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Abstract

:

In the present study, the response of the crystalline scintillator LaBr3:Ce when excited with X-rays at tube voltages from 50 kVp to 150 kVp was investigated, for possible use in hybrid medical-imaging systems. A single crystal (10 × 10 × 10 mm3) was irradiated by X-rays within the aforementioned tube-voltage range, and the absolute efficiency (AE), as well as the detective quantum efficiency for zero spatial-frequency (DQE(0)), were measured. The energy-absorption efficiency (EAE), the quantum-detection efficiency (QDE) and the spectral compatibility with various optical photodetectors were also calculated. The results were compared with the published data for the LaCl3:Ce, Bi4Ge3O12 (BGO), Lu2SiO5:Ce (LSO), and CdWO4 single crystals of equal dimensions. The AE values of the examined crystal were found to be higher than those of the compared crystals across the whole X-ray tube-voltage range. Regarding the EAE, LaBr3:Ce demonstrated a comparatively better performance than the LaCl3:Ce crystal. The emitted-light spectrum of LaBr3:Ce was found to be compatible with various types of photocathodes and silicon photomultipliers. Moreover, the LaBr3:Ce crystal exhibited excellent performance concerning its DQE(0). Considering these properties, the LaBr3:Ce crystal could be considered as a radiation-detector option for hybrid medical-imaging modalities, such as PET/CT and SPECT/CT.
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1. Introduction


The role of scintillators in medical-imaging systems using either X-rays or gamma rays is crucial [1]. An appropriate choice of scintillator should reduce the radiation dose received by the patient without reducing the quality of the obtained image and therefore its diagnostic value, as guided by the ALARA principle [2]. In addition, due to the variety of imaging modalities, as well as the constantly evolving imaging techniques, new scintillators with improved properties are required [3,4]. Today, hybrid SPECT/CT and PET/CT systems are used in medical imaging. A suitable scintillator with good response over the whole range of energies employed in these systems would enable the use of a common detector, with obvious advantages in economic and operational terms.



A result of the research activity in this direction was the discovery in 2001 of LaBr3:Ce crystal, which combines excellent characteristics, such as a high light-yield, very good energy resolution and short decay-time [5]. The light yield of LaBr3:Ce for γ-ray absorption at 662 KeV (137Cs), has been calculated from 60,000 photons/MeV to approximately 81,000 photons/MeV, depending on the measurement conditions, the Ce concentration and the crystal size [5,6,7,8,9,10,11,12,13]. Energy resolution for the 662 KeV full-energy-absorption peak has been measured at between 2.8% and 3.9%, and is considered the best value measured for a crystal scintillator [5,6,8,10,11,12,13,14,15,16]. LaBr3:Ce is a fast scintillator with a decay-time of between 35 ns and 25 ns, which drops to 15 ns with the increase in the concentration of Ce ions [5,6,7,8,9,11,17]. The optical emission spectrum of LaBr3:Ce at room temperature presents an emission band of between 325 nm and 425 nm, with peaks at 360 nm and 380 nm. These peaks are due to Ce3+ ions, and appear in all crystal spectra, regardless of the Ce3+ concentration [6,7,9,12,18]. LaBr3 crystals have a UCl3-type lattice in the P63/m space group, with a lattice constant of 0.6196 and anisotropic properties [6,7,10,18]. The density is 5.2 g/cm3, the melting point 1116 °C, and the effective atomic number 46.9 [16,18,19].



The disadvantages of LaBr3:Ce are its hygroscopicity and its intrinsic radioactivity, due to the presence of a very small fraction of the natural radioisotope 138La. However, the latter is important only for certain applications, such as low-radioactivity measurements [15,19,20], and is not considered a major drawback in medical imaging, where higher exposures are used.



Based on the above characteristics, the crystal can be used in several applications, such as nuclear physics, medical imaging, oil exploration, X-ray diffraction, etc. In the field of medical imaging, the suitability of the crystal has been studied for use in SPECT nuclear-medicine-imaging systems, and especially in PET scanners based on time-of-flight (TOF) [8,16,17,20,21].



