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T1,NaScClg: A New Tl-based Elpasolite Crystalline Scintillator
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A scintillator for X-ray and gamma-ray detection must possess high light yield, good energy
resolution, and high effective atomic number. In this study, we fabricated TI,NaScClg crystals
using the vertical Bridgman method and investigated their luminescence, scintillation properties,
and scintillation mechanisms. The photoluminescence and X-ray-induced radioluminescence
(XRL) spectra reveal broad emission bands peaking at 410 and 430 nm, respectively. The
temperature dependence of the intensity of XRL spectra follows the Arrhenius equation,
indicating that the luminescence of the T1,NaScCl crystals is a self-trapped exciton emission or
exciton-related emission. The light yield and energy resolution calculated from the '37Cs-
gamma-ray pulse-height spectra are 20000 photons/MeV and 5.3%, respectively. These results
suggest that T1,NaScClg crystals are promising scintillators for X- and gamma-ray detection.

1. Introduction

Scintillators are phosphors that emit ultraviolet or visible light when exposed to high-energy
photons and particles. The emitted light is converted into electrical signals using a
photomultiplier tube (PMT). Devices that combine a scintillator and PMT are called scintillation
detectors and are used to detect ionizing radiation. Scintillation detectors for X-rays and gamma
rays are widely used in diagnostic imaging,(!) security inspection systems,? astrophysics
research,® and high-energy physics experiments.® An ideal scintillator for X-ray and gamma-
ray detection must possess high light yield, good energy resolution, high effective atomic
number (Z.y4), and fast scintillation decay. Unfortunately, such a scintillator is yet to be
discovered; therefore, novel materials must be developed.

Inorganic halide crystals are scintillator candidates for X- and gamma-ray detection. Halide
scintillators have a narrower bandgap than oxide scintillators,®) which leads to higher light
yields according to the conventional Robbins model.) Therefore, various halide scintillators
have been developed to obtain high light yield. Efficient self-trapped exciton (STE) emission has
been observed in novel alkali halides and other ionic halide crystals (e.g., CssCu;Clgl,,(")
Rb,CuBr;,® Cs;Cu,ls,® Rby,AgCl;,(19 and Cs,ZrCl('V). Exciton-related emissions generally
include the recombination of a free exciton, which is a quasi-particle that forms when an electron

and a hole become bound together owing to electrostatic attraction, without being confined to
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any specific site or defect in a material. However, significant coupling between free excitons and
lattices generates lattice distortion, resulting in STE emission.(!2 Furthermore, in the case of
STE emission, the self-trapped holes are stable and remain localized at low temperatures, which
has produced high light yield in scintillators such as Cs;Cu,l5,® Rb,AgCl;,(19 CsI,(1® and
Nal.(049)

Crystalline scintillators with the elpasolite structure (A*,B*"M3*X () are promising because of
their high light yield and good energy resolution. The elpasolite structure is derived from the
corresponding perovskite by cationic ordering. A strong rigid bond links the octahedra BXy and
MX; to each other by common X atoms located at the octahedral vertices.!”) As cerium-based
elpasolite crystalline scintillators, Rb,LiCeBry (light yield = 33000 photons/MeV, energy
resolution = 6.3%, and Z ¢ = 42.6);(19) Cs,NaCeBr; (light yield = 25000 photons/MeV, energy
resolution = 6.7%, and Z.¢ = 47.8);17 K,LiCeCl, (light yield = 21000 photons/MeV, energy
resolution = 16%, and Z.q = 43.8);!® and Cs,NaCeCl, (light yield = 20000 photons/MeV, energy
resolution = 8.3%, and Z.; = 46.1)' have been reported to exhibit efficient luminescence
without extrinsic dopant ions. Although these elpasolite crystals demonstrated good light yield
and energy resolution, their Z ¢ values are lower than those of commercial scintillators such as
Gd,Si0s:Ce (Z.¢p= 59.4),29 Lu,SiOs:Ce (Z = 65.4),%V and BiyGe;0,, (Zogp = 75.2).2?

