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Introduction

Compton cameras (CCs) have gained renewed interest in different areas including medical applications, such as hadron therapy treatment monitoring [1] or molecular imaging in nuclear medicine [2]. In recent years Compton cameras have been developed using different types of detectors, e.g. scintillator crystals coupled to SiPMs [3], solid state [4] or gaseous detectors [5]. In particular, SiPMs are being used increasingly on CCs due to their easy handling [6].

The IRIS group at IFIC-Valencia has developed a second version of a multilayer Compton camera, MACACO (Medical Applications CompAct COmpton camera) [7]. The system is composed of three detector layers of LaBr 3 continuous scintillator crystals coupled to SiPMs arrays. This version features new detectors which mainly present an enhanced energy and angular resolution. The work presented here has several objectives that go beyond the tests carried out with the first prototype. First, a system characterization has been carried out in order to assess the performance improvement (section 3.1). Then, a set of simulations have been performed employing the new GATE module CCMod which allows to reproduce accurately the experimental results obtained with Compton cameras [8]. The experimental results have been employed to validate the simulations (section 3.2). Finally, reconstructed images from the experimental data acquired in two and three plane modes have been included as an indicator of the MACACO II performance (section 3.2.4).

Although the primary objective of the developed system is hadron therapy treatment monitoring, the work presented here is generic and suitable for different applications.

Material and methods

Experimental prototype description

MACACO II is composed of three parallel detector layers. The first and second detectors are conformed by LaBr 3 continuous scintillator crystals from Saint Gobain with dimensions of 25.8 x 25.8 mm 2 and 5 mm thickness coupled to MPPC arrays S13361-3050AE-08 (with TSV technology) from Hamamatsu Photonics. Each array has 64 (8 x 8) channels of 3 x 3 mm 2 . The third layer is composed of a 32.4 x 36 x 10 mm 3 monolithic LaBr 3 crystal, coupled to four SiPM arrays (S11064050P(X1)) also from Hamamatsu Photonics with 16 (4 x 4) channels of 3 x 3 mm 2 . The micro pixel pitch is 50 µm for all three detectors.

The intrinsic spatial resolution of the detectors is 1.2 mm. This value has been determined and reported in previous works for the first and second detector layers [7] and for the third one [9]. Both crystals and photodetectors are confined in a black plastic holder that prevents ambient light from reaching the photodetectors.

The signals from the 64 SiPMs channels of each detector are read out by an ASIC VATA64HDR16 from Ideas [10]. All detector components are attached to a printed circuit board (PCB) designed to provide mechanical support, SiPMs bias voltage and to route the ASIC output signals to the data acquisition (DAQ) system. A common bias voltage is provided to each detector by a power supply specifically made for SiPMs [11]. The bias voltage of each SiPM pixel is individually adjusted by means of an 8-bit input DAC (digital-to-analog converter), allowing to modify the voltage in 256 steps, with a maximum range of 1.5 V. Each PCB is connected to a custom DAQ board that manages the readout process and controls the output signals digitalization and the ASICs configurations. Figure 1 shows a schematic drawing of the experimental setup. The boards are connected to the computer via Ethernet and driven by the DAQ software that allows to select the different acquisition modes (singles and coincidences) and set the ASIC configurations (threshold, DACs). In singles mode, the readout of each detector is activated internally in the DAQ board by the detector trigger. In coincidences mode, an external trigger is employed to start the readout process. Upon arrival of a detector trigger, each DAQ board outputs a trigger signal (fixed width of 50 ns) that is fed to an external coincidence board. The coincidence board is based on a Virtex 5 FPGA evaluation board; it outputs a signal when any two or all three detectors trigger signals overlap. The output signal is sent back to the three DAQ boards and all three detectors are read out. The measurements presented in this work were performed inside a Dycometal CCK climatic chamber that allows to control the temperature with an accuracy of 0.2 • C. Figure 2 shows the system inside the climatic chamber. The determination of the optimum bias voltage was performed in two steps. In a first step, the voltage that provides the best energy resolution without applying DAC corrections was determined (54 V in case of the first and second detectors and 72 V for the third one). In a second step, a finer sweep around that value in steps of 0.1 V was performed. At each step, the optimum values of the voltage for each SiPM pixel were selected. The DACs voltage equalization per SiPM pixel was done by placing the source at 7 cm from the first detector to ensure that the detector was uniformly irradiated and to determine the differences in SiPM pixel response [10].

