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Abstract

The diffusion of the PET and SPET techniques in different applications, like investigation on small organs and tissues or animal imaging, has induced in the past years the researchers to develop modular scintillation cameras to have compactness and versatility in order to obtain dimensions and configurations suitable to the particular application. 

To this purpose different photodetectors have been studied, as an alternative to the photomultiplier tubes (PMT) based on semiconductor technology. At the same time new scintillating crystals has been tested to match the requirements like high light yield or fast decay time, needed for SPET and PET application, respectively. In this paper we have investigated the photodetector and scintillation crystals requirements to optimize a gamma ray imager based on scintillation crystals. To this aim we show results about the principal parameters characterizing a gamma ray imaging, like energy and spatial resolution. The performances of a continuous LaBr3:Ce crystal ( 49 x 49 x 4 mm3 + 3mm glass window) is compared to the ones from a pixellated and continuous NaI:Tl crystals, coupled to multi-anode photomultiplier tube (Hamamatsu H8500 MA-PMT). Furthermore the results are supported with Monte Carlo simulations. With the lanthanum detector, we obtain 1.1 mm of intrinsic spatial resolution, comparable with that predicted by the MC simulations. We test also the new ultra bialkali PMT Hamamatsu R7600-200 with a QE = 42%, obtaining an improvement in terms of energy resolution of about 25%, respect to a standard PMT, with a LaBr3:Ce Cylinder (½”Ø  x  ½” thickness).
Introduction 
The diffusion of the PET and SPET techniques in different applications, like investigation on small organs and tissues or animal imaging, has induced in the past years the researchers to develop modular scintillation cameras to have dimensions and configurations suitable to the particular application. 
To this aim different photodetectors have been studied, as an alternative to the photomultiplier tubes (PMT) based on semiconductor technology like silicon P-I-N detectors, avalanche photodetectors (APDs), silicon drift detectors (SDDs) and silicon photomultiplier (SiPM).
In this paper we have investigated, with the support of literature and experimental data, the photodetector and scintillation crystals requirements to optimize a gamma ray imager. To this purpose we introduce the two principal techniques of positioning for these detectors, that is light sharing and individual coupling, and present a short review of the state of art of the scintillator crystals. Subsequently, we show results about the principal parameters characterizing a gamma ray imaging, like energy and spatial resolution, obtained with the last generation of scintillator crystal, like LaBr3:Ce crystal, and multi-anode photomultiplier (MA-PMT). The results are supported with Monte Carlo simulations. 

Moreover, since the new generation of photodetectors like SiPM presents high degree of quantum efficiency (Q.E.~ 70 %) we extend the analysis also to the effective improvement due to the high Q.E. in scintillation detectors based on light sharing techniques. To this aim, we study the response in terms of energy resolution of a new photomultiplier with ultra bialkali window (UBA) recently developed by Hamamatsu coupled to a LaBr3:Ce scintillation crystal. We focus the attention on the influence of the geometric configuration of the detector and the high Q.E. of the photodetector on the imager spatial resolution, utilizing MC simulations.    
Light output readout: individual coupling and light sharing
The two principal light output readouts are the individual coupling and the light sharing. The difference between these two techniques is substantially on the position calculation method. The individual coupling technique is based on the direct coupling of an individual scintillation crystal with a single photodetector to obtain a single detecting element with an individual electronic readout. This technique is essentially used in PET application and each element represents a position coordinate in the overall gamma ray imager. Therefore it is necessary to provide each element with an individual electronic readout. 

In figure 1, as an example, a single module of the PET-scanner MADPET II detector [1] dedicated to small animal imaging, utilizing the individual coupling technique, is shown. MADPET-II consists of 18 dual-layer detector modules arranged in a 71 mm diameter ring. Each module consists of a 4 x 8 array of 2 mm x 2 mm x 6 mm LSO crystals, each optically isolated and coupled one-to-one to a monolithic APD array (Hamamatsu Photonics, Japan).  The individual crystals are separated by a 0.3 mm layer of high-reflectance multilayer polymer mirror foil to match the pitch of the APD array and to optimize light collection. 

