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Abstract

:

A rare-earth trihalide scintillator, CeBr3, in 1 cm edge cubic monocrystal form, is examined with regard to its principal luminescence and scintillation properties, as a candidate for radiation imaging applications. This relatively new material exhibits attractive properties, including short decay time, negligible afterglow, high stopping power and emission spectrum compatible with several commercial optical sensors. In a setting typical for X-ray radiology (medical X-ray tube, spectra in the range 50–140 kVp, human chest equivalent filtering), the crystal’s light energy flux, absolute efficiency (AE) and X-ray luminescence efficiency (XLE) were determined. Light energy flux results are superior in comparison to other four materials broadly used in modern medical imaging (slope of the linear no-threshold fit was 29.5). The AE is superior from 90 kVp onwards and reaches a value of 29.5 EU at 140 kVp. The same is true for the XLE that, following a flat response, reaches 9 × 10−3 at 90 kVp. Moreover, the spectral matching factors and the respective effective efficiencies (EE) are calculated for a variety of optical sensors. The material exhibits full compatibility with all the flat-panel arrays and most of the photocathodes and Si PMs considered in this work, a factor that proves its suitability for use in state-of-the-art medical imaging applications, such as CT detectors and planar arrays for projection imaging.
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1. Introduction


With the unceasing progress in research on scintillating materials, a number of them have emerged that show great potential for successful implementation in imaging applications. A recent example is cerium bromide (CeBr3), which appears poised to overcome many of the limitations of conventional materials [1,2,3,4]. This rare-earth trihalide features a rapid response, negligible afterglow, above-average effective atomic number (45.9) and a convenient emission spectrum for coupling with many optical sensors [5,6,7]. Mechanically, it is fragile and hygroscopic, necessitating protection from environmental conditions [8,9]. Its main uses include positron emission tomography (PET), dual nuclear and fluoroscopic detectors and gamma-ray spectrometers, etc. [5,10,11]. However, its luminescence properties could make it an alternative material to be considered for X-ray applications as well.



In this work, we chose to evaluate the main luminescence and scintillation properties of a cubic monocrystal of this scintillator. A comparison is also presented versus four other materials targeted to the same field of applications that our group investigated earlier [12,13,14].



CdWO4, a scintillator similarly free of afterglow, is also endowed with robustness, both mechanically and in terms of hygroscopic resistance, as well as radiation hardness (up to 100 rad). At the same time, it has more than two orders of magnitude greater decay time (5 µs as opposed to 19 ns) and emits light of greater wavelengths, rendering it incompatible with many photomultiplier tubes (PMTs). Remarkably, it is widely used in modern commercial computed tomography (CT) scanners in medical diagnostics, non-destructive testing (NDT) and other applications [7,15,16,17].



Lu₂SiO₅:Ce (LSO:Ce) is a relatively dense scintillator (7.4 g/cm³) with a fast decay time (40 ns). Owing to its high atomic number, it achieves enough stopping power to be applicable in PET energies. An equally effective photon absorber is Bi4Ge3O12 (BGO), which further exhibits fewer afterglow emissions. Both materials have been reported as well in CT applications employing medical diagnostics X-ray spectral ranges [18,19,20,21]. Neither of them suffers from hygroscopicity.



ZnSe:Te, a compound of the II-VI semiconductor group, is non-hygroscopic, mechanically robust, radiation hard and its afterglow is at the same levels as CdWO4. Its atomic number approaches that of copper, a widely used filter for lower-energy X-rays. As a result, ZnSe:Te acts as the detecting element for low-energy photons in dual-energy X-ray detectors. Following this first layer, another, higher-Z material absorbs the photons that come through. Such configurations in the medical imaging field facilitate the diagnosis of tumors, osteoporosis, atherosclerosis, etc. [15,17,22,23]. Further applications include baggage inspection equipment, high-energy physics, space probes and dosimetry [16].



Table 1 summarizes the main luminescence and mechanical properties of the materials in discussion.