Since the system response is linear at the energies under study, a linear fit was used in all cases, to calibrate the energy taking the 511 and 1275 keV 22 Na energy peaks as references. After calibrating the data, the detectors energy resolution was determined by performing a Gaussian fit of the 511 and 1275 keV photopeaks.

System characterization

Experimental data have been acquired with the telescope in time coincidences mode employing either two or three planes. Several configurations with different inter-plane distances were set for different studies including angular resolution and coincidence detection efficiency which were compared with simulated data (see section 3). The configurations used in this work are listed in table 1. A 22 Na point-like source has been employed and placed at a distance of 40 mm in the z-axis with respect to the origin for all cases. In order to calibrate the energy spectra when measuring in coincidences, data were also acquired in singles mode. The angular resolution measure (ARM) has been determined from the first two telescope planes as the difference between the Compton angle θ c , calculated from the Compton scattering equation (Eq. 1) and the geometrical angle θ g (calculated from the interaction positions of the photons in the two crystals and the source position).

cos θ c = 1 - m e c 2 Ẽ1 E 0 (E 0 -Ẽ1 ) (1)
Where E 0 is the initial energy of the incoming photon and Ẽ1 corresponds to the energy deposited at the first interaction. Figure 3 shows a schematic diagram of a two-interaction event on a Compton camera, where both Compton and geometrical angles are represented.

In our case, the determination of these interaction positions in the continuous crystals is estimated using a model of scintillation light transportation [12] which takes into account the contribution of the diffuse reflections in the crystal surfaces. The ARM has been determined by measuring with a 22 Na point-like source in configuration M6, which provides a balance between coincidence detection efficiency and spatial resolution [13].

The coincidence detection efficiency was measured at 1275 keV for two and three planes for the configurations M1, M2 and M4 to M8. Energy cuts have been set in order to select the events with total energy deposition over 600 keV and under 1350 keV in all cases. This energy was selected in order to avoid contamination from other energies, which is unavoidable with the 511 keV contribution. 

Imaging tests

Coincidences data were acquired with two and three interaction events for configurations M6 and M3 respectively keeping the 40 mm distance from the 22 Na source to the origin, and placing it at different positions in the x-y plane. In the case of two planes, the source positions were 0 (centered), +5 and +9 mm in the x-axis direction (Figure 1). In the case of three detector layers, data were measured only for the case in which the source was positioned at the center.

The List Mode Maximum Likelihood Expectation Maximization (ML-EM) algorithm [14,15] was used for the reconstruction, and a maximum number of 10 iterations was chosen. For all images a Field-of-View (FOV) of 101 x 101 x 51 mm 3 has been used with a voxel size of 1 mm 3 .

Finally, and in order to reduce the noise in the images, a median filter was employed after the final iteration.

Simulations

The new prototype has been modeled using GATE v8.2, a Monte Carlo simulation toolkit based on Geant4 [16]. GATE offers the user several features for easy modeling of complex sources and electronics read-out [17].

In order to facilitate the comparisons between experimental and simulated data, the CCMod actor [8] has been employed. GATE and CCMod simplify the simulation of Compton cameras allowing realistic comparisons between different prototypes in a versatile environment designed for medical physics simulations where dosimetry calculations can be performed in the same framework.

Point-like source simulations

Simulations have been carried out with the aim of reproducing the performance of the Compton telescope prototype. The detectors have been modeled as LaBr 3 scintillator crystals with a density 5.08 g/cm 3 . Other elements that are part of the detector (black holders, SiPMs, aluminum housing and PCBs) were also simulated, whereas the acquisition boards (DAQs), the structure supporting the detector and the climatic chamber were not considered in the simulation.