In the light sharing technique the light distribution coming from a scintillation event is sampled by an array of photodetector, like the PMTs array in Anger Camera or anodes in MA-PMT. For this technique the position of the event is calculated applying the centroid algorithm on the signals coming from each photodetector. So it is possible to utilize single element readout, like in PET, or resistive chain readout, that represents a cheaper solution, especially in large FoV detector (like Anger Camera). In figure 2 is summarized the light sharing technique: on the left the point spread function of a continuous crystal is shown while on the right  the result of the scintillation light sampling by an 8 x 8 anodic array of a MA-PMT, in terms of collected charge, is reported.

The position of the event is calculated by the formula:
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 is the “projection” of the charge collected along the j-th column, xj is the anode coordinate along the x direction and Xc is the centroid coordinate along the x direction. The same applies along the Y direction. In any case it is possible to realize array detectors in order to optimize the imager dimensions to specific applications. 

In Table I, the comparison between these techniques, in terms of detector characteristics, is reported. While in light sharing pixellated and continuous crystals are utilized, for individual coupling technique only pixellated scintillation crystals can be used. This introduces a limitation in spatial resolution that depends on the pixel size: in fact, for NaI:Tl pixellated crystals the smallest  pixel dimension available at the moment is 1 mm while for the new generation of scintillation crystal, like LaBr3:Ce,  the manufacturing of pixellated  samples have not been implemented  yet. In any case, the pixellated crystals present very good position linearity and also good spatial resolution  (better than 1mm) even utilizing scintillation crystals with a not excellent light yield, like for example YAP. On the contrary the energy resolution is reduced due to the non-homogeneity response of the single pixel (~ 15% for 1 mm pixel size  NaI:Tl scintillation crystal [2] ).
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The continuous scintillation crystals show high values of energy resolution, due to homogeneity response and good light collection, and excellent results in terms of intrinsic spatial resolution, especially when scintillators with high light yield are employed. In fact, Pani et al. [3] have demonstrated that the standard deviation of point spread function of image can be presented by the formula: 
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where the numerator is the standard deviation of scintillation light spread and the denominator is the square root of the number of photoelectrons produced in the scintillation events. For example for the new generation of scintillation crystals like LaBr3:Ce with a light yield of 63000 ph/MeV, we have obtained, in integral assembly configuration and  5mm crystal thickness, an intrinsic spatial resolution of 0.9 mm [4].  The spatial resolution (SR), linked with the position linearity response (l) by the relation [5], 
depends also on the machining of the crystal edges and on the crystal thickness [4].  
The light collection is another critical aspect of the continuous crystals. The collection efficiency depends on the optimization of the coupling between the scintillation crystal and the photodetector, and is limited by the critical angle.

In particular the maximum collection efficiency, when a scintillation crystal is coupled to a photocathode window, can be calculated by means of the following formula:
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where (c is the critical angle given by:
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where nwindow and ncrystal are the refractive indices of the window material and of the scintillation crystal respectively. The LaBr3:Ce critical angle is about 52°. If the angle of incidence of the light incoming on the crystal-window interface is greater than this value, a total reflection will occur with a consequent reduction of the light collected on the photocathode. In figure 3 the light distributions coming from continuous and pixellated crystals are shown. The internal reflection inside the continuous crystal and the thickness induce a larger point spread function of the light respect to the pixellated one, where the incidence angle results less than  45°. Although a reduction in light emission is observed, the pixellated structure is better than the continuous one in the optimization of the light collection efficiency of the detector.

