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ABSTRACT: In pursuit of a single-crystal scintillator that is free from toxic elements and has scintillation properties comparable to commercial CdWO4 in terms of light yield, afterglow, and stopping power, transparent and colorless Y1-xTbxTaO4 mixed single crystals are grown by the floating-zone technique and investigated for the first time as scintillators. With the substitution of Y3+ by Tb3+, the intrinsic UV photoluminescence from YTaO4, stemming from the Ta-O complex, gradually decreases till only the intraionic Tb3+ emissions remain for a Tb concentration below 5%. The optimum scintillation performance is found for 15% Tb concentration: the light yield is ~ 1.5 times that of CdWO4, while the density, the stopping power, and the afterglow are comparable. For concentrations above 15% Tb3+, the quadrupole-quadrupole interaction is found to be responsible for the concentration quenching. These results demonstrate the potential of Y0.85Tb0.15TaO4 single crystals as an environmentally friendly alternative to CdWO4 ones for high-energy X-ray radiography.
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1. Introduction
CdWO4 (CWO) is recognized as one of the most important scintillation crystals for high-energy X-ray radiography due to its excellent properties, including a high stopping power of 134106 (with the density  = 7.9 g/cm3, the effective atomic number Zeff = 64.2, and calculated as *Zeff4), relative high light yield (LY) of 14000 ph/MeV, low afterglow (~ 0.01% @ 20 ms) and good radiation resistance (for doses of 104 Gray γ-rays, the optical transmission of the crystal decreases less than 15%).1-4 Furthermore, its intrinsic emission in the visible matches well with the spectral sensitivity of secondary Si-photodiode (PD) detectors so that an optimum detection performance can be achieved at a low cost compared with photomultipliers.5 However, the use of toxic Cd represents a significant environmental concern. Therefore, there is a need to develop alternative scintillator materials that exhibit a comparable or superior performance while eliminating the risks associated with Cd.6   
[bookmark: _Hlk184377563]    Heavy rare-earth tantalates, particularly those with the chemical formula RETaO4, have attracted much attention as potential alternatives to CWO. Among these, only gadolinium-tantalate-based, from undoped GdTaO4 (GTO) to co-doped Y-mixed crystals, could be grown in bulk form by the Czochralski (Cz) and floating zone (FZ) techniques.7-11 The reported luminescence of undoped GTO is inconsistent among the literature, with the broad maximum in the near UV 12-14 or in the visible.8,10 In either case, the reported LY is relatively low (~ 1000 ph/MeV).8,10 The partial substitution of Ta by isovalent Nb could red-shift the emission but did not significantly improve scintillation properties.10 GTO doped with the typical Ce activator was ineffective, possibly due to induced crystal defects and improper Ce valence in GTO.12 On the other hand, Tb-doping led to brownish-colored crystals, suggesting the presence of undesirable Tb4+ despite observing the common Tb3+ emissions in the visible.9,11
    Tb3+ ion is a typical activator in all kinds of hosts, including single crystals and ceramics. In the case of scintillators, the intraionic emissions of Tb3+, dominating in the green, match very well with Si-PDs.15-18 Among the Tb-doped single-crystal oxides studied, none compromises the major scintillation characteristic of CWO. For example, the LY of the rare-earth pyrosilicates Tb:Gd2Si2O7, Tb:La2Si2O7, and Tb:Y2Si2O7 is relatively high with 95600, 47700, and 29600 ph/MeV, respectively, however their stopping powers are comparatively low at 60 ( = 5.47 g/cm3, Zeff = 57.5), 34 ( = 5.1 g/cm3, Zeff = 50.7), and 5 ( = 4.11 g/cm3, Zeff = 33.1) 106, respectively.19 On the contrary, Tb:GdTaO4 and Tb:SrLu2O4 possess a very high stopping power 173 ( = 8.94 g/cm3, Zeff = 66.3) and 153 ( = 8.49 g/cm3, Zeff = 65.2), respectively. The LY and afterglow of above mentioned brownish Tb:GdTaO4 crystals haven’t been reported, while only the LY of Tb:SrLu2O4 has been investigated, yielding a value of 19600 ph/MeV.9,20 The intermediate case of Tb:Lu2Si2O7, with a stopping power of 107106 ( = 6.25 g/cm3, Zeff = 64.4), exhibits a LY of 20700 ph/MeV and an afterglow of 0.014% @ 20 ms.17 Therefore, both properties have relatively close values to those of the CWO benchmark. Tb:Gd2O2S (Tb:GOS) is an excellent example of a successfully commercialized Tb-doped X-ray scintillator. It possesses an outstanding LY (45000 ph/MeV), but its stopping power and afterglow (102106,  = 7.3 g/cm3 & Zeff = 61.1 and < 0.1% @ 20 ms) are inferior to those of CWO.21 Beyond this, Tb:GOS is synthesized only as translucent ceramics, which critically limits the scintillator thickness and its applications.22
    YTaO4 (YTO) is another oxide similar to GTO, except that its growth in a single crystalline form is known to be hindered by a phase transition upon cooling.8,23 Recently, we succeeded in growing small transparent single crystals by the FZ technique for the first time and characterized the scintillation performance.24 YTO presents an intrinsic UV emission, originating at the Ta-O complex, with a LY of 15900 ph/MeV, the highest reported value.25-27 Its stopping power and afterglow are close to those of CWO with 121106 and 0.008% @ 40 ms, respectively. Despite its noteworthy properties, intrinsic YTO is not a promising X-ray scintillator material, mainly because secondary Si-PD detectors exhibit a low sensitivity in the UV wavelength region.28-30 Tb3+ doping of YTO has been pursued exclusively for phosphor applications,31-35 so that the well-known greenish Tb3+ PL has been investigated only in ceramics. Consequently, there are no reports on the scintillation characteristics of Tb:YTO, neither in ceramic nor in single crystalline form.
    To summarize, GTO can be grown as single crystal by standard methods, Cz and FZ, but it exhibits a poor scintillation performance, probably due to a relatively large concentration of non-radiative recombination centers. On the contrary, YTO has a reasonable scintillation but presents growth difficulties. Since the intrinsic UV emission of tantalates doesn’t match with Si-PDs, Tb3+ doping is a promising approach to match emission with Si-PDs. Therefore, in the present study, we focus on the growth and optical characterization of transparent (Y1-xTbx)TaO4 (YTTO) single crystals, as new and unexplored scintillators, evaluating their scintillation performance for the first time. YTTO single crystals are grown by the FZ method, and the Tb concentration is widely varied from 0 to 100% to elucidate the optimum composition and the concentration quenching mechanism.

