changes when the position of the
radioactive source changes. The figure only illustrates the case where changes
from 45° to 90°. For the case where changes from 90° to 135° and other
symmetric positions, the situation is similar.

The above special positions explain the reasons for the changes in the energy
deposition distribution caused by the change in the position of the radioactive
source. In reality, when the position of the radioactive source changes, the three
situations often change simultaneously, and which situation plays a dominant
role determines the imaging accuracy at that position. Of course, in addition
to the above three situations, the geometric shape of the detector housing, the
inhomogeneity of the detector crystals, the packaging layer of the LaBr;(Ce)
crystals, and the quartz window, among other factors, will also affect the energy
deposition distribution. However, these factors either have a relatively small
impact or are not sensitive to changes in the position of the radioactive source,
and this study does not discuss them in more detail.

IV. ALGORITHM

After a radioactive source is fixed at a position (,) for a sufficient amount
of time, the energy deposition distribution in the detector stabilizes. If the
position of the radioactive source changes, the energy deposition distribution
in the detector also changes accordingly. This is the theoretical basis for the
development of the equipment in this project. Considering that the energy
deposition distribution within the detector is influenced by many factors, it is
difficult to represent it with a simple formula. In this experiment, a database
lookup method is used for position reconstruction.

First, we experimentally record the energy deposition distribution within the
detector when the radioactive source is at angles such as (0°, 0°), (0°, 5°)---(0°,
90°), (5° 0°), (5° 5°)-(5° 90°), and establish a database that maps one-to-one
between (, ) and the energy deposition distribution. When actual detection
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is performed, an energy deposition distribution is obtained. This distribution
is compared with the distributions in the database to find the most similar (,
), which is then considered as the reconstructed direction of the radioactive
source.

Obviously, the larger the database—in other words, the smaller the step size of
(, )—the more precise the reconstruction accuracy. However, the smaller the
step size, the greater the workload required to build the database. If the future
application of this imaging device requires a significant amount of time to build
the database, it is clearly unreasonable. We use interpolation to expand the
database, thus improving the reconstruction accuracy while avoiding the time
cost associated with building a large database.

In Fig. 4(left), the red points represent four experimental measurement points
with relatively large angular intervals, and the blue point represents an arbi-
trary position that is not an experimental measurement point. In Fig. 4(right),
E,(0,¢) represents the energy deposited in the ith (¢ = 0,1,...,63) crystal of
the detector per unit time when the radioactive source is in the (, ) direction.
E, (6,6 + A¢), E;(60 + A, ¢) represent the energy deposited in the ith (i =
0,1,...,63) crystal of the detector per unit time after the (, ) changes by step-
size A¢p, Af, where A¢, Af are relatively large values. E,(0,¢), E;(0,¢ + Ad),
E,(0+A0,9), E,(0+ A0, ¢+ A¢) are all known data obtained from experimen-
tal measurements. Using Eq.(1), the value of E;(6’,¢’) can be obtained, which
can have a very small step size difference from F,(6, ¢). In this way, we have
expanded the large step size database based on experimental measurement data
such as E;(0, ¢) into a small step size database. Using the expanded database
for reconstruction can significantly improve the reconstruction accuracy.

Ei(07,¢") = (1=u)(1=0) E;(0, ¢) +u(1—v) E;(0, ¢+ Ad) +(1—w)vE; (0+ A, ¢) +uvE; (0+ A0, ¢+ A¢)
where u = (¢' — ¢)/A¢p, v= (0" —0)/A6.

V. EXPERIMENT

Based on the aforementioned imaging principles and reconstruction algorithms,
it is necessary to experimentally determine a set of large step-size databases
as a benchmark, which will then be expanded into small step-size databases
using interpolation methods. The large step-size database established in this
experiment uses A¢ = 5° for ¢ € (0°,90°) and A = 5° for § € (0°,90°). This
portion is equivalent to one-eighth of the entire 47 space. Due to symmetry, the
other parts are consistent with the measured parts, hence there is no need to
measure the entire 47 space.