Scintillation crystal 

In table II we summarize the requirements for a scintillation crystal in SPET and PET applications. Both techniques need a high photofraction value, to optimize the energy windowing. A high density of the scintillator is necessary in SPET to obtain 80-90% efficiency also with a reduction of the crystal thickness (for the light collection and packing detection assembly). In PET a high efficiency imply the use of small length crystal (30 mm) to avoid 50% coincidence efficiency and to reduce parallax error, as used in small animal imaging application. A short decay time is a very important requirement in PET in order to allow good coincidence time resolution; in particular time resolution better than 0.5 ns can reduce random coincidences (50 % in a 3D PET) and time of flight can be realized. Otherwise in SPET high luminosity efficiency is determining to improve decoding crystal pixel in the scintillation array, energy resolution and spatial resolution in continuous crystals. This feature is in any case useful also in PET to enable block detectors with a greater number of pixels and to reduce scatter background (25% Compton scattering / 25% “true” events in a 3D PET), improving energy resolution. For both techniques a low afterglow of the crystal is important to obtain a high counting rate.  

In Table III the characteristics of the principal scintillators utilized today in SPET and PET are reported. Analyzing these values we can individuate in the new generation of Cerium doped scintillators, like LaCl3:Ce, LuI3:Ce and mainly LaBr3:Ce the best material to be utilized in both SPET and PET techniques.  In table the energy resolution (ΔE/E) is reported at energy photon values where the scintillators are principally utilized (140 and 511 keV for SPET and PET respectively).
Equipment

Energy and Spatial resolution measurements.
In this work we utilized two continuous crystals, a LaBr3:Ce and NaI:Tl scintillator with the same identity (49x49x4 mm3 + 3mm glass window), a cylindrical LaBr3:Ce (1/2”Ø x1/2” thick) crystal and a pixellated NaI:Tl with 1x1x4 mm3 pixel size. The continuous crystals walls are treated to optimize the response in imaging application (white back and black edges) while the cylindrical crystal has the walls white painted to optimize the light collection for spectroscopic measurements. 

The LaBr3:Ce scintillator (BrilLianceTM380 - Saint Gobain [6]) represents a new generation of scintillation crystals. It shows very interesting properties for the gamma ray imaging application: a very high light output at a wavelength suited for the bialkali photocathode (63000 light photons/MeV @ 380 nm) and a very small non-proportionality with impinging photon energy (less than 5%). These characteristics permit to obtain very good energy resolution (2.9% and 6.6% FWHM at 662 keV and 122 keV photon energy respectively). In addition, the crystal has very good radiation absorption properties, high photofraction comparable to NaI:Tl, and high speed (16 ns of scintillation decay time), interesting for PET application. The material is hygroscopic.

 For the evaluation of energy resolution we utilized a standard photomultiplier Hamamatsu R6231. This PMT presents a Q.E. of 30%, a gain factor of 2.7E+05 @1000 V and only 8 stages of multiplication. In particular the voltage divider was modified by Saint Gobain to better match the signal from the lanthanum crystal that presents a high light yield and a fast decay time. The electronic readout was a standard electronic chain for spectroscopic measurements.

We tested also the new ultra bialkali (UBA) Hamamatsu R7600-200 PMT, with QE = 41,6 %, to evaluate the improvement in terms of energy resolution utilizing a high QE. This PMT has 10 stages of multiplication and a gain = 2E+06 @700V. In figure 4 the plot of the quantum efficiency and photocathode radiant sensitivity as a function of wavelength is reported [7].

The continuous and the pixellated NaI:Tl crystals were utilized also for spatial resolution measurements. In this case we coupled the scintillation crystals with a MA-PMT  Hamamatsu H8500, which is based on metal channel dynode technology and presents very compact size: the external dimensions are 52×52×14.4 mm3 for an active area of 49×49 mm2, and 1.5 mm glass window. The anodic structure consists of an 8 x 8 matrix in which each individual anode has a 6 mm side, with an anode gain variation of a factor of 2. The flat panel PSPMT was connected to an independent 64 channel anode electronic read out, developed by Southampton University [8]. The system readout is completed by a National Instruments DAQ 6110E card to sample and digitize the anode signals and to address it for the storing to a PC. 
To quantify the spatial resolution and the position linearity response, a scanning of the scintillation crystal with a 0.4mm Ø Tc99m  (140 keV) collimated source was made, at 1.5 mm step.       