The above-mentioned materials in single crystal form of the same 10 mm edge cubic shape were compared under similar conditions in terms of their output signal, absolute efficiency (AE), effective efficiency (EE) and X-ray luminescence efficiency (XLE). Metrics regarding spatial resolution exceed the objective of the present work. The choice of this monocrystal size does not apply to planar detectors, but rather to configurations such as medical X-ray CT; the 10 mm thickness ensures complete photon absorption at the respective energies. Since, according to previous studies [7], the thickness required for nearly complete X-ray absorption is in the order of a few millimeters (2–6 mm), we selected 10 mm for consistency across the results, and to ensure total absorption even of the highest energies used in CT. On the other hand, the luminescence properties investigated herein can be taken into consideration when designing planar detectors for projection imaging. In such a case, the similar conditions under which the measurements were performed ensure that the results (precisely, the relative variations between materials) will be utilizable in future investigations.




2. Materials and Methods


The CeBr3 monocrystal was acquired from Advatech, London, UK [9], had a cubic shape, 10 mm edges, polished surfaces and came encapsulated in an aluminum enclosure. The ‘entrance’ surface has 0.7 mm Al thickness, while the ‘output’ consists of a fused silica glass window, 1.93 mm thick. For the precise thickness determinations, the high-resolution non-destructive testing (NDT) Remote RadEye HR CMOS (Teledyne DALSA, ON, Canada) was used. All the crystals in the present work had a cubic shape, 10 mm edges and polished surfaces.



Medical X-ray radiology setting is considered, i.e., aluminum (Al) filtered polyenergetic spectra from medical-type X-ray tubes and high voltages ranging from 50 to 140 kVp. The Aster BK (Assing SpA, Rome, Italy) medical radiography system was used, which consists of the following components: a CMP 200 DR (CPI Inc., Palo Alto, CA, USA) high-frequency X-ray generator and a RTM90HS (IAE SpA, Milano, Italy) X-ray tube in a model C352 housing of the same company. Of the two focal spots (1.2 and 0.6 mm), the larger one was used for our experiments, as well as 20 mm Al filtering in order to approximate a typical human chest.



The output signal in terms of emitted light energy per unit area    (    Ψ ˙  Λ   )    was determined for a series of X-ray exposure rates. In order to obtain the crystal’s emitted light energy, an integrating sphere (Newport Corp., Irvine, CA, USA, model Oriel 70451) was used, in the configuration described in [12]. The cubic crystal’s “back” surface lays on the sphere’s entrance window. The collected light is detected by a PMT (EMI, London, UK, model 9798 with S20 photocathode with extended sensitivity) connected as a biased photodiode and its current is sensed by a sub-femtoamp electrometer (Keithley, Cleveland, OH, USA, model 6430) [12]. The distance between the entrance surface of the cubic scintillator and the X-ray tube focal spot was 72.5 cm. The X-ray dose rates were provided by a dosimeter (RTI, Mölndal, Sweden, model Piranha P100B).



The output signal or light energy flux is given by [12]:


      Ψ ˙  λ  =    i  e l e c     S ·  η p  ·  α s  ·  c g    ,  



(1)




where    i  e l e c     is the PMT current, as measured by the electrometer, in   p A  .  S  is the irradiated area of the scintillator, in mm2.    n p    is the photocathode’s peak photosensitivity, in   p A ·  W  − 1    .    α s    is the spectral matching factor (SMF) between the crystal’s emitted spectrum and the photocathode’s spectral response.    c g    is the geometric light collection efficiency of the experimental setup, including the integrating sphere; estimated as 15.6 for our specific geometry. The light energy flux is expressed in   μ W ·  m  − 2    .



Absolute efficiency is the ratio of the crystal’s light energy flux to the X-ray exposure rate, i.e.:


  A E =  η A  =      Ψ λ    X ˙    ˙  ,  



(2)




where the exposure rate is expressed in   m R ·  s  − 1     and eventually the AE unit is   1    (  μ W ·  m  − 2    )  /  (  m R ·  s  − 1    )  = 1   E U  .