The aim of this study is to experimentally investigate the response of LaBr3:Ce, when excited with X-rays in tube voltages from 50 kVp to 150 kVp. The response was examined via (a) the absolute efficiency (AE), describing the light output-power per incident exposure rate, (b) the spectral-matching factor (SMF) and the overall efficiency (EE), investigating the suitability of various photon sensors attached to LaBr3:Ce, (c) the radiation-absorption properties of the crystal, and d) the signal-to-noise-ratio-squared (SNR)2 transfer properties of the scintillator in the zero spatial-frequency, as described by the detective quantum efficiency (DQE(0)) [22]. DQE(0) can act as a complementary efficiency index for AE, since it also incorporates noise transfer. Generally, a high DQE(0) value asserts a high SNR transfer and a resulting image of higher quality. In the published literature, the response of LaBr3:Ce under X-ray excitation has been carried out using different X-ray sources and in a different energy range than the one used in the current work. Specifically, the energy resolution of the crystal was calculated with X-rays at 17.4 KeV from the 241Am/Mo source [5]. X-ray measurements of the crystal were performed at energies between 9 KeV and 100 KeV at the Hamburger Synchrotron (HASYLAB synchrotron radiation facility) [23,24]. Additionally, the emission spectrum of LaBr3:Ce for various concentrations of Ce was measured by exciting the crystal with X-rays from the copper target of a Philips X-ray tube at 30–35 KV and 15–25 mA [6,7,12]. Our investigation is complementary to the aforementioned works in the sense that the LaBr3:Ce response is studied in an higher X-ray tube-voltage range, and properties such as effective efficiency and DQE(0) examined.



Our results were compared with results for Bi4Ge3O12 (BGO), Lu2SiO5:Ce (LSO), CdWO4 and LaCl3:Ce single crystals that are commonly employed in several imaging systems [25,26,27]. In Table 1, some of the properties of the aforementioned crystals are presented.




2. Materials and Methods


The LaBr3:Ce single cubic-shaped crystal examined in this study was supplied encapsulated in a thin aluminum protective layer from Advatech UK Limited, with dimensions of 10 × 10 × 10 mm3 and with all its surfaces polished [18]. The part of the crystal used as the output was covered with a fused-silica-glass window [31]. The crystal was evaluated by determining, experimentally or with the use of mathematical formulas [22,25,26,32,33,34], the following parameters: the energy-absorption efficiency (EAE), the quantum detection efficiency (QDE), the AE, the SMF, the effective efficiency (EE) and the DQE(0). The crystal was irradiated using an X-ray tube with 1.5 mm Al filter, coupled with a CPI, series CMP 200DR 50kW generator. The X-ray tube-voltages ranged from 50 to 150 kVp, keeping the current-time product constant at 63 mAs, with an irradiation time of 1s. An additional 20mm Al filtration was added to the exit of the X-ray tube [25,26,32,33].



QDE is defined as the fraction of the incident X-rays interacting with the scintillator [34], whereas the fraction of the incident X-ray energy absorbed in the crystal is described through EAE [34]. QDE and EAE can be calculated as [26,34]:


  EAE ( E ) =       ∫  0   E 0     Φ 0     ( E )  E  (     μ  en      ( E )  / ρ    μ  att    ( E )  / ρ    )   (  1 −  e  −  (   μ  att      ( E )  / ρ  )   ρ Τ     )   dE        ∫  0   E 0     Φ  0      ( E )  EdE      



(1)







and


  QDE =       ∫  0   E 0     Φ 0     ( E )   (  1 −  e  −  (   μ  att      ( E )  / ρ  )   ρ Τ     )   dE        ∫  0   E 0     Φ  0      ( E )  dE      



(2)




where Φ0(E) is the incident X-ray photon fluence on the scintillator, E is the photon energy, μatt(E)/ρ is the radiation-photon total mass-attenuation-coefficient, and μen(E)/ρ is the corresponding total mass-energy-absorption-coefficient. Τ is the detector thickness and ρ is its density expressed in g/cm3 [26,34]. The μatt(E)/ρ and μen(E)/ρ were taken from XMudat software [35] and the X-ray fluence from TASMIP Spectra Calculator [36].