In this study, we focused on thallium (T1)-based elpasolite crystalline scintillators that have
high Z ¢ owing to the large atomic number of T1 (= 81). So far, high light yield with good energy
resolutions and high Z . have been achieved using Tl-based elpasolite crystalline scintillators,
such as TI,NaYClg (light yield = 23000 photons/MeV, energy resolution = 6.3%, and
Zegr = 70.2)3 and T1,LiScCly (light yield = 26000 photons/MeV, energy resolution = 8.3%, and
Z.i¢=67).2% However, these scintillators and their emission mechanism remain understudied. In
this study, we developed a T1,NaScClg crystal as a new Tl-based elpasolite scintillator and
investigated its luminescence and scintillation properties and scintillation mechanism.

2. Experimental Procedure

T1,NaScClg crystal samples were prepared using the vertical Bridgman method in a two-zone
furnace. The crystals were grown from TICl (99.9%, Mitsuwa Chemicals Co., Ltd.); NaCl
(99.999%, Sigma-Aldrich); and ScCl;-6H,O (99.9%, Mitsuwa Chemicals Co., Ltd.) powders.
The powders were mixed in a TICI:NaCl:ScCl; molar ratio of 2:1:1 and loaded into quartz
ampoules, that were vacuum-sealed and then heated at 523 K under vacuum for 6 h to remove
water. Subsequently, the ampoules were placed in the vertical Bridgman furnace. The
temperatures of the upper and lower zones in the vertical furnace were 1323 and 1123 K,
respectively. Crystal growth proceeded at a rate of 2.0 mm/h and a temperature gradient of 1.3
K/mm. After the growth, a fragment of the T1,NaScClg crystal was cut, polished, and used for
photoluminescence and scintillation measurements. Other parts of the T1,NaScCl, crystal were
used to measure powder X-ray diffraction (XRD) patterns at room temperature.

A Rigaku Ultima IV diffractometer with CuK, radiation was used to measure XRD patterns.
A fluorescence spectrophotometer (Hitachi High-Tech F-7000) equipped with a Xe lamp was
used to measure the excitation and photoluminescence (PL) spectra at room temperature. A
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fluorescence lifetime spectrofluorometer (Horiba, DeltaFlex 3000U-TMK?2) with an LED
(Horiba, NanoLED-250) as the excitation source was used to obtain PL decay time profiles at
room temperature. An X-ray generator (Rigaku, D2300-HK) operating at 40 mA and 40 kV with
a Cu-K, target as the excitation source was used to measure X-ray-excited radioluminescence
(XRL) spectra. The spectra were recorded using a QE Pro spectrometer (Ocean Insight). To
measure the temperature dependence of the XRL spectra, the samples were cooled in a cryostat
from 300 to 10.5 K under vacuum, and the XRL spectra were measured at 25 K intervals. Our
original setup®>) developed using the delayed coincidence method?®) was employed to measure
the scintillation decay time profiles, in which sealed >?Na was used as the gamma-ray radiation
source. A combination of a pilot-U plastic scintillator and a PMT (Hamamatsu Photonics,
H3378-51) was used to generate the trigger signal for the measurement. Scintillation photons
from the samples were detected using a PMT (Hamamatsu Photonics, R7400P), which provided
the stop pulse. Our original setup®) was also used to measure the '3’Cs-gamma-ray pulse-
height spectra. The spectrum of the T1,NaScClg crystal was recorded with a shaping time of 10
ps. The commercially available scintillator Gd,SiO5:Ce (GSO) was used as a reference sample.

3. Results and Discussion
3.1 Grown crystal sample and XRD analysis

Figure 1 shows a polished T1,NaScClg crystal. The sample is translucent and colorless. The
T1,NaScClg crystal was slightly hygroscopic, similar to other elpasolite crystals such as
Cs,LiCeBrg?7) and Cs,LiYCly.?® To avoid exposing the crystal surface to air, the TI,NaScClj
crystal was covered with optical grease for luminescence and scintillation measurements. Figure
2 shows the XRD patterns of the TI,NaScClg crystal. No data on Tl,NaScClg crystals are
available in the Inorganic Crystal Structure Database. Therefore, the data for TI,NaScClg
elpasolite crystal in the Springer Materials online database (sd 1715000) were selected as the
reference. From the result, all the peaks of the grown crystal were found to match those of the
reference data. This result indicates that T1,NaScCl, has an elpasolite-type crystal structure.
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Fig. 1. (Color online) Photograph of the polished Fig. 2. (Color online) XRD patterns of Tl,NaScClg
T1,NaScCl¢ crystal next to a mm-scale bar. crystal.
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3.2 PL properties