2. Experimental
2.1 Crystal growth
    YTTO crystals (with x ranging from 0 to 1) were grown using the FZ technique with a four-Xenon-lamp furnace from Crystal Systems Corp. High-purity 4N raw chemicals, specifically Ta2O5, Tb4O7, and Y2O5, were weighed in stoichiometric ratios and thoroughly mixed. The powders were isostatically pressed into rods at 300 MPa, and then sintered at 1300°C for 10 h in Ar+H2 (3%) to obtain dense YTTO. During the crystal growth process, the feed and seed rods were counter-rotated at speeds between 10-15 rpm, while the seed was pulled drown at approximately 5 mm/h. The growth was carried out in a constant Ar+H2 (3%) flow of 0.2 L/min under atmospheric pressure. Using a reducing atmosphere was very important in obtaining transparent colorless crystals. It should be noted that the growth under O2 was inviable due to an unstable floating zone. Furthermore, crystal growth under inert Ar led to a slight brownish coloration caused by Tb4+ traces. This indicated that even though the feed rods were sintered under a reducing atmosphere, initial Tb4O7 raw material with tetra- and tri-valent Tb could not be completely reduced during the solid-state reaction to form YTTO.
2.2 Characterization 
[bookmark: _Hlk160097966][bookmark: _Hlk160097956]    Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku SmartLab3 diffractometer with Cu Kα radiation (1.54059 Å). Energy dispersive X-ray (EDX) analysis was carried out utilizing a TM3000 Tabletop Scanning Electron Microscope. Optical transmittance was measured with a JASCO UV–vis-NIR spectrometer V-570. Photoluminescence (PL) spectra were acquired with a JASCO FP-8600DS fluorescence spectrometer. Scintillation characterization, including X-ray-excited luminescence (XRL), decay, and afterglow, was performed using homemade setups.36-38 XRL measurements were conducted with an X-ray generator operating at 45 kV and 300 mA. The LY comparison was done through the mathematical integrals of XRL spectra measured under the same experimental conditions. The scintillation decay and afterglow profiles were obtained using a pulsed X-ray source.36