The database is expanded into a small step-size database using interpolation,
with this study expanding the database to a step-size of 0.2°. After establish-
ing the database, we measured the energy deposition distributions for some
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positions (, ) not within the large step-size database and performed position
reconstruction to verify the performance of our detector. These tested (, )
positions include:

Experiment 1: 6 = 0°,¢ € (10°,90°) with a step-size of A¢ = 2°, to illustrate
the impact of situation one on (, ) as described in the imaging principles;

Experiment 2: ¢ = 90°, 6 € (10°,80°) with a step-size of A = 2°, to illustrate
the impact of situations 2) and 3) on (, ) as described in the imaging principles;

Experiment 3: ¢ = 6,¢ € (10°,80°),6 € (10°,80°), with a step-size of A¢p =
Af = 1° A set of (, ) along the diagonal is selected to represent the (, ) in
the entire space;

Experiment 4: To enhance the imaging performance of the detector, the detec-
tor array was rotated. The reasons and effects of this operation will be detailed
in the following text;

Experiment 5: Multi-point source imaging test.

VI. EXPERIMENTAL RESULTS
A. Detector Performance Study

When a v-ray interacts within a crystal, the scintillation light produced can
pass through the quartz glass and cause crosstalk with the scintillation light
from adjacent crystals. Experiments have shown that the scintillation photons
involved in crosstalk can even exceed half of the total number of photons pro-
duced, resulting in poor energy resolution for individual crystals. One way to
improve this phenomenon is to reduce the thickness of the quartz glass, but
quartz glass that is too thin will not be effective in preventing the deliquescence
of the LaBr;(Ce) crystals and also requires very high manufacturing precision.

In Fig. 5, the lower limit of the energy spectrum is set at 400 ch; 400 ch is not an
energy value but a parameter of the detector itself. The reason for setting the
lower limit is the existence of crosstalk, which results in a large number of small
signals. Without setting the lower limit, the counting rate would be extremely
high. In Fig. 5, the full-energy peaks of some crystals are not obvious. This is
because the radioactive source was placed on one side of the detector during the
experiment, so the crystals farther from the radioactive source received fewer
full-energy peak events. In this experiment, the energy resolution of the 64
crystals was determined by changing the position of the radioactive source. Fig.
5 well illustrates that there is a certain response relationship between the 64-
channel energy spectra and the position of the radioactive source. This is also
the inspiration for using the deposited energy distribution for radioactive source
position reconstruction.

In this experiment, the end face size of each crystal in the detector is 6 x 6 mm?,
and the degree of pixelation is not very high. Fig. 6 shows the deposited energy
distribution in the detector array when the radioactive source is incident along
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the direction of the red arrow. This indicates that the deposited energy distribu-
tion exists at this level of pixelation, which forms the basis for subsequent work.
Of course, the higher the degree of pixelation, the more obvious the distribution
will be, and the higher the reconstruction accuracy will be. This is an impor-
tant direction for future equipment optimization. In this experiment, the total
deposited energy distribution was used for reconstruction instead of the energy
spectrum distribution. The reason is that the reconstruction algorithm based
on the total deposited energy distribution is simpler, and the imaging accuracy
is sufficient. In the future, reconstruction algorithms based on the energy spec-
trum distribution could be developed, which may offer higher sensitivity and
accuracy.

Before conducting position reconstruction tests, the basic performance of the
detector array used in this study was tested. An 8 x 8 LaBr;(Ce) scintillator
array was used in this study, and the detector array was energy-calibrated using
Cs-137 sources. Fig. 5 shows the energy spectra of the 64 crystals using Cs-137
sources, with energy resolutions varying in the range of (12-19)%@Q662 keV. For
LaBrs(Ce) crystals, this is a relatively poor energy resolution [22]. The reason
for such poor energy resolution is that each crystal has quartz glass 2 mm
thick on the end faces. This quartz glass encapsulates the crystals to prevent
deliquescence and serves as a light guide.

B. The Impact of Situation 1) on Reconstruction Accuracy

In the experiment, the radiation source was placed at positions where § = 0°
and ¢ € (10°,90°) with a step size A¢ = 2°. A sufficient number of ~-ray
interactions with the detector (hereinafter referred to as events) are required to
obtain a stable energy deposition distribution. In this experiment, three modes
were adopted: the deposited energy distribution of 1,000 events, the deposited
energy distribution of 10,000 events, and the deposited energy distribution of
100,000 events. The 1,000 events refer to a total of 1,000 events recorded by the
radiation source in 64 crystals, not 1,000 events recorded within a single crystal,
and the same applies to the other modes. A radioactive source (Cs-137) with
an activity of 2 nCi was used in this experiment, placed 30 cm away from the
detector, and the measurement time to record 1,000 events was approximately
10 s.