Figure 3 shows the excitation and PL spectra of the Tl,NaScCly crystal. The excitation
spectrum, monitored at an emission wavelength of 410 nm, shows peaks at around 200, 240, and
280 nm. These excitation bands are attributed to the C, B, and A bands, respectively. The C band
('Sg—'P,) transition is dipole-allowed. The B band ('S,—>P,) transition is partially allowed
owing to noncubic phonons. The A band ('S,—3P,) transition is spin-forbidden, but is allowed
owing to the spin—orbit interaction between the 3P, and 'P; states.*>39 An emission band is
observed at 410 nm under 240 nm excitation. A similar band was previously reported for the
T1,NaYCl crystal.?®) The Stokes shift and full width at half-maximum (FWHM) of T1,NaScCl,
were estimated to be approximately 11000 cm™! and 80 nm, respectively. Crystals showing STE
emission indicate large Stokes shifts (e.g., Cs4,SnBrg: 10000 cm™';3D Cs;Cu,I5Br,: 12000 cm™;
and Cs;Cuyls: 13000 cm™'G3?). From the large Stokes shift and broad emission band of the
T1,NaScClg crystal, the origin of the emission is plausibly STE recombination.

Figure 4 shows the PL decay time profiles of the Tl,NaScCly crystal with excitation and
emission wavelengths of 255 nm and 415 nm, respectively. The PL decay curves were fitted
using three exponential decay functions. The calculated decay time constants are 6 ns (27%), 33
ns (50%), and 264 ns (23%). The percentages in parentheses show the contribution of each PL
decay time constant to the emission of the Tl,NaScClg crystal. In a previous study using the
same measurement instrument,?®) a decay time constant of 6 ns was related to the detection of
scattered excitation photons. The decay time constants of 33 and 264 ns are comparable to those
of the TI,NaYCly (58 and 680 ns)?3 and T1,LiYCl, (13 and 410 ns)®3 crystals. According to the
traditional understanding of the STE emission process in alkali halides,®® STEs undergo a
radiative or nonradiative decay from local minima on the adiabatic potential energy surfaces
(APESs) of the lowest singlet and triplet states. Furthermore, the properties of APESs, such as
their shape and the presence of multiple minima, are affected by the host crystals and molecule—
ion X2~ translation (configuration coordinate Q,). The combination of the spin multiplicity and
the stability of these APESs gives rise to various features of STE emission. Thus, the two
components of the decay time are possibly attributable to the transitions from singlet and triplet
states affected by the host crystals and molecule—ion X2~ translation. The above-mentioned
decay time constants of other Tl-based elpasolite crystals also support the hypothesis that the
emission in the PL spectrum of the T1,NaScCl, crystal originates from STE recombination.
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Fig. 3. (Color online) Excitation (dashed line) and Fig. 4. (Color online) PL decay time profiles of
PL (solid line) spectra of T1,NaScClg crystal. T1,NaScCl crystal (4,, = 255 nm, 4,,, = 415 nm). The

light blue line is a fit with the exponential functions.
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3.3 Scintillation properties

Figure 5 shows the XRL spectrum of the Tl,NaScClg crystal. The emission wavelength
shows a peak at 430 nm, which ideally matches the peak wavelength to achieve the wavelength-
dependent sensitivities of conventional PMT. The XRL peak wavelength of the Tl,NaScClg
crystal is similar to those of T1,NaYCl?3 and T1,LiYCl? crystals. The XRL spectrum does
not include the emission peak associated with the s—p transitions of T1*, which has been reported
for CsCI:TI® and Cs,CdCl,:TIG% crystals, suggesting that the X-ray-induced scintillation
originates from the recombination of STEs, similarly to PL.