The radioactive decay process and the QGSP BIC HP EMZ physics list [18,19] were used in the simulations.

A simulated spherical 22 Na source with a radius of 0.01 mm, activity of 370 kBq and a halflife of 2.6 years was simulated. It was contained in a cylindrical plastic volume similar to the encapsulation of the 22 Na source used in the laboratory.

In order to reproduce the experimental response of each detector layer, the energy resolution was set to 5.6 %, 6.6 % and 7.2 % FWHM at 511 keV in the simulation for the first, second and third layers respectively (see section 3).

The measured singles in the different layers of the system were externally sorted into coincidences applying a 50 ns time coincidence window (TCW). The events selection process and image reconstruction are similar to the experimental case.

In order to minimize the discrepancies between the simulated and experimental two planes coincidence spectra, a global energy threshold of 85 keV was also applied to the total energy deposition in each layer as in [8] but after coincidences. For the three plane simulations, a general energy threshold of 20 keV has been applied in order to avoid low energy events and not affect the 511 keV photopeaks.

Different geometrical configurations were simulated in order to reproduce the experimental measurements. Simulated data from the first two-planes in configuration M6 (table 1) were employed for the determination of the ARM and the comparison with experimental spectra. Configurations M5 to M8 were used for coincidence detection efficiency studies. When using three planes, configurations M1, M2 and M4 have been used to obtain the coincidence detection efficiency.

Results

Detector characterization

The best energy resolution achieved with the experimental data was obtained applying a bias voltage of 53.8 V to the first and second detectors, which correspond to 2.2 V lower than the recommended operation bias voltage range given by the manufacturer (≈ 56 V). Degradation of the measured spectra for voltages higher than 53.8 V was observed due to ASIC saturation. The voltage for the third detector was found to be 72.1 V, 1.1 V higher than the recommended one.

The energy resolution obtained in such conditions was 5.6 %, 6.6 % and 7.2 % FWHM at 511 keV and 4.8 %, 5.2 % and 5.5 % FWHM at 1275 keV, for the three detectors, respectively.

Coincidence studies

The results shown in this section include both the experimental measurements and the simulated data.

Detector performance

Figure 4 shows experimental and simulated coincidence results in two and three plane mode with a 22 Na source. Figures 4a and4b show the spectra resulting from summing the energies deposited by the photons in two detectors in the two plane case and in three detectors in the three plane case. In both cases, the 511 and 1275 keV photopeaks can be clearly observed. The sum peak of 1786 keV, produced by the simultaneous absorption of both 22 Na energies, can also be distinguished. In addition, for the two-plane case, Figure 4c shows the experimental deposited energies on the second detector ( Ẽ2 ) versus the first detector ( Ẽ1 ). The diagonal lines denote a coincidence produced by a Compton-scatter interaction on the first plane and a photoelectric absorption on the second one, while the horizontal and vertical lines represent events produced by two different photons (randoms), where one is completely absorbed. Figure 4d shows the simulated deposited energies on the second detector ( Ẽ2 ) versus the first detector ( Ẽ1 ) with coincidences data. 

Angular resolution

The ARM has been calculated from both experimental and simulated results employing data from 1275 keV photons. The distribution peak has been fitted with a Gaussian function. 

Detection efficiency

The experimental and simulated results of the coincidence detection efficiency with two and three planes are shown in this section. 

Reconstructed Images

22 Na point-like source images have been reconstructed employing the coincidence data acquired with two and three planes in configuration M6 and M3 respectively (table 1). Figure 7a shows

x-y images reconstructed from two plane mode data for three different source positions. Each source was reconstructed using 44,000 events per position. The left one corresponds to the origin position relative to the detector center, whereas the other sources correspond to displacements of 5 and 9 mm in the x-axis direction, respectively. The three images have been reconstructed

independently and plotted in the same image. Figure 7b shows line profiles along the x-axis through the maximum intensity point of the reconstructed images. The determination of the source positions was obtained by calculating the mean of the fit of a Gaussian function over the profiles. The mean of the fitted profile on the right side is located at 3.99 mm from the middle one, and the mean of the latter is located at 4.98 mm from the left one, values that are in accordance with the source displacements described in section 2.2.3. Figure 7c shows an image of the source reconstructed in three plane mode centered on the detector. The number of events used in the image reconstruction was of 5,517. Figure 7d shows the line profile in the x-axis from image 7c.