Position reconstruction was performed under the three modes, and the results
are shown in Fig. 7. The horizontal axis ¢ represents the radiation incident
direction (0°, ), and the vertical axis d¢ represents the deviation between the re-
construction result and the actual incident direction (the same meaning applies
to 66 in the following text). For the 1,000 events mode, the maximum deviation
is 5.5°, and the average deviation is 4.1°. For the 10,000 events mode, the maxi-
mum deviation is 2.5°, and the average deviation is 1.3°. For the 100,000 events
mode, the maximum deviation is 0.4°, and the average deviation is 0.1°. The
experimental step-size is 2°, but the average deviation for the 1,000 events mode
is 4.1°, which indicates that the detector has not yet reached a stable working
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state when only 1,000 events are recorded. For the 100,000 events mode, the
average deviation of 0.1° is very good, but this requires a measurement time of
1,000 seconds, which is not suitable for future practical applications. For the
10,000 events mode, the average deviation of 1.3° is less than the experimental
step-size, and the imaging time (100 seconds) is also acceptable. Therefore, this
imaging mode is chosen for subsequent experiments.

C. The Impact of Situation 2) and 3) on Reconstruction Accuracy

The radiation source was placed at positions with ¢ = 90° and 6 € (10°,80°)
with a step-size Af = 2°. When 6 < 40°, situation 2) has a greater impact on
reconstruction accuracy, and a relatively large maximum deviation of 4° can be
obtained. This indicates that when the direction of radiation incidence changes,
the change in the penetration distance of the beam within the crystal is small,
resulting in an inconspicuous change in the energy deposition distribution. Of
course, it could also be due to the severe crosstalk in the array used in this
experiment, which fails to respond to these changes. As 6 increases, the impact
of situation 3) on the energy deposition distribution gradually increases, and the
reconstruction accuracy also gradually improves. When 6 > 40°, the maximum
deviation is less than 2.5°.

D. The Reconstruction Accuracy at Arbitrary Positions

It is challenging to reconstruct all directions within the entire 47 space in the
experiment. Therefore, we select a set of experimental points to represent
the entire 47 space. The incident directions for these experimental points are
(10°+nA6,80°—nA¢), n = (0,1,2...), where Af, A¢ are the step-sizes. In this
experiment A = A¢ = 1°. Fig. 9a, Fig. 9b, and Fig. 9c show the reconstruc-
tion accuracy of ¢ and 6. When testing experimental points that already exist
in the large step-size database, such as points (20°, 70°), (30°, 60°), (35°, 55°),
etc., the reconstruction accuracy is very good, with both ¢ and # maximum
deviation being less than 2°. When testing experimental points that do not
exist in the large step-size database, the reconstruction accuracy has a certain
relationship with the incident angle, mainly divided into two cases.

The first case is for 8 < 40°. When the radiation source is located in those posi-
tions, the maximum deviation of ¢ is very small, less than 2°, but the maximum
deviation of 6 is rather large, even reaching 8°. The reconstruction accuracy of ¢
in this case mainly depends on situation 1) in the imaging principles, where the
shielding relationship between crystals causes changes in the energy deposition
distribution, which is very sensitive to changes in the radiation source position.
The reconstruction accuracy of  mainly depends on situation 2) in the imag-
ing principles. The poor reconstruction accuracy of @ is also predictable and
consistent with the experimental results from the previous section.

The second case is for § > 40°. When the radiation source is located in this
region, the reconstruction accuracies of both ¢ and 6 become extremely poor. In
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such cases, the reconstruction accuracy of ¢ and 6 mainly depends on situation
3) in the imaging principles, which is the angular distribution of the radiation
source relative to the crystal faces. The interpolation method needs to consider
the step size when dealing with position reconstruction under situation 3). The
premise of the interpolation method is that when the radiation source position
changes continuously, the energy deposition in the crystal also changes continu-
ously and monotonically. If the step size is too large and the energy deposition
is no longer monotonic, results of the interpolation method will be terrible. To
solve this problem, we propose two solutions. The first is to reduce the step-size
of the large step-size database; the step size in this experiment is 5°, and it is
recommended to reduce the step size to 2°. The second is to rotate the detector
to ensure that the radiation source position is always within the 6 < 40° posi-
tion for position reconstruction. When the radiation source position is not in
the first part, rotate the detector to bring the radiation source position into the
first part. Although the first solution is simple and effective, it greatly increases
the cost and is not our preferred solution. This study adopted the scheme of
rotating the detector.