The effective efficiency is the AE multiplied with the spectral matching factor αs of the respective detector that is coupled to the scintillator [31]:


  E E =  η  e f f   =  η A  ·  α s   



(3)






   α s  =   ∫  S p   ( λ )  ·  S D   ( λ )  · d λ   ∫  S p   ( λ )  · d λ   ,   



(4)




where  λ  denotes photon wavelength.    S p    is the spectrum of the light emitted by the scintillator.    S D    is the spectral sensitivity of the optical detector.



The effective efficiency was calculated for various commercial detectors, while the crystal’s emission spectrum was measured by a grating spectrometer (Ocean Optics HR2000) under UV excitation.



The X-ray luminescence efficiency (   η Ψ   ) is the ratio of the crystal’s emitted light energy flux over the X-ray energy flux [32], i.e.,    η Ψ  =    Ψ λ   ˙  /    Ψ 0   ˙   . It has no units of measure and expresses which part of the incident energy is converted to light.




3. Results and Discussion


The output signal versus X-ray exposure rate for all materials is plotted in Figure 1. Within the exposure range of interest for medical diagnostics employed in our experiments, i.e., up to 370 mR/s, all responses are linear. All R2 values (coefficient of determination) of the linear no-threshold fits are at least 0.99. The superiority of CeBr3 and CdWO4 in terms of their light yield is denoted by the increased slopes.



Absolute luminescence efficiency versus the X-ray tube’s high voltage is depicted in Figure 2 for each scintillator. Every material’s AE increases constantly with increasing high voltage. The relationship is linear for CeBr3 within the intervals 50–80 kVp and 100–140 kVp, albeit at different slopes. CeBr3 and CdWO4 attain similarly high AE values, regardless of the former’s lower effective Z and density, thus demonstrating its excellent performance at light yield capacity. CeBr3 reaches 29.5 EU at 140 kVp spectrum, the largest value of all examined materials. In the graph of the output signal versus exposure rate (Figure 1), the fitted lines’ slopes are in accordance with the relationship between the scintillators’ AE values (Figure 2). The decreased slope of the BGO line corresponds to inferior AE values. CeBr3 and CdWO4 output signal slopes stand higher and close to each other, similarly to the respective absolute efficiencies. Moreover, LSO:Ce and ZnSe:Te absolute efficiency curves, like the respective output signal slopes, stand halfway between.



In order to calculate effective efficiency, the spectral matching factor is needed. The necessary spectral responses of several commercial light sensors are presented in Figure 3 and Figure 4 along with the emitted spectrum of CeBr3. The respective SMFs of the various combinations of CeBr3 are summarized in [33].



The EE values versus the X-ray tube high voltage are depicted in Figure 5 and Figure 6, for all the chosen detectors above.



As it is expected from their SMFs, the EE approaches the AE for most photocathodes and some of the silicon PMs calculated. Nearly every photocathode and flat-panel array exhibit full compatibility in detecting the scintillator’s light, with the exception of the GaAsP photocathode. For example, the EE of the combination of the flat-panel FP H8500C-03 with CeBr3 reaches 28.9 EU at 140 kVp, where AE is 29.5 EU. The combination of CeBr3 with most Si PMs attains the same levels of efficiency, yet to a lesser degree. As far as CCDs and CMOSs are concerned, the compatibility is reduced, with the sole exception of the a-Si passivated CMOS. The latter reaches 24 EU at the maximum tube voltage. For all the other calculated CCDs and CMOSs, the maximum attained effective efficiency rests below 25 EU at 140 kVp. The CeBr3 compatibility with CCDs and CMOSs may seem reduced in comparison with PMTs and Si PMs, however, the respective EE values are comparable or even better than those of the other scintillators in discussion. For example ZnSe:Te EE with CCD/CMOSs reaches up to 10 EU at best [12]; CdWO4 with CCDs reaches 21 EU, while with CMOSs 26 EU [14].