3. Results and discussion
3.1 Crystal growth                                                                               
[bookmark: _Hlk184825217][bookmark: _Hlk184824957]    The growth of rare-earth tantalates single crystals like YTO is supposed to be impractical due to the presence of a critical phase transition at high temperature (~ 1450°C for YTO) from tetragonal I41/a to monoclinic Fergusonite I2/a.23 In a previous study, however, we have demonstrated that it is possible to obtain short portions (~ 4 mm in length) of transparent monoclinic YTO single crystals by the FZ technique.24 The current study found that the length of the transparent region was longer the higher the Tb concentration: for 10% Tb, it was ~ 10 mm long; for 25% Tb, it further extended to ~ 20 mm; and after complete substitution of Y by Tb, a monoclinic TTO transparent single crystal could be grown for the first time, as can be seen in the photographs of Fig. 1. At this point, it should be noted that during the growth at high temperature the crystallizing boule soon turned into a tetragonal single crystal even without the use of monocrystalline seeds, and that the phase transition became an issue only during the cooling process.
    To elucidate if some cationic segregation could influence the length of the transparent region, the composition of the crystals was measured by EDX at the transparent areas. As shown in Fig. 2, a very good correlation between the nominal and actual Tb concentration was found for all grown crystals, suggesting that both Tb and Y possess a similar segregation coefficient and, therefore, crystals with a uniform composition can be grown. This finding is very important when considering the growth of large-size crystals with reproducible properties along the whole bulk.
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[bookmark: _Hlk184825498]Fig. 1. Photographs of as-grown monoclinic crystals by the FZ: (a) 10% Tb:YTO, (b) 25% Tb:YTO, and (c) TTO crystal. The inserts are photos of corresponding transparent colorless polished plates of 1 mm in thickness.  
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Fig. 2. Comparison between the Tb content measured by EDX and the nominal concentration.
    
    Once we found that there is a full solid-solution between YTO and TTO, the evolution of the lattice parameters with the Tb concentration was determined from powder XRD measurements. The gradual peak shift towards smaller 2θ angles observed with the incorporations of Tb is shown with some representative XRD patterns in Fig. 3(a). The corresponding increase in lattice parameters is caused by the random substitution of smaller Y3+ ions (1.019 Å) with larger Tb3+ ones (1.04 Å).39 By XRD pattern refinement with the FullProf software it was found that the lattice parameters changed almost linearly with the Tb concentration, thus following the Vegard’s law.40 Figure 3(b) displays the relative change in lattice parameters: a small increase along the a-axis, 0.27%, contrasts with the larger elongation along b- and c-axes, with 0.80 and 1.09%, respectively. The lattice parameters for TTO are established for the first time from single crystal structure analysis as a = 5.0660 Å , b = 11.0102 Å, c = 5.3804 Å , and = 95.698° for the Fergusonite space group I2/a. The detailed single crystal structure analysis of TTO will be presented in another paper. 
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Fig. 3. (a) Powder XRD patterns, and (b) relative lattice parameter change as a function of the Tb concentration.