E. Improving Reconstruction Accuracy by Rotating the Detector

In actual measurements, we do not know the position of the radiation source,
so it is not possible to directly rotate the detector to ensure that the radiation
source falls into the position where § < 40°. Therefore, a scheme of rotating
the detector is adopted here, and Fig. 10 illustrates the operating procedure.
In the figure, the blue dot represents a radiation source at an arbitrary posi-
tion. The first measurement is taken without rotating the detector, resulting
in the reconstruction (6,¢,). The detector is then rotated clockwise by 30°
for the second measurement, and the reconstruction result is (65, ¢). Finally,
the detector is rotated clockwise by 60° for the third measurement, resulting in
the reconstruction (65, ¢5). The best result among the three measurements is
selected as the final measurement outcome. The final reconstruction result is
obtained by consulting Table 1.

Using this scheme, position reconstruction is performed for experimental points
where 6 € (10°,80°). The reconstruction results are shown in Fig. 11, with the
¢ maximum deviation being less than 2° in most positions. The 6 reconstruction
accuracy remains poor, which is because under this scheme, the 6 reconstruction
accuracy always depends on situation 2) in the imaging principles, and situation
2) is not sensitive to the position of the radiation source.

It needs to be explained here that the scheme of rotating the detector can make
the maximum deviation of the ¢ less than 2° in the whole imaging range, but the
reconstruction accuracy of 6 is still very poor, and there are many solutions to
solve this problem. Scheme 1: Two sets of detectors are used simultaneously,
one for measuring ¢ and the other for measuring §. Scheme 2: Use only one
set of detectors, measure the ¢ first, and then rotate the detector 90° clockwise
along the ox axis in Fig. 2; the ¢ of the detector after rotation is @ of the detector
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before rotation, then use the detector after rotation to measure #. Scheme 3:
In this study, the crystal strips of the detector are all arranged in the same
direction; we can rotate some of the crystal strips in the whole crystal column
to make a cross form, so that the ¢ and 0 can be measured at the same time.

F. Multi-Source Imaging

When there are multiple radiation sources, the deposited energy distribution is
equivalent to the superposition of deposited energy distributions from multiple
radiation sources. The deposited energy distributions from multiple radiation
sources at different locations are combined and superimposed to obtain some
superimposed deposited energy distributions. The obtained deposited energy
distributions are compared with the measured deposited energy distributions to
find the most similar situation. In the experiment, two 2 nCi Cs-137 collimated
sources were placed at incident angles of (25°, 30°) and (25°, 50°), 30 cm away
from the detector. A total of 20,000 events were accumulated and recorded, and
position reconstruction was performed using these 20,000 events. Each point in
Fig. 12 represents one reconstruction using 1,000 events, and a total of 20
reconstructions are performed for 20,000 events. The average value of the 20
reconstructions is (21.5°, 32.1°) (22.8°, 49.4°). The reconstruction results have
a small deviation in the ¢ direction (< 2.5°) and a slightly larger deviation in
the 6 direction.

VII. DISCUSSION

In this work, we propose a novel gamma camera based on the deposition en-
ergy distribution, which uses a LaBrs(Ce) scintillator detector array. When
the detector is irradiated by a radioactive source, the deposited energy of the
radioactive source in each crystal forms a distribution, which is sensitive to the
location of the radioactive source. The concept of using distribution to estimate
the position of radiation sources has been used in previous work [23], but most of
them use count distributions or interaction position distributions. In this work,
we propose a scheme to use the deposition energy distribution to reconstruct the
position. Three main situations which affect the deposition energy distribution
are analyzed, and the influence of these situations on the deposition energy dis-
tribution is verified by experiments. Finally, the imaging accuracy of the scheme
in the whole space was measured experimentally. The experiment proved that
the reconstruction of ¢ mainly depends on situation 1), while the reconstruc-
tion of # mainly depends on situations 2) and 3). Among them, situation 1) is
the most sensitive to the position of the radiation source, thus achieving high
reconstruction accuracy for ¢ across the entire space. The reconstruction of 6
can be very accurate when situation 3) is dominant; if situation 2) is dominant,
the reconstruction result is poor. In the future, it is possible to use multiple
detector combinations or rotate detectors for multiple measurements to obtain
high-precision ¢ and € simultaneously.