Figure 6(a) shows the temperature dependence of the XRL spectrum of a T1,NaScClg crystal
at 50 K intervals. Figure 6(b) shows the temperature dependence of the XRL intensity of each
dominant band and sub-band, and the integrated XRL intensity of both bands. The luminescence
intensity of the dominant bands peaking at around 430 nm increases with temperature from 10.5
to 100 K, reaches a maximum at 100 K, and then decreases from 100 to 300 K. In addition, the
peak wavelengths shift towards higher energies with increasing temperature in the range of
10.5-75 K. In the 10.5-75 K range, sub-bands peaking at around 660 nm are observed, whose
luminescence intensity decreases with increasing temperature from 10.5 to 300 K. Therefore, at
temperatures in the range of 10.5-75 K, the dominant bands and sub-bands correlate inversely
with temperature. Here, the integrated XRL intensity decreases gradually with increasing
temperature from 10.5 to 300 K, as shown in Fig. 6(b). Figure 7 shows the temperature
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Fig. 5. (Color online) XRL spectrum of TI,NaScClg crystal.
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Fig. 6. (Color online) (a) Temperature dependence of the XRL spectrum of T1,NaScCl crystal and (b) temperature
dependence of the XRL intensity of each dominant band and sub-band, and the integrated XRL intensity of both
bands.
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Fig. 7. (Color online) Temperature dependence of XRL intensity and data fitted using the modified Arrhenius
function of both dominant bands peaking at around 430 nm and sub-bands peaking at around 660 nm.

dependence of the XRL intensity of both dominant bands peaking at approximately 430 nm and
the sub-bands peaking at approximately 660 nm. If the luminescence of the dominant band
originates from STE emission and exciton-related emission, it should follow the Arrhenius
equation,(!? in which radiative transitions from one luminescent excited state compete with
nonradiative transitions to another. Therefore, the Arrhenius equation describes the absolute
temperature as

)= . (1)
1+7gvyexp(—E/kT) ’

(T

where /(7)) is the total emission intensity, /, is the emission intensity in the absence of
competition, 7z is the constant radiative decay rate, v, is the maximum rate of branching to a
nonradiative de-excitation channel, E is the activation energy, k is the Boltzmann constant, and 7
is the absolute temperature. Equation (1) is derived using Egs. (2) and (3) as below:(!?)

T(T) = [(z'R)_1 +v exp(—E/kT)T1 , ()]
1(7) ]OT(T)’ )
TR

where 7(7) is the temperature-dependent lifetime of luminescence. Since in the case of this
experiment, relative light yields can be proportional to XRL intensities, we replaced the total
light yield [= /(T)] and light yield in the absence of competition (= /,) with the total emission
intensity and emission intensity in the absence of competition, respectively.

The dominant bands were fitted in the region 100300 K, where the emission intensity
decreases monotonically with increasing temperature. Both the dominant bands and sub-bands
were well fitted using Eq. (1) in the above range. Therefore, from the temperature dependence
and PL measurements, the dominant band luminescence can be attributed to STE emission. In
this case, the activation energies were calculated to be around 140 meV for the dominant bands
and around 20 meV for the sub-bands. The deviation of the dominant band behavior from the
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Arrhenius equation below 75 K is possibly affected by the sub-band, which correlates inversely
with temperature. Studying the origin of the sub-band is beyond the scope of this study; however,
we speculate that it is a crystalline-defect-induced emission.

Figure 8 shows the scintillation decay time profiles of the T1,NaScClg crystal. The
scintillation decay curves were fitted using two exponential decay functions, producing decay
time constants of 181 ns (63%) and 906 ns (37%). From the comparison with the decay time
constants under UV light excitation, it can be confirmed that the scintillation decay is slow. This
significant difference between decay time constants could be attributed to differences in the
energy migration processes. The PL exhibited features characteristic of localized emission
centers, indicating that only these centers were involved in the excitation and relaxation
processes. On the other hand, in scintillation, the transport of secondary electrons to the
emission centers plays an important role in the characterizations, in addition to the localized
emission centers. In the case of the TI,NaScClg crystal, it is considered that the transport
process, which strongly depends on the trap levels of electrons and holes, caused the delay of
scintillation decay. The same functions were used for the T1,NaYCly crystal, producing the
respective time constants of 350 and 2500 ns.?% In addition, the decay time constants of the
T1,NaScClg crystal are similar to those of other thallium-based chloride crystal scintillators,
such as T1,ZnCl, (122 and 827 ns).(7) The emission in the T1,ZnCl, crystal®?) is attributed to
STE emission. This report supports the hypothesis that the origin of the emission in the XRL
spectra of the T1,NaScCl, crystal is STE recombination.