3.2 Optical properties
    The transmission spectra of some representative single-crystal samples with varying Tb compositions are illustrated in Fig. 4(a). All samples had a clear appearance and exhibited a transmittance of approximately 75% within the 500 to 800 nm wavelength range. Therefore, the refractive indices of these anisotropic biaxial crystals are estimated to be in a first approximation ~ 2.2, in good accordance with the values reported for other tantalates such as GdTaO4 and MgTa2O6.9,41,42 It should be noted that the anisotropy of YTO, measured on plates with different crystallographic orientations, was found to be negligible in the precedent study.24 For a Tb concentration of 1%, no distinct absorption peaks are observed in the visible range. However, as the Tb concentration increases, the well-known intraionic absorption peaks arise at 378, 369, 352, 340, 319 and 486 nm, corresponding to the transitions from the ground level 7F6 →5D3, 5L10, 5D2/5L9, 5G2, 5H7 and 5D4 levels respectively.43,44 Though the intensity of these 4f-4f absorption bands increased with the Tb concentration, they did not saturate. From the Tauc plot, the YTO bandgap was 4.97 eV. For low concentrations, when Tb is considered as dopant, the absorption cut-offs are attributed to the Tb intraionic transition 4f8  4f75d1, with both levels within the YTO bandgap, close to YTO conduction and valence bands, respectively.45-47As the Tb concentration increases, mixed crystals form, and Tb bands develop. From the Tauc plots, the estimated bandgaps of 20 and 55% Tb mixed crystals were 4.12 and 4.03 eV, respectively, close to the TTO bandgap with 4.01 eV. The appearance of Tb levels is further evidenced in the following PL measurements.
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Fig. 4. (a) Transmittance spectra on non-oriented polished plates of 1 mm in thickness of some representative YTTO samples, (b) their corresponding Tauc plots at the cut-off wavelength region.

    The effectiveness of Tb-doping in shifting the UV intrinsic emission of YTO to the visible was first tested using PL measurements. The excitation and emission spectra of representative YTTO crystal samples are shown in Fig. 5 (a) and (b), respectively. Intrinsic YTO emission peaks at 337 nm and is excited upon a charge transfer from O-2p valence electrons into the Ta-5d conduction band. The excitation spectrum exhibits its maximum at 211 nm, while the absorption tail corresponds with the bandgap.48 After the incorporation of Tb all crystals exhibit the same emission profile with the well-known: for any Tb3+ concentration from the lowest excitation level 5D4 → 7Fj (j=2-6), peaking at 490, 548, 589, 621 and 660 nm, respectively; for low Tb concentrations additionally from the next excitation level 5D3 → 7Fj, (j=4-6), peaking at 383, 416 and 438 nm, respectively.49,50 The excitation spectra of Tb-doped samples were monitored at the most intense peak at 548.8 nm. Low-intensity parity-forbidden 4f-4f transitions are observed from the ground to the excited states 7F6 → 5H7, 5G2, 5L9/5D2, and 5G6/5D3, at 320, 343, 354/358, and 371/379 nm, respectively.43,51 The parity allowed transitions into the 4f75d1 levels form a band whose maximum varies slightly between 264 and 277 nm and broadens with the Tb-concentration. The additional strong excitation maximum at shorter wavelengths (between 211 and 218 nm) evidences the efficient charge transfer from Ta to Tb ions. This is further confirmed by the emission spectra: with a 1% Tb concentration, both host and Tb emissions coexist, while for 5% Tb, the host emission is almost negligible. Furthermore, the energy transfer efficiency increases when the excitation occurs above the conduction band, as seen in the following XRL discussion. Consequently, upon X-ray excitation the host emission can be suppressed at even lower Tb concentrations. 
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Fig. 5. (a) Excitation and (b) emission PL spectra of representative YTTO samples.
3.3 Scintillation properties
    The emission profiles of YTTO crystals upon X-ray irradiation are the same as those observed in PL measurements, except for the slight difference in the relative ratios between the UV and visible emissions from the host and Tb3+, respectively. The XRL spectra of representative crystals are shown in Fig. 6(a) in analogy to the PL spectra of Fig. 5(b). While the 1% Tb-doped crystal exhibits a decreased UV component, the 5% one emits only in the visible, thus guaranteeing the proper matching with Si-PDs. This improvement in the energy transfer to emitting Tb3+ ions is due to the excitation of electrons into energy levels above the conduction band upon X-ray irradiation.52 The next issue is determining the relative intensity of Tb3+ emission depending on the Tb concentration in YTTO crystals.
   Recently we have reported the LY of UV emitting YTO single crystal to be 15900 ph/MeV.24 This value could be determined by pulse-height spectrum (PHS), given that the intrinsic YTO UV emission decays relatively fast in the microsecond order. On the contrary, the lifetime of any Tb-doped material lies in the millisecond range. As this decay is too slow for PHS, a relative comparison of the LY was intended through the XRL emission spectra. Before it, however, it was necessary to confirm that, despite the varying stopping power with the Tb concentration, the X-ray absorption and emission properties of YTTO crystals remain fairly comparable. For this reason, the penetration depth of the Cu-K radiation into the YTTO single crystals was estimated, considering the calculated densities and stopping powers of each YTTO crystal. The results are shown in Fig. 6(b). While the stopping power increases linearly between 121 to 177106 from YTO to TTO, the penetration depth decreases gradually from 73 to 39 m. This short penetration depth is due to the small energy of the Cu-K radiation, with a value of 8 keV. Therefore, compared with the 1 mm thick samples, the variation in penetration depth is negligible. This ensures that the X-ray absorption and Tb3+ emission for all YTTO crystals occur on the surface under approximately equivalent conditions.