AE is defined as the ratio of the energy flux,    Ψ ˙   λ (units μW∙m−2), of the light photons emitted by a stimulated crystal, over the incident exposure-rate  ,     X ˙     (units mR∙s−1) [37]. The experimental setup for the energy-flux measurement comprised a light integrating-sphere (Oriel 70451) coupled to a photomultiplier tube (PMT) (EMI 9798B,) which was connected to a Cary 400 vibrating-reed electrometer. The exposure rate was measured separately, with an RTI Piranha P100B dosimeter [38]. The experimental setup is shown in Figure 1.



According to its definition, AE is equal to [25,33]:


  A E =    Ψ ˙   λ  /      X ˙     



(3)







The units of AE are known as efficiency units: (EU) where 1 EU = 1 µW∙m−2/(mR∙s−1).



Crystal scintillators are always used in combination with optical photon sensors. Their compatibility is expressed by the spectral-matching factor, SMF, and it can be defined as [26]:


  SMF =     ∫      S   p       ( λ )   S D   ( λ )   d λ      ∫      S p     ( λ )   d λ     



(4)




where Sp(λ) is the light-spectrum emitted by the scintillator, obtained manually from the website of the vendor [18], SD(λ) is the spectral sensitivity of the photodetector coupled to the scintillator, and λ is the wavelength of the light emitted [39]. The spectral sensitivities of various photodetectors were obtained from the manufacturers’ data and the literature [33,40,41,42,43].



The overall efficiency corresponding to a specific scintillator–photodetector combination has been expressed by the effective efficiency (EE) [44], and is calculated as [33,45]:


EE = AE∙SMF



(5)







The detective quantum efficiency expresses the efficiency of a system in transmitting the information it receives, and therefore can be used to evaluate and compare medical-imaging systems. DQE is defined as [22]:


  DQE =     SNR  O 2      SNR  I 2     



(6)




where SNRO and SNRI refer to the system output and input, respectively.



The detective quantum efficiency is a function of the scintillator’s thickness (T) and spatial frequency (u). Relation (6) transforms into the relation [22]:


  DQE ( u , E , T ) =        Φ ¯    L    (   Q  , 0 ,  T   )    M    p     2   (   u  ,    T   )      Q ¯      [     m ¯     o          g   L    ¯     (  T  )    M    p     2   (   u  ,    T   )  + 1  ]     



(7)




where      Φ ¯    L     is the mean photon fluence of the emitted light at zero spatial-frequency, and    Q ¯    is the fluence of incident X-ray photons on the scintillator. Mp (u,T) corresponds to the modulation transfer function of the scintillator,      m ¯     o       is the mean number of generated optical photons in the scintillator per absorbed X-ray quantum,       g   L    ¯    is the mean light-transmission-efficiency representing the probability that a photon exits from the crystal volume, and thus the product,      m ¯     o          g   L    ¯   , shows the number of the light photons escaping per absorbed X-ray photon.



The detective quantum efficiency can also be defined for zero spatial-frequency DQE(0). In this case, Mp(0,T) equals 1 and Relation (7) transforms into the following relation:


  DQE ( 0 , E , T ) =        Φ ¯    L      (   Q  ,  E  ,  T   )       Q  ·  ¯         m   ¯     o          g   L    ¯  +   Q ¯      



(8)







The product,      m ¯     o          g   L    ¯   , can be calculated from the ratio  ,      Φ ¯    L   ,    to the absorbed fraction of the incident X-ray photon fluence. The number of the absorbed X-ray photons can be calculated from the product QDE·   Q ¯   :


      m ¯     o          g   L    ¯      =      Φ ¯    L    (   Q  ,  E  ,  T   )      Q ¯   ·  Q D E        



(9)







Therefore, Relation (8) transforms into relation


  DQE ( 0 , E , T ) =      Φ ¯    L    (   Q  ,  E  ,  T   )  ·  Q D E       Φ ¯    L    (   Q  ,  E  ,  T   )  +   Q ¯   ·  Q D E     



(10)







The calculation of      Φ ¯    L      is carried out by experimentally measuring the energy flux of the emitted light,    Ψ ˙   λ.    Ψ ˙   λ can be calculated by multiplying the AE by the exposure rate,    X ˙   :


         Ψ   ˙  λ  = AE   ·      X   ˙      



(11)







The energy light flux can be converted into a fluence of visible photons,      Φ ¯    L    :