Monte Carlo Simulation
 The Monte Carlo simulation was developed in GEANT4 code[9][10]. Geant4 Monte Carlo is an object oriented toolkit for simulation of current (and next generation) HEP detectors. It is also a showcase example of technology transfer from particle physics to other fields such as medical 
science. It is possible to make accurate modeling of radiation sources, detectors devices and human bodies with easy configuration and friendly interface and at the same time with great precision of physics. The simulation regarded principally the LaBr3:Ce crystal. The crystal is surrounding by a thin layer of Aluminium. In the crystal front, after Aluminium, there is a very small layer of Teflon. The scintillation photons were generated as a pure Poisson Process and the intrinsic resolution of the crystal was not considered. The simulated crystal was wrapped in a material acting as a Lambertian reflector (Teflon on front) or Black absorber (Aluminium). The boundary processes followed the rules of the glisur model (ex GEANT3).  As in the experimental setup, the simulated crystal was coupled to the PMT with a glass layer, 4.5 mm thick including the glass window of the scintillator (3mm) and PMT (1.5mm). The PMT surface was built as a polished quartz window, assuming an experimentally derived value for quantum efficiency. The optical properties of the materials involved in the simulations refraction index, absorption and scattering lengths were gathered from various sources. The GEANT4 application was run to record the scintillation light distribution on the MA-PMT anodic plane in order to quantify both spatial and energy resolution.
Results and Discussions
Energy resolution
The energy resolution (ER) of a gamma imager based on a scintillation crystal depends on various components, related to the intrinsic properties of the scintillator, the statistics underneath the physical process of detection, and the characteristics of both the photodetector and processing electronics. The dependence of the energy resolution from these components can be analytically described with the following formula [9]: 
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where the first term is the scintillator intrinsic contribute depending on the non-homogeneity of the material, in terms of light yield, and non-proportionality of scintillation response to the energy deposited in the crystal. The second term is typically the statistical noise where Nph is the number of photons produced in a scintillation flash, ( accounts for the worsening of the Poisson behavior and ( is the quantum efficiency. The last term is the electronic noise depending on the photodetector and readout system, where ENC is the Equivalent Noise Charge [12] and M is the multiplication gain.
In table IV we summarize some results found in literature for different scintillation crystals coupled to standard light detectors. The best value is obtained with LaBr3:Ce crystal coupled with a standard PMT such as a SDD. 

In table V, our results for lanthanum continuous crystal in terms of energy resolution as a function of photon energy, with standard photomultiplier Hamamatsu R6231 are reported. The value @ 122 keV is compared with the same ones obtained with continuous and pixellated NaI:Tl. The energy resolution value for the pixellated crystal is worsening respect to the continuous one due to the non-homogeneity response of the pixels. In table we show also the results obtained with two samples of lanthanum crystal, manufactured in 2005 and 2004 respectively. We report the manufacturing year to highlight that the improvement in term of energy resolution could be related to the better quality of the crystal.  
The experimental results are in agreement with the expected ones. In fact, fixed to 4.6% and 6.6% the intrinsic energy resolution for LaBr3:Ce and NaI:Tl crystal respectively, and utilizing in the formula (1) the parameters for R6231 PMT, we obtained theoretical values of 7.1 % and 9.55 % for lanthanum and sodium iodine scintillator respectively. 
The new ultra bialkali PMT (UBA)

Recently Hamamatsu has equipped a one inch PMT with a new ultra bialkali (UBA) photocathode that permits to obtain Q.E. values greater than 40 %. Since the energy resolution depends on the number of photoelectron produced on photocathode, we tested the improvement in energy resolution due to this new photocathode coupling the LaBr3:Ce Cylinder (½”Ø  x  ½” thickness) with an R7600-200 PMT with a QE = 42%. In figure 5 we report the results in comparison with the same ones obtained with a R6231 PMT and H8500 MA-PMT. The values are similar to the data from R6231, so considering the different high voltage values fixed for these PMTs ( -700V and -1000V for R7600-200 and R6231 respectively), an improvement is expected in energy resolution and as a consequence in spatial resolution when this technology will be applied on position sensitive PMT.  To have a visual evaluation of the performances of this tube with a LaBr3:Ce crystal, in figure 6 we report  the pulse height distribution of a Ba133 gamma ray source in comparison with the same one from NaI:Tl continuous crystal coupled to R6231. The features at 274 and 302 keV are well separated as well as the features at 356 and 380 keV photon energy. 
Spatial resolution 
The LaBr3:Ce represents the new frontier of the scintillation crystal for SPET and PET. We evaluated the spatial resolution of the gamma camera based on the continuous lanthanum crystal coupled to H8500  MA-PMT in comparison with the result from MC simulations.