In this work, a new gamma camera was developed, and the most advanced and
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technologically mature similar imaging device on the market is the Compton
camera [24-26]. The new gamma camera developed this time perfectly inher-
its the advantages of the Compton camera, but also has advantages that the
Compton camera does not have.

The advantages of inheritance include:

1. No collimator is required. Like the Compton camera, the equipment
developed this time does not require a collimator at all and truly achieves
47 field of view imaging.

2. High imaging sensitivity. Ideally, a Compton camera can reconstruct
a hot spot location with a very small number of events [27], but these
events need to meet certain conditions, including that the scattering in
the scattering detector needs to be a single scatter, all remaining energy
must be deposited in the detector, and the photoelectric effect must have
occurred only once. This kind of event does not account for a high pro-
portion in the actual detection process, and it is necessary to select from
all events or use multiple scattering events for reconstruction, resulting in
decreased reconstruction sensitivity. The sensitivity achieved by current
advanced Compton cameras is < 30 nGy/h [28]. The radioactive source
used in this test is Cs-137 (2 nCi, 30 cm away from the detector), and the
sensitivity is about 60 nGy/h, which is similar to the performance of a
Compton camera.

3. High reconstruction accuracy. The most advanced Compton camera
currently available is the Compton Telescope SCoTSS based on semicon-
ductor detectors [29, 30], achieving a localization precision of better than
2°, a standard deviation angular resolution of 2.8°-4.7°, or 6.6°-11.1° in
FWHM. Such a design confines the sensitive FOV to be in front of the
scatter detector layer, and thus is less than 4w. The ¢ reconstruction
accuracy of the equipment developed in this study is less than 2.5°, and
high-precision ¢ and 6 can be obtained simultaneously using the method
of joint imaging of multiple devices.

Compared with Compton cameras, the unique advantages of this de-
veloped equipment:

1. Low cost. Compton cameras need to know the location, deposition en-
ergy, and timing of at least two photon interactions, which places high
demands on the detector’ s time resolution, energy resolution, and read-
out electronics. As a result, advanced Compton cameras generally use
semiconductor detection, but semiconductor detectors are expensive and
require harsh operating conditions, making them unsuitable for commer-
cial use [31]. Scintillator-based Compton cameras have also made great
progress in recent years [32, 33], but the energy resolution of scintilla-
tor detectors is not as good as that of semiconductor detectors, resulting
in much worse imaging accuracy than Compton cameras with semicon-
ductor detectors, and some are even inferior to coded aperture imaging
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devices. However, the new equipment developed this time does not have
high requirements for energy resolution and time resolution, and common
detectors such as CsI and Nal can meet the requirements [34, 35].

2. Wide range of work areas. Compton scattering must occur for the
Compton camera, so it has more advantages in the field of high-energy
~v-ray imaging. The new equipment developed this time can also have
good performance in the low-energy part and has a wider working energy
range. In practical applications, it is impossible to predict the types of
radioactive sources in advance in densely populated places such as customs
and shopping malls, and a wider range of energy response is conducive to
timely detection of potential risks.

It must be noted that although we have conducted a series of single-hotspot
and multi-hotspot test experiments in the laboratory and achieved good exper-
imental results, the actual scenario is much more complex than the laboratory
environment. Therefore, more detailed research is needed if the technology is
to be truly applied to real life.

VIII. CONCLUSION

In this work, a novel gamma camera based on the distribution of deposited
energy is developed. The device does not need a collimator, has a 47 imaging
field of view, has low requirements for detector crystal performance, and has
a simple reconstruction algorithm, which is very suitable for commercial large-
scale use. Experimental tests are carried out using the Cs-137 source, which
can give high reconstruction accuracy for both single and multiple hot spots,
and the reconstruction accuracy mainly depends on the number of accumulated
events and the position of the hot spot relative to the detector. It is concluded
that the proposed design can be applied to the monitoring of radioactive source
hotspots in nuclear safety applications.
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