      Φ ¯    L    (   Q  ,  E  ,  T   )    =          Ψ   ˙    λ        h c    λ       =    A E  ·      X   ˙       h c    λ         



(12)







Finally, from Relations (11) and (12), the Relation (10) transforms into the following relation:


  DQE ( 0 , E , T ) =    A E   (   E  ,  T   )  ·      X   ˙    ·  Q D E   (   E  ,  T   )     A E   (   E  ,  T   )  ·      X   ˙  +   Q ¯   ·  Q D E   (   E  ,  T   )  ·    h c    λ        



(13)







In order to calculate    Q ¯   , the spectrum Q(E) was obtained through the TASMIP Spectra Calculator [36] for each voltage of the X-ray tube, and then the corresponding exposure, X(mR)T, was calculated, based on the relation [46,47]:


  X ( mR  ) T  = 1.83 ×   10   − 6     ∫  0    E   o      Q   (  E  )  ·  E  ·    (     μ   e n     ρ   )     a i r     (  E  )   d E   



(14)




where E is in keV and (μen/ρ)air is the air mass-energy-absorption coefficient (cm2/gr), obtained from the XMudat software [35]. From the ratio of the exposure calculated and that measured experimentally, X(mR) =     X ˙   ·  t   , were t was taken as equal to the irradiation time (1 s). The fluence,    Q ¯   , corresponding to each voltage, was then calculated as:


     Q ¯       =    X   (   m R   )    1.83 ×   10   − 6     ∫  0    E   o      Q   (  E  )    ·    E    ·      (     μ   e n     ρ   )     a i r     (  E  )   d E      



(15)








3. Results


The LaBr3:Ce crystal’s EAE values across the examined energy range, compared with calculated data for the BGO, LSO, CdWO4 and LaCl3:ce crystals are presented in Figure 2. As can be seen, the values of the LaBr3:Ce crystal were higher than those of LaCl3:Ce crystal at all energies. At low energies (50–80 kVp), the EAE values of the LaBr3:Ce crystal were lower than those of the BGO, LSO, and CdWO4 crystals, due to the high density of the BGO, LSO, and CdWO4 crystals, which were 7.13 g/cm3, 7.4 g/cm3 and 7.9 g/cm3 respectively [26,29,30]. From 70 to 150 kVp, the EAE of the LaBr3:Ce crystal increases gradually, surpassing the EAE values of the LSO and CdWO4 crystals after 100 kVp, reaching the maximum value at 150 kVp (0.647), but remaining lower than the corresponding values of the BGO crystal. The performance of the LaBr3:Ce crystal at higher energies demonstrates its suitability for usage in radiographic applications such as computed tomography.



Figure 3 exhibits the graph of μatt in terms of energy, as obtained from the XmuDAT software, featuring the characteristic saw-tooth shape in the energy range where absorption through the photoelectric effect dominates (up to approximately 100 keV). The discontinuities correspond to the absorption edges K, L, M or N, in which the energies of the photons become equal to the binding energies of the electrons of the atoms of the crystals in the shells K, L, M or N, and therefore the probability of absorption of the photons increases sharply, due to resonance [48].



While μatt expresses the abovementioned probability, μεn expresses the probability of transfer and absorption of this energy within the crystal. Their calculated ratio with respect to energy is represented graphically in Figure 4. A sharp drop of this ratio at the absorption-edge positions of the crystals is observed, resulting in the corresponding reduction of EAE in the graph of Figure 2. The crystals of LaCl3:Ce and LaBr3:Ce show a common K edge at 39 keV, due to La, while LaBr3:Ce shows a second one, due to bromide at 14 keV, which, however, does not affect the EAE in the range of energies we are studying. The EAE of both crystals decreases after 40 kVp, and in fact the decrease in LaCl3:Ce is greater, due to the greater drop in the μen/μatt ratio, as shown in the graph. After 60 kVp, the EAE increases slightly, and stabilizes, due to the gradual increase in the μen/μatt ratio after 39 keV. Similarly, in BGO, LSO and CdWO4, with K-edges at 91 keV, 64 keV and 70 keV, respectively, the EAE decreases after 91 kVp, 64 kVp and 70 kVp, respectively. After 110 kVp for LSO and CdWO4 and 130 kVp for BGO, the EAE almost stabilizes, due to the partial recovery of the μen/μatt ratio values.