In figure 7 the results in term of overall spatial resolution (A) and position linearity are reported. The experimental behavior for spatial resolution is slightly worse respect to the MC simulation, probably due to the contribution of the PMT whereas there is a good agreement in terms of position linearity response. The step scanning simulated with the MC code was 6 mm.  The best experimental value of the spatial resolution was 1.1 mm. 
Is a high QE really useful?
We utilized the MC simulation to quantify the expected improvement in terms of spatial and energy resolution when a  MA-PMT like the Hamamatsu H8500 will be equipped with a high Q.E photocathode. 
We simulated two values of Q.E. that represent the standard value available at the moment for MA-PMT (22 %, for Hamamatsu H8500) and a value (60 %) comparable with the new generation of photodetectors like Silicon photomultiplier (SiPM) or MA-PMT with UBA window. Moreover we selected two different configurations of the scintillation crystal: with 3 mm glass window and without glass window. This last option corresponds to an integral assembly configuration where the scintillation crystal is directly coupled to the photocathode to reduce the glass window thickness and as a consequence to reduce the spread of light distribution collected by the photocathode itself. The lack of glass window reduces the width of the point spread function of the light increasing the light collection. In figure 8 the simulated charge distributions on an 8x8 anodic plane for three different situations are reported.  On the left the standard situation: QE = 22% and crystal glass window. On the right the integral assembly configuration: Q.E. = 22 % without crystal glass window. In the center the proposed configuration: Q.E. = 60 % without glass window.  On the plots are reported also the number of photoelectrons collected on the anodic plane and the energy and spatial resolution values, included the overall value.
Respect to the standard situation we obtained an increase of 61 % in the number of photoelectrons collected on anodic plane and a reduction of 9 % and 55 % of the spatial and energy resolution respectively, only removing the glass window of the scintillation crystal.
A further improvement of the detector response was obtained with high QE values and in particular, a reduction of 20% and 40% of the spatial and energy resolution respectively was observed. This is an interesting result because remarks the importance of utilizing photodetectors with high Q.E. but at the same time focuses on the importance of the geometric effects of the light collection.
In any case when the intrinsic energy resolution of the crystal is included in the overall energy resolution, the increasing is limited at 30% between the two extreme situations. These values represent a superior limit in the overall energy resolution obtainable with this detector, highlighting   the importance of the intrinsic energy resolution of the scintillator in the response of the system.  

Conclusions
To optimize a good detector for SPET and PET technique based on scintillation crystal, we have to separate the contribution due to the scintillator and to the photodetector.

The new generation of Ce doped scintillators, like LaCl3:Ce,  LuI3:Ce and LaBr3:Ce seems to respond to the principal requirements for both techniques, in terms of high light yield, fast decay time and high density. Moreover, the intrinsic energy resolution of scintillators can seriously limit the energy resolution response of photodetectors, so LaBr3:Ce, presenting a low value of this parameter (2% and 4% @ 511 and 122 keV respectively), seems a very promising crystal for SPET and also for Time of Flight in PET.
About the photodetector, for light sharing configuration with continuous crystal, we need position sensitive photodetectors with superior performances like high quantum efficiency, low electronic noise and good packing fraction. To strongly enhance imaging performances particular crystal/photodetector coupling, like the integral assembly, are also suitable.
The new ultra high quantum efficiency PMT opens a new way to get the best imaging performance however the intrinsic energy resolution of scintillators represents a limit in energy resolution response for high Q.E. photodetectors.
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