[image: A graph of a red and blue line

Description automatically generated]
[image: A graph of a graph showing the power of a line

Description automatically generated with medium confidence]
Fig. 6. (a) XRL spectra of representative YTTO samples, and (b) stopping power and X-ray penetration depth of the Cu K radiation (8 keV) as a function of the Tb content. 

    The relative LYs of YTTO crystals were then estimated by integrating the XRL spectra measured under the same experimental conditions. As-grown crystals exhibit the maximum emission efficiency at 15% Tb, above which a concentration quenching is observed, as shown in Fig. 7. Furthermore, all crystals were annealed under reducing Ar+H2 (3%) gas flow of 0.4 mL/min at 1300°C for 6 h to minimize the remaining traces of Tb ions with 4+ valence. The resulting relative LYs on annealed crystals are given in the same plot. It is found, on the one hand, that Tb-doped crystals also benefit from the annealing effect for low Tb concentrations, and, on the other hand, that for the 15% Tb concentration the LY is about 36% higher than that of CWO benchmark. Beyond the outstanding increase in LY, it should be noted that the 15% Tb crystal possesses almost the same stopping power as CWO, since both and Zeff values are very close to those of CWO (see Table 2). Before considering the decay characteristics, the concentration quenching mechanism is analyzed in the following. The critical energy transfer distance (Rc) is given by the equation:


where V, xc, and N represent the lattice volume, the critical concentration, and the number of dopant sites, respectively.53,54 It is established that the nonradiative energy transfer occurs via exchange interaction between neighboring Tb ions when Rc < 0.5 nm, and through multipolar interactions between distant Tb ions when Rc > 0.5 nm.55-57 For YTTO crystals under X-ray excitation, with V = 0.293 nm3, xc = 15%, and N = 4, the estimated Rc is 0.977 nm. As Rc exceeds the 0.5 nm value, multipolar interactions are assumed to drive the concentration quenching process. According to Van Uitert’s theory, the type of multipolar interaction can be determined using the following equation:3,58

Here x represents the Tb concentration above the critical concentration xc  = 15%, while β and θ are fitting constants. The value of θ value indicates the type of electric multipolar interaction: 6 for dipole–dipole, 8 for dipole–quadrupole, and 10 for quadrupole–quadrupole. By fitting the relative LY intensities of Fig. 7 above the maximum at 15% Tb, a θ value of 11.2 was obtained, which is close to the theoretical 10. Therefore, the concentration quenching in YTTO crystals is ascribed to Tb quadrupole–quadrupole interactions.59
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Fig. 7. Relative LY as a function of Tb content for as-grown and annealed YTTO crystals.
    The decay profiles of annealed YTTO crystals were measured under pulsed X-rays and the results are summarized in Table 1. While all the curves could be reasonably well fitted with double exponentials, it was necessary to clearly distinguish between the Tb3+ and host components. Pure YTO crystal was measured in a time scale of 50 s, and the calculated lifetimes were in the microsecond order with values of 0.52 and 1.9 s and relative ratios of 55 and 45%, respectively. On the contrary, Tb doped samples needed to be measured with a time scale of 5 ms, as shown in the examples of Fig. 8(a) for low and high Tb concentrations. When measuring the 1% Tb-doped crystal, both decay components were fully attributed to the Tb3+ emission, and the lifetimes were 170 (44%) and 674 (56%) s, respectively. To evaluate the host decay component, the decay in the short time scale was measured as shown in the inset, obtaining values in the same order of magnitude as YTO, namely 0.18 µs (68%) and 1.2 µs (32%). All other samples were measured only with the long-time scale since, as mentioned in the XRL section, the emission stemmed exclusively from the Tb3+ ions. The relative lifetimes as a function of Tb concentration are displayed in Fig. 8(b). The longest lifetime of 730 s was found for the brightest crystal with 15% Tb, suggesting a minimum non-radiative recombination. By comparison with the relative emission intensity of Fig. 7, a clear correlation between the decrease in lifetimes and the emission quenching is observed. This indicates that the lifetime decrease is caused by a non-radiative depopulation of the excited states before emission. More specifically, this non-radiative recombination is associated with the quadrupole-quadrupole interactions found in the analysis of the quenching mechanism. The fast decay caused by quenching at high Tb concentrations is illustrated in the 45% Tb crystal case, with lifetimes values as short as 56 (57%) and 264 (43%) s.  
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Fig. 8. (a) Decay curves of representative annealed 1% and 45% Tb crystals (the inset shows additionally the decay curve of 1% Tb measured in a short-time scale to evaluate the UV emission from YTO host), and (b) the normalized decay lifetimes as a function of Tb concentration.