Figure 5 shows the effect of tube voltage on QDE. LaBr3:Ce demonstrates almost perfect efficiency in detecting the incident photons, as shown by the QDE values, which range from 0.998 to 1. The QDE is maximum at X-ray tube voltages up to 120 KVp. This is mainly due to the thickness of the crystal, since the attenuation coefficients drop after the K-edge of LaBr3:Ce, above 39 keV. For this energy range, the radiation absorption is maximum, and all the incident radiation may contribute to signal generation. For higher energies, however, the continuous drop of the attenuation coefficient leads to a smaller number of X photons absorbed in the crystal.



Figure 6 shows the variation of AE of the LaBr3:Ce crystal in the X-ray tube-voltage range from 50 to 150 kVp, compared with previously published data for the LaCl3:Ce, BGO, LSO, and CdWO4 crystals of similar dimensions [25,26,27]. The experimental error is 4.25%. As can be seen, the AE of all crystals increases continuously with increasing tube voltage; however, the LaBr3:Ce crystal’s values are the highest at all energies. Specifically, at 50 kVp, the values were 23.5 EU for LaBr3:Ce, 15.1 EU for LaCl3:Ce, 1.2 EU for BGO, 7.6 EU for LSO, and 12 EU for CdWO4. At 130 kVp, the difference was even greater, measuring 60.1 EU, 38.7 EU, 3.7 EU, 17.7 EU and 26.9 EU, respectively [25,26,27].



The very good absolute-efficiency values of LaBr3:Ce, compared to the other crystals reported for comparison in this paper (even though it has lower EAE values, as shown in Figure 2), can be explained by its higher LY [27].



The emitted optical-spectrum of LaBr3:Ce, normalized to unity, compared to the spectral sensitivities of several commonly used optical photon-sensors, is illustrated in Figure 7, Figure 8, Figure 9 and Figure 10 [33,40,41,42,43]. The sensors listed are silicon photomultipliers (SiPMs), frequently employed in nuclear-medicine applications, charge-coupled devices (CCD) and complementary metal-oxide semiconductors (CMOS) utilized in imaging applications, and various photocathodes. The width of the LaBr3:Ce spectrum is approximately 120 nm, from 320 to 440 nm, with a maximum at 380 nm [18].



The compatibility of the crystal-detector combination, shown in Figure 7, Figure 8, Figure 9 and Figure 10, is directly related to the calculated SMFs demonstrated in Figure 11, Figure 12, Figure 13 and Figure 14. LaBr3:Ce provides excellent compatibility with various flat-panel (FP) photocathodes, with the SMF values ranging from 0.95 to 0.98, as well as with the Multialkali photocathode (0.97) and the Bialkali photocathode (0.95). LaBr3:Ce is a suitable choice for applications evolving silicon photomultipliers, since the SMF values ranged from 0.75 to 0.86 (0.86 for SiPM S10362-11-100U). On the other hand, LaBr3:Ce was found to be incompatible with CCDs and CMOS detectors, with the SMF values ranging from 0.02 to 0.65 for the CCDs detectors, and from 0.0 to 0.37 for the CMOS detectors. More specifically, the lowest values were registered when coupled with the CCD with Polygates and the CCD no-Polygates LoD (both at 0.02), the CCD with traditional Polygates (0.03), the CMOS Pgate (0.02) and the CMOS RadEye HR (0.0).



Figure 15, Figure 16, Figure 17 and Figure 18 show effective-efficiency data corresponding to every optical sensor mentioned before. Following the SMF results, EE values confirm the excellent compatibility of the LaBr3:Ce crystal with several photocathodes and silicon photomultipliers (SiPMs). Specifically, the highest EE values were attributed to the Multialkali photocathode, the Bialkali photocatode, and the flat-panel (FP) photocathodes. On the other hand, the lowest values were shown when coupled with various CCDs and CMOS detectors, with the decrease (with kVp) in the detected signal ranging from 99.3% to 100% when the crystal was matched with the CCD with Polygates, the CCD no-Polygates LoD, the CCD with traditional Polygates, the CMOS Pgate and the CMOS RadEye HR.