The FWHM of the reconstructed images and the mean values for two interactions are shown in table 2. Varying the geometrical configurations can improve the efficiency to some extent (at the price of degrading the spatial resolution [13]), but not significantly. The use of larger detectors, of size 20 x 20 x 0.5 cm 3 would allow to improve the coincidence detection efficiency by at least one order of magnitude (≈ 10 -2 ) at 1275 keV.

The GATE CCMod actor has shown to be a useful tool in the simulation of Compton cameras.

The simulations reproduce quite accurately the experimental data in terms of energy deposition and efficiency. In spite of the small discrepancies in the obtained graphs, mostly due to random and backscatter events produced by non-simulated passive material interactions, they can be reliably employed for the simulated performance studies.

Conclusions and future work

The new system shows a significantly improved performance when compared to the previous prototype. In spite of the significant progress, mainly in terms of energy and angular resolution, the system is still not able to reach the necessary performance for its final application and, therefore possible improvements are being assessed. Our time coincidence window (50 ns) imposes an important hardware limitation that must be solved in the future, since this contributes to degrade the quality of reconstructed images by presence of random events. Future tests will include the evaluation of different SiPMs from several manufacturers to enhance the energy resolution and the improvement of the readout electronics. In addition, the MADDAQ board currently employed is being replaced by the AliVATA readout system, that will allow us to operate the three system detectors with just one board and improve the readout speed.

Figure 1 :

 1 Figure 1: MACACO II setup scheme in coincidences mode (not to scale). The origin of the coordinate system is located on the center of the first detector surface.

Figure 2 :

 2 Figure 2: Image of MACACO II inside the Dycometal CCK climatic chamber.
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 2 Experimental measurements 2.2.1. Detector characterization The detector characterization includes optimized bias voltage determination, calibration and energy resolution measurement. The acquisition of experimental data has been done keeping the temperature stable at 20 • C for each measurement to avoid variations in the SiPMs response. The employed radioactive isotope was a 22 Na point-like source with an activity of 370 kBq which allows us to study the detector response at two different energies: 511 and 1275 keV.

Figure 3 :

 3 Figure 3: Geometrical configuration M6 has been used to estimate ARM.

Figure 4 :

 4 Figure 4: Comparison between the experimental measurements and GATE Monte Carlo simulations for the three planes Compton telescope. The 22 Na sum spectra are shown for (a) two interaction events. (b) Three interaction events. Deposited energy plots on a two plane Compton telescope. (c) Experimental Ẽ2 versus Ẽ1 deposited energy. (d) Simulated deposited energy ( Ẽ2 versus Ẽ1 ).
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 5 the measured and simulated angular error distribution. The obtained ARM was 7.5 • and 8.0 • FWHM for the simulated and experimental cases, respectively.

Figure 5 :

 5 Figure 5: Simulated and experimental angular error distribution. The obtained ARM was of 7.5 • and 8.0 • FWHM at 1275 keV for the simulated and experimental cases, respectively.

Figure 6

 6 shows such comparison at 1275 keV for different inter-plane distances and with the gamma source at a distance of 40 mm in the z-axis from the origin. In order to disentangle the intrinsic coincidence efficiency from the acceptance effect due to the plane separation, the solid angle subtended by the second detector from the center of the first detector was calculated for each inter-plane distance in the two-plane case. Taking into account such geometrical factors in each case and averaging the results for all cases, an experimental intrinsic coincidence efficiency of 5.5 x 10 -2 has been obtained.

Figure 6 :

 6 Figure 6: Coincidence detection efficiency at 1275 keV as a function of the distance between the detectors for (a) Two interaction events. (b) Three interactions events.