Table 1. Relative LY and decay lifetimes of annealed YTTO single crystals and reference NK&K CWO.
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     Finally, the afterglow of annealed YTO and YTTO crystals without concentration quenching was measured. Figure 9 illustrates the afterglow curves together with that of CWO reference in the 50 ms time scale. Pure YTO has an afterglow of 0.008% @ 40 ms, about four times that of CWO. In the case of YTTO crystals, the afterglow intensity decreases with the increase in Tb concentration while the time to reach saturation becomes shorter. The minimum afterglow is found for the crystal with the highest LY, namely, 15% Tb. This crystal exhibits an outstanding low level of 0.004% @ 40 ms, only double the value of the CWO reference.  
   The final comparison between the optimum 15% Tb:YTO crystal and the commercial CWO is given in Table 2. Both crystals possess almost the same densities and stopping powers. The decay is slower for the 15% Tb crystal, while its afterglow is slightly larger. Nevertheless, both characteristics are still fairly good for X-ray scintillation. The most remarkable difference is found in the LY, with the emission of 15% Tb crystal being ~ 36% brighter than that of CWO. Additionally, it demonstrates advantages in stopping power and afterglow compared to other well-known scintillators. Therefore, it is demonstrated that 15% Tb:YTO single crystals represent a very promising environmentally friendly alternative to CWO single crystals.
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Fig. 9. Afterglow curves of YTO and representative YTTO crystals (1 to 15% Tb content) compared with the curve of CWO benchmark.   









       
Table 2. Comparison between 15% Tb:YTO crystal and the other common X-ray Scintillators. 
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4. Conclusions
In conclusion, transparent and colorless YTTO single crystals were grown by the FZ technique for the first time as new scintillators emitting in the visible. A Tb content below 5% is enough to suppress the UV host emission, thus guaranteeing a complete Tb3+ visible emission upon X-ray excitation that matches low-cost secondary Si-PDs. The integrated LY increases with the Tb concentration up to 15% Tb. Beyond this value, a concentration quenching is observed and ascribed to quadrupole-quadrupole interactions between Tb3+ ions. The LY of 15% Tb crystal is determined to be outstanding high, with a value ~ 36% higher than that of commercial CWO. At the same time, incorporating Tb favors an increase in density and stopping power, reaching values very close to those of the CWO benchmark for the optimum 15% Tb concentration. The afterglow is fairly close to that of CWO, while the decay times are a bit larger. These results show the high potential of non-toxic 15% Tb:YTO single crystals to replace CWO ones in high-energy X-ray radiography.
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Transparent and colorless Y1-xTbxTaO4 mixed single crystals are grown by the floating-zone technique and investigated for the first time as scintillators. The optimum scintillation performance is found for 15% Tb concentration: the light yield is ~ 1.5 times that of CdWO4, while the density, the stopping power, and the afterglow are comparable. 
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