Figure 19 presents the calculated values of DQE(0) for the LaBr3:Ce crystal. For comparison purposes, the DQE(0) of a recently studied halide crystal (LaCl3:Ce) [27], which exhibits the second best AE value, is also shown. Both crystals show excellent performance, with LaBr3:Ce slightly outperforming LaCl3:Ce, possibly due to its higher light-yield [18,28] and AE values. All the DQE(0) values are above 0.99.




4. Discussion


The shape of the AE curve of LaBr3:Ce is a combination of the X-ray absorption and optical-photon production and escape from the crystal. At lower energies, the increased QDE enables a high optical-photon production. As the X-ray energy increases, and while QDE remains approximately 1, the number of optical photons generated increases, in proportion to the light yield; thus, the AE values are also measured as increasing. For X-ray tube voltages above 120 kVp, where the QDE drops below 1, the percentage of the X-rays absorbed is reduced, which in turn reduces the energy offered for optical-photons production. This concludes with a smaller slope, resembling a plateau, in the AE-value increase. If the QDE value was 1 for these energies, the rate of AE increase for X-ray tube voltages above 120 kVp might be similar to the increase rate between 50 kVp and 110 kVp.



It is worth commenting that the use of the LaBr3:Ce scintillator can give an equivalent result to the rest of the crystals regarding the signal, but with a significant reduction in radiation and therefore in the dose received by the examinee. In effect, compared to the BGO and LSO crystals used in hybrid SPECT/CT and PET/CT imaging systems, LaBr3:Ce will give the same output but, as calculated at 140 kVp, with 6.2% and 29.5% of the radiation, respectively. In addition, the reduction in emitted radiation means a reduction in the current-time mAs, and therefore a reduction in the operational cost of the X-ray tube, without affecting the quality of the examination. Although LaBr3:Ce is hygroscopic, other scintillators that were used in the past for radiation-imaging purposes, such as CsI:Na and NaI, were also hygroscopic. This suggests that the technology for managing this type of scintillators is applicable. The high light-yield of the LaBr3:Ce crystalline scintillator, compared to other scintillators, can lead to radiation-dose savings for the examinees, which is of importance in radiation imaging.



The LaBr3:Ce crystal’s higher efficiency when compared to the BGO and LSO crystals across the whole energy range, as well as its exceptional performance at high energies, demonstrate its potential for use in medical-imaging applications, especially in nuclear medicine.



Concerning the SMF values, when the LaBr3:Ce crystal was compared to the LaCl3:Ce crystal, a halide scintillator of similar characteristics, it presented almost the same values when coupled with various photocathodes, but considerably better compatibility with silicon photomultipliers, CCDs and CMOS, as the SMF values of LaCl3:Ce range from 0.62 to 0.67 for silicon photomultipliers, from 0.002 to 0.22 for CCDs, and from 0.0 to 0.28 for CMOS [27].



The DQE values are a function of the radiation-absorption performance of the scintillator crystal as described by QDE, and the escaping optical-photon signal fluctuation. Both these parameters are embedded in Equations (7) and (13). At lower X-ray energies, where QDE is approximately 1 and AE is low, DQE(0) presents its lowest values. As the X-ray energy increases up to approximately 120 kVp, QDE is still almost 1, but the optical-photon production is increased, leading to a corresponding increase in DQE(0) values. At higher energies however, the drop in QDE as shown in Figure 5, combined with a tendency to AE saturation, as shown in Figure 6, leads to somewhat lower DQE(0) values. In every case, LaBr3:Ce is superior to LaCl3:Ce, mainly due to its better radiation to optical conversion characteristics.



It may be deduced that the LaBr3:Ce scintillator under study performs better, both in terms of ionizing radiation to optical-photon-emission efficiency and in terms of SNR transfer at X-ray tube-voltages over 110 kVp. This range is the one utilized in computed tomography imaging and it is closer to the energy emitted by radioisotopes used in nuclear-medicine applications. This makes LaBr3:Ce a prominent candidate as a radiation sensor for hybrid medical-imaging systems such as SPECT/CT and PET/CT.