The XLE of the crystals under investigation is shown in Figure 7, versus the selected high voltage.



CeBr3 and CdWO4 exhibit similar XLE responses, both starting from ~8 × 10−3 at 50 kVp, slightly culminating (~9 × 10−3) at 90 kVp and returning to ~8 × 10−3 at 140 kVp. Their attenuation coefficients (visible in Figure 8) present local peaks, namely the photoelectric absorption edges, at the energies of ~40 keV and ~69 keV, respectively. The other materials remain below 6 × 10−3 throughout the whole examined voltage range.



The µatt, i.e., the probability that an X-ray photon is absorbed due to any kind of interaction within the crystal and the µen, i.e., the probability that a photon’s energy is transferred to electrons in the material are plotted in Figure 8 for the energy range in question. It is noted that the effective energy of a filtered spectrum from a 140 kVp X-ray tube approximates 74 keV.



The X-ray luminescence efficiency of a scintillator, expressing its capacity to convert the incident X-ray energy to visible light, is a crucial performance metric for energy integrating detectors. Medical X-ray radiology utilizes this particular type of detector, in which the resulting output signal is a function of the total energy that is absorbed by the scintillating material. The magnitude of this efficiency measure across the various X-ray spectra depends on the following properties of the material. First, the quantum detection efficiency, i.e., the fraction of the incident X-ray photons absorbed by the scintillator. Second, the intrinsic X-ray to light conversion efficiency, i.e., the part of the absorbed X-ray energy that is converted to light energy. Third, the light transmission efficiency, which indicates the probability that the light energy from the point of interaction will escape the crystal’s mass [32].



CeBr3 exhibits optimum performance with regard to XLE for X-ray spectra above 90 kVp, in comparison to the other materials discussed in this work. Below 80 kVp, CeBr3 is slightly less efficient than CdWO4, yet maintains high levels of XLE (always at least 7.6 × 10−3). From 90 kVp onwards (i.e., CT-pertinent energies) the situation inverses. This uniformity in response within the examined spectral range (min to max difference is 16%) facilitates its practical implementation in medical imaging systems.



It is worth mentioning here that owing to CeBr3‘s necessity for encapsulation, its emitted light was measured after going through the glass window. This inevitably causes a fraction of the light photons to be attenuated, which indicatively, in the investigation of Quarati et al. [34] meant a reduction of the light yield average from 60,000 ph/MeV of bare samples to 45,000 ph/MeV of encapsulated ones. Further, despite the larger light yield of CeBr3 compared to CdWO4, the higher density and effective Z of the latter leads to more effective X-ray absorption, especially at lower energies where the photoelectric effect prevails. Such light yield data are given in Table 1 as an indication only, since they are determined under completely different experimental conditions (i.e., single-energy gamma ray photons of significantly higher energy than X-ray tube generated photons and different measuring equipment). On the other hand, published light yield values differ significantly from one publication to another [28]. In addition, the different emission wavelengths suggest different optical transmission and escape properties; factors that contribute as well to the materials’ luminescence efficiencies.




4. Conclusions


The objective of this study was to examine the luminescence and scintillation properties of a CeBr3 single crystal under typical X-ray radiology conditions (medical X-ray tube, spectra in the range 50–140 kVp, human chest equivalent filtering). The main conclusions are that: (i) The luminescence output of CeBr3 was found comparable to CdWO4 and clearly higher than LSO:Ce, ZnSe:Te and certainly BGO. At an X-ray tube energy of 140 kVp, its luminescence output reached 29.5 EU. (ii) CeBr3 shows X-ray luminescence efficiency maximum of 9 × 10−3 at 90 kVp. From this energy and beyond, it shows higher XLE values than all other materials in this study. (iii) CeBr3 emitted light wavelength exhibits full compatibility with all the flat-panel arrays, most of the photocathodes and Si PMs considered in this work.