Figure 7 :

 7 Figure 7: Point-like source reconstructed images at 1275 keV. (a) Two-layer Compton telescope images at different positions. (b) Horizontal line profile plot of the reconstructed images with two interaction events. (c) Three-layer Compton telescope image. (d) Horizontal line profile through the peak of the plot with three interaction events.

Table 1 :

 1 Experimental arrangements employed in the data acquisition for different inter-plane distances.

		Plane 1 -Plane 2 Plane 2 -Plane 3
		(mm)	(mm)
	Configuration M1	30	30
	Configuration M2	40	40
	Configuration M3	50	40
	Configuration M4	50	50
	Configuration M5	40	-
	Configuration M6	50	-
	Configuration M7	70	-
	Configuration M8	80	-

Table 2 :

 2 FWHM (mm) of the x and y profiles and mean values of the reconstructed images.

		2-Plane Compton telescope	
	Position	FWHM x	FWHM y	Mean x
		(mm)	(mm)	(mm)
	Left	3.49	3.74	51.66 ± 0.17
	Middle	3.76	3.88	56.64 ± 0.05
	Right	3.59	3.71	60.63 ± 0.12
		3-Plane Compton telescope	
	Position	FWHM x	FWHM y	Mean x
		(mm)	(mm)	(mm)
	Middle	4.81	4.95	-
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A second version of a Compton telescope prototype has been developed with significantly improved performance when compared with its predecessor [20]. The experimental evaluation tests show a substantial enhancement in terms of energy resolution (5.6 % FWHM at 511 keV) when compared to the 7-10 % obtained in the previous work [13]. The system imaging capabilities tested with point-like sources, show improved images in terms of FWHM for the two acquisition modes: a FWHM of 3.49 mm was obtained for two-layer events, and 4.81 mm FWHM for threelayer events for 1275 keV gamma rays when measuring at 40 mm distance from the source to the first detector. In terms of angular resolution, an ARM of 8.0 • FWHM at 1275 keV has been obtained. Although this value is considered insufficient for medical use [21], the implementation of new detectors with improved energy and/or spatial resolution could enhance this quantity. Finer segmentation of the SiPMs would allow improving the spatial resolution [22]. However, this would increase the number of photodetector channels and the system complexity. Energy resolution in our system could potentially be further improved, since the new detectors are being operated below the recommended operating voltage in order to avoid electronics saturation. Alternative solutions such as ASICs with larger dynamic range or lower gain photodetectors are being considered.

A direct comparison with other developed systems is not a trivial task, given the broad variety of materials utilized as detectors on Compton cameras, the different energies and geometrical configurations employed. In spite of the above, in an attempt to compare our results with other published work, the published results obtained at the same energy have been selected. As expected, the energy resolution of our system falls behind the results with solid-state detectors [23,24], but it is superior to the systems employing GAGG scintillator crystals coupled to SiPMs, which quote energy resolution of 15.06 % FWHM [START_REF] Yoshihara | IEEE/SICE International Symposium on System Integration (SII)[END_REF] and 9.7 % FWHM [START_REF] Shimazoe | IEEE Nuclear Science Symposium and Medical Imaging Conference[END_REF] at 511 keV.

Another factor to consider is the small size of the detectors that limits the detection efficiency.

We report total experimental coincidence detection efficiencies of 1 x 10 -3 and 5 x 10 -5 for two and three interaction modes respectively, with inter-plane distances of 50 mm at 1275 keV in configuration M6 (table 1) and slightly smaller detectors than the first prototype. The reported values vary with detector size and inter-plane distance. In addition, an experimental intrinsic coincidence efficiency of 5.5 x 10 -2 was obtained by separating the geometrical component from the total coincidence detection efficiency in the two-plane case. Some examples from other groups at the same energy include a total coincidence detection efficiency of 1.7 x 10 -5 [START_REF] Steinbach | [END_REF] employing solid-state detectors larger than those of MACACO II, or 2 x 10 -4 [START_REF] Yoshihara | IEEE/SICE International Symposium on System Integration (SII)[END_REF] with GAGG crystals.