Figure 9 shows the '3’Cs-gamma-ray pulse-height spectra of the Tl,NaScCl, and GSO
crystals. The light yield of the GSO crystal used as a reference is 10000 photons/MeV. For the
T1,NaScClg crystal, two peaks are observed at channels 550 and 630. The former peak
corresponds to the escape of K, X-rays from Tl atoms of the crystal, and the latter peak
corresponds to photoabsorption. The photoabsorption peak of the GSO crystal is observed at
channel 600. The PMT quantum efficiencies are 39% and 38% for the T1,NaScCls and GSO
crystals, respectively. The light yield calculated for the T1,NaScClg crystal on the basis of the
photoabsorption peak channels and PMT quantum efficiencies is 20000 photons/MeV. The
energy resolutions estimated using Gaussian fitting are 5.3 and 8.7% for the T1,NaScCly and
GSO crystals, respectively. Therefore, the light yield and energy resolution of the T1,NaScClg
crystal are superior to those of commercially available GSO crystal scintillators.
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Fig. 8. (Color online) Scintillation decay time Fig. 9. (Color online) '37Cs-gamma-ray pulse-
profiles of the T1,NaScClg crystal. The light blue line height spectra of the T1,NaScClg and GSO crystals.

is a fit obtained using the exponential functions. The light blue line is a fit.
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Table 1
Physical and scintillation properties of Tl-based halide crystalline scintillators.

Compound Zeft w]:::\lzlellss:;hpg?rl;) (pt]:(l)%(l)lltls};i\/ldg\/) Energy resolution (%) Reference
TI,NaScClg 71.1 430 20000 53 This study
TLL,NaYClg 70.2 430 23000 6.3 23
TL,LiScClg 67 385 26000 8.3 24
71.6 405 46000 5.0 38
TIMeCls 70 409 30600 37 39
727 450 24200 177 40
TILHICls 72 398 32000 4.0 41
70.7 470 50800 56 40
ThzrCls 69 460 47000 43 2
TICaCls 65.5 425 30600 5.0 43
TISr,Cls 637 430 and 490 19000 N. D. 44
T1L,GdCls 71 390 9300 15 45
TIGd,Cl, 64 350-550 1700 20 46
Tl,LaCls 70 355 31500 72 47
TICACl; 68.7 450 2200 N. D. 48
T1L,ZnCly 73.2 490 10000 N. D. 37

3.4 Discussion

Table 1 lists the physical and scintillation properties of the Tl-based halide crystalline
scintillators. The Z. of the TI,NaScClg crystal is similar to those of other Tl-based halide
crystals. The Tl,NaScClg crystal has the highest Z.; among Tl-based elpasolite crystals. The
scintillation emission peak wavelength of the T1,NaScCl¢ crystal is 430 nm, which is similar to
those of the T1,NaYClg, TICaCls, and T1Sr,Cl;s crystals. The light yield of the T1,NaScClg crystal
is similar to those of other Tl-based elpasolite crystals and higher than those of the TISr,Cls,
T1,GdCls, TIGd,Cl,, TICdCls, and T1,ZnCl, crystals. The energy resolution of the TI,NaScClg
crystal is the smallest among Tl-based elpasolite crystals and similar to those of the TIMgCls;,
T1,ZrClg, and T1CaClj; crystals.

4. Conclusions

A Tl,NaScClg crystal was fabricated, and its luminescence, scintillation properties, and
scintillation mechanism were investigated. T1,NaScCl, crystal samples were prepared using the
vertical Bridgman method in a two-zone furnace. A broad emission band peaking at 430 nm was
observed in the XRL spectrum. The temperature-dependent XRL spectra showed a
luminescence peak at around 430 nm, which increased with temperature from 10.5 to 100 K,
reached a maximum at 100 K, then decreased from 100 to 300 K. In the range of 100-300 K, the
temperature dependence of XRL intensity followed the Arrhenius equation. Therefore, the
origin of the luminescence of the TI,NaScClg crystal is concluded to be STE emission or
exciton-related emission. The decay time constants calculated from the scintillation decay time
profiles were 181 and 906 ns. The light yield and energy resolution calculated from the '37Cs-
gamma-ray pulse-height spectra were 20000 photons/MeV and 5.3%, respectively. The Z ¢ and
energy resolution of the T1,NaScClg crystal respectively were the highest and smallest among
Tl-based elpasolite crystals.
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