In addition to these advantageous luminescence characteristics of CeBr3, there should be taken into consideration the detrimental effect of the encapsulation window that diminishes the luminescence photons that finally escape. Certainly, the encapsulation of hygroscopic materials is a prerequisite. Nevertheless, in the design of a radiation detector, the whole configuration could be enclosed in a hermetic seal. The scintillator would be in direct optical contact (e.g., via optical grease or similar means) with the optical sensor and nearly the entire luminescence output would be collected, further benefiting CeBr3 in the luminescence parameters comparison to its counterparts.



Moreover, CeBr3′s rapid response, negligible afterglow, above-average density and effective atomic number verdict that such crystals should be considered for use in CT detectors or planar arrays for projection imaging. Incorporation in glass matrix for the engineering of structured scintillators has been reported [35,36], as well as pixelated arrays of this material [37].



On the other hand, its hygroscopicity and fragility should be taken into consideration during the designing phase of the final product, e.g., moisture-tight enclosures (NaI:Tl in gamma cameras), shock-dampening mechanisms, etc. These factors would certainly exclude this compound from applications where high mechanical and radiation burden could eventually hamper its characteristics, such as space and calorimetry.
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Figure 1. Output signal versus exposure rate. 
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Figure 2. Absolute efficiency versus X-ray tube high voltage. 
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Figure 3. CeBr3 spectral matching with: (a) photocathodes; (b) silicon photomultipliers. 
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Figure 4. CeBr3 spectral matching with: (a) charge-coupled-devices; (b) complementary metal-oxide semiconductors. 
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Figure 5. CeBr3 effective efficiency with: (a) photocathodes; (b) silicon photomultipliers. 
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Figure 6. CeBr3 effective efficiency with: (a) charge-coupled-devices; (b) complementary metal-oxide semiconductors. 
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Figure 7. X-ray luminescence efficiency versus tube high voltage. 
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Figure 8. Compounds’ attenuation coefficients. 
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Table 1. Scintillators’ properties.
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	Units
	CeBr3
	CdWO4
	LSO:Ce
	ZnSe:Te
	BGO





	Wavelength of max Emission
	nm
	380
	495
	420
	640
	480



	Emission Wavelength Range
	nm
	340–425
	380–800
	490–520
	525–750
	375–650



	Decay Time
	ns
	19
	5 × 103
	40
	(1–150) × 103
	3 × 102



	Light Yield
	photons/MeV
	6 × 104
	(1.3–2.8) × 104
	2.7 × 103
	(2.8–16.9) × 104
	9 × 103



	Photoelectron Yield
	% of NaI:Tl
	122
	30–50
	70
	31.5–63
	15–20



	Radiation Length
	cm
	1.96
	1.1
	1.1
	2.23
	1.1



	Background Radioactivity
	Bq/cm³
	4 × 10−3
	8 × 10−6
	3 × 102
	
	(7.1–21) × 10−3



	Refractive Index @ max nm
	
	2.09
	2.2–2.3
	1.9
	2.67
	1.8



	Afterglow
	%
	0.1 @ 3 ms
	<0.1 @ 2 ms
	5 @ 2 ms
	<0.05 @ 6 ms
	<0.1 @ 2 ms



	Density
	g/cm³
	5.1
	7.9
	7.4
	5.42
	7.13



	Effective Atomic Number
	
	45.9
	61–66
	75
	33
	74



	Melting Point
	°C
	722
	1052
	1850
	1779
	1050



	Thermal Conductivity
	Wm−1 K−1
	5.66
	4.69
	3.02
	3.7
	11.72



	Thermal Expansion Coefficient
	C−1
	17.7 × 10−6
	10.2 × 10−6
	(5–11) × 10−6
	7.6 × 10−6
	7.0 × 10−6



	Mechanical Hardness
	Moh
	5–6
	4–4.5
	5.8
	4
	5



	Radiation Hardness
	rad
	2 × 103
	102
	106
	107
	102



	Hygroscopic
	
	Yes
	No
	No
	No
	No



	References
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