5. Conclusions


In the current study, the efficiency properties of a LaBr3:Ce crystal were investigated under X-ray excitation with X-ray tube-voltages (50–150 kVp) and compared with previously published data for BGO, LSO, CdWO4 and LaCl3:Ce crystals. The maximum AE of the examined crystal was obtained at 150 kVp (60.9 EU). The values of AE of the LaBr3:Ce were found to be considerably higher than those of the BGO, LSO, CdWO4 and LaCl3:Ce crystals in the examined energy range. These results are also considered important from the point of view of radiation protection, as the use of the crystal can reduce the dose received by the examinee. The emission spectrum of LaBr3:Ce showed an exceptional match with the spectral sensitivities of many commonly employed photocathodes and silicon photomultipliers (SiPMs). In addition, the LaBr3:Ce crystal exhibited excellent performance concerning its detective quantum efficiency for zero spatial-frequency. Taking into account the high AE values, the spectral compatibility with several optical-sensors, the DQE(0) values, the short decay-time, as well as the optimum X-ray tube-voltage range, which was found to be above 120 kVp, the LaBr3:Ce scintillation crystal might be considered as a radiation-detector option for hybrid medical-imaging modalities, such PET/CT and SPECT/CT scanners.
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Figure 1. Experimental measurement setup. 
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Figure 2. EAE of LaBr3:Ce, LaCl3:Ce, BGO, LSO and CdWO4 single crystals. 
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Figure 3. Attenuation coefficients of the LaBr3:Ce, LaCl3:Ce, BGO, LSO and CdWO4 single crystals. 
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Figure 4. The ratio μen/μatt of the LaBr3:Ce, LaCl3:Ce, BGO, LSO and CdWO4 single crystals. 






Figure 4. The ratio μen/μatt of the LaBr3:Ce, LaCl3:Ce, BGO, LSO and CdWO4 single crystals.



[image: Applsci 13 00419 g004]







[image: Applsci 13 00419 g005 550] 





Figure 5. QDE of the LaBr3:Ce crystal in comparison with LaCl3:Ce, BGO, LSO and CdWO4 crystals. 
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Figure 6. AE values of the LaBr3:Ce (4.25% error bar) crystal in comparison with previously published data for the LaCl3:Ce, BGO, LSO and CdWO4 crystals. 
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Figure 7. Optical spectral distribution of LaBr3:Ce crystal, and spectral sensitivity of CCD photoreceptors. 
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Figure 8. Optical spectral distribution of LaBr3:Ce crystal, and spectral sensitivity of CMOS photoreceptors. 
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Figure 9. Optical spectra distribution of LaBr3:Ce, and spectral sensitivity of photocathodes. 
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Figure 10. Optical spectra distribution of LaBr3:Ce, and spectral sensitivity of SiPMs. 
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Figure 11. SMF values of LaBr3:Ce with various CCDs. 
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Figure 12. SMF values of LaBr3:Ce with various CMOS. 
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Figure 13. SMF values of LaBr3:Ce with various photocathodes. 
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Figure 14. SMF values of LaBr3:Ce with various SiPMs. 
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Figure 15. EE of LaBr3:Ce combined with various CCDs. 
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Figure 16. EE of LaBr3:Ce combined with various CMOS. 
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Figure 17. EE of the LaBr3:Ce combined with various photocathodes. 
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Figure 18. EE of the LaBr3:Ce combined with various Si PMs. 
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Figure 19. DQE(0) of the LaBr3:Ce and LaCl3:Ce single crystals. 
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Table 1. BGO, LSO, CdW04, LaCl3:Ce and LaBr3:Ce crystal properties [18,26,28,29,30].
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	Properties
	BGO
	LSO:Ce
	CdWO4
	LaCl3:Ce
	LaBr3:Ce





	Wavelength, max emission (nm)
	480
	420
	490
	350
	380



	Decay Time (ns)
	300
	40
	5000
	28
	25



	Light Yield (photons/MeV)
	8900
	30,000
	28,000
	49,000
	63,000



	Radiation Length (cm)
	1.118
	1.14
	1.06
	2.813
	1.881



	Density (g/cm3)
	7.13
	7.4
	7.9
	3.86
	5.2



	Effective Atomic Number
	74
	75
	74
	47
	46



	Melting Point (°C)
	1044
	2050
	1325
	1135
	1116



	Hardness (Mho)
	5
	5.8
	4-4.5
	3
	3



	Hygroscopicity
	No
	No
	No
	Yes
	Yes
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