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	 A sample of Cs3PrCl6 crystal was grown under vacuum using the vertical Bridgman–
Stockbarger method. The excitation spectrum, monitored at an emission wavelength of 310 nm, 
showed at least two excitation bands at around 233 and 257 nm. These excitation bands 
corresponded to the transitions from 4f2 ground states (3HJ and 3FJ) to 5d excited states of Pr3+ 
split by the ligand-field interaction and the spin-orbit coupling. Upon UV excitation at 233 nm, 
the characteristic Pr3+ 4f15d1→4f2 emission bands were observed at 285 and 312 nm. The 
scintillation spectrum shows two emission bands peaking at 285 and 312 nm, which is consistent 
with the photoluminescence, and can thus be assigned to the transitions between the 5d1 excited 
state and 4f2 ground states owing to the Pr3+. The fast scintillation decay time constants were 
estimated to be approximately 11.7 ns (53%) and 72 ns (47%). The scintillation light yield reached 
5900 ph/MeV.

1.	 Introduction

	 Scintillation materials play a central role in the detection and measurement of ionizing 
radiation such as X-rays and gamma rays as they provide an efficient means of converting high-
energy electromagnetic radiation into UV-visible light that can be detected with photosensitive 
sensors. For the development of a scintillation detector with good coincidence timing and high 
count-rate capability, a scintillator with a combination of high light yield and short decay time is 
strongly required. Cerium-doped crystalline scintillators such as Gd2SiO5:Ce, (Lu, Y)2SiO5:Ce, 
and (Lu, Gd)2SiO5:Ce,(1–4) are now available for use as radiation detectors in time-of-flight 
position emission tomography (TOF-PET)(5–7) because of their many advantages, which are a 
high light output of more than 10000 ph/MeV, a short decay time of several tens of nanoseconds 
due to the 5d–4f electric-dipole parity-allowed transitions of Ce3+, and the capability of obtaining 
large crystals. Owing to its success in medical applications, the Ce3+ ion has become a well-
known emission center in the field of developing scintillator materials.(8–17) Some researchers 
are currently focusing on Ce-concentrated ternary chloride scintillators because of the large 
atomic number of Ce (Z = 58), as well as their high light yields and short decay times due to the 
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5d–4f allowed transitions of Ce3+.(18–21) Meanwhile, most common scintillators activated by 
extrinsic dopants tend to have an inhomogeneous dopant distribution in the crystal. The above 
self-activated scintillators have the potential to exhibit uniform quality and characteristics. In 
2007, K2CeCl5 was first introduced as a scintillator by Roy et al.(18) The K2CeCl5 crystal shows 
a high light yield of 30000 ph/MeV with an energy resolution of 5.8% at 662 keV and is much 
less hygroscopic than LaBr3. After 2011, CsCl–CeCl3-based ternary scintillators such as 
Cs3CeCl6 and CsCe2Cl7 were intensely studied by Zhuravleva et al.(20) For their crystals, the 
light yield reached ~26000 ph/MeV with a fast principal decay time of 50 ns. These 
Ce-concentrated halides are very interesting because of their low concentration quenching 
despite a high Ce concentration compared with Ce3+-doped oxides and other compounds. Thus, 
in this study, we focused on new CsCl–PrCl3-based ternary compounds and investigated a 
Cs3PrCl6 crystalline scintillator. Many researchers have reported that Pr3+-doped crystalline 
scintillators also exhibit 4f15d1→4f2 (3HJ, 3FJ) allowed transitions and can be an attractive 
alternative for TOF-PET applications.(21–25) The Pr3+ 4f15d1→4f2 emission is caused by a high 
crystal field strength that shifts the lowest 5d1 state of Pr3+ below the 1S0 state of the ground 4f2 
electronic configuration. A previous study on the decay times of Ce3+ and Pr3+ in the same 
compounds such as garnet and perovskite crystals revealed that the decay time of Pr3+ is about 
half that of Ce3+. Here, in an attempt to study Pr-concentrated fast halide scintillators, we report 
results of the crystal growth, powder X-ray diffraction (PXRD) pattern analysis, 
photoluminescence (PL), and scintillation property measurements of Cs3PrCl6.

2.	 Methods

	 The synthesis procedure of Cs3PrCl6 consisted of mixing stoichiometric amounts of CsCl 
(4N) and PrCl3 (4N) raw materials into a quartz ampoule and then heating at 350 °С in vacuum 
for 24 h before crystal growth. After that, the quartz ampoule was sealed under vacuum with an 
oxygen propane burner torch. The Cs3PrCl6 crystal was grown in a two-zone furnace at a 
temperature gradient of 1.3 °С/mm using a vertical Bridgman furnace (TBR-30V, TECHNO 
SEARCH CORP.). The temperatures of the upper and lower zones in the vertical furnace were 
900 and 700 °С, respectively, where the former is higher than the melting point of Cs3PrCl6 
(~820 °С). After maintaining the furnace temperature for 12 h, the crystal growth was carried 
out at a growth rate of 1.0 mm/h, then the crystal was cooled to room temperature over several 
hours at the end of the crystal growth process. To confirm the crystalline phase, PXRD pattern 
analysis was performed in the 2θ range from 10 to 80° using an Ultima IV diffractometer 
(RIGAKU) with an X-ray source operated at 40 kV and 40 mA with a copper target. The 
measurement was carried out on the sample in an air-sensitive holder, which protected the 
sample from decomposition in ambient air. To understand the luminescence mechanism, PL 
spectra and PL decay time profile measurements were performed. The excitation and emission 
spectra were measured using a Hitachi F-7000 fluorescence spectrophotometer equipped with a 
monochromator and a xenon arc lamp as the excitation source. The PL decay time profile was 
recorded using a DeltaFlex time-correlated single-photon counting device  system (TCSPC, 
HORIBA). The sample was excited at 250 nm using a pulsed nano-LED excitation source, and 
the PL photons from the sample were counted using a picosecond photon detection (PPD)-850 
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module. The scintillation spectrum was measured at room temperature under continuous 
irradiation from a copper target acting as an X-ray source (SA-HFM3, Rigaku) at power settings 
of 40 kV and 40 mA. The scintillation light from the sample was detected with a SILVER-Nova 
multichannel spectrometer (Stellarnet Inc.) that was cooled to –15 °С using a Peltier module. The 
sample was optically coupled to an optical fiber head using optical grease, and Teflon tape was 
used as a reflector to increase the collection of light from diffuse reflections. The scintillation 
decay time profile was recorded using our original setup with a pulsed-X-ray-induced afterglow 
characterization system (Hamamatsu Photonics).(26) The main modules of the system were an 
R7400P-06 photomultiplier tube (PMT; Hamamatsu Photonics) and an X-ray tube (N5084, 
Hamamatsu Photonics) controlled by a picosecond laser diode (PLP10-063, Hamamatsu). 
Scintillation pulse height spectra under the irradiation of 662 keV gamma rays from a 137Cs 
source were measured using the sample optically coupled to an R7600U-200 PMT (Hamamatsu 
Photonics). A detailed explanation of the experimental setup can be found in our previous 
paper.(27) The spectra were recorded with shaping times of 0.5 μs for Cs3PrCl6 and 2 μs for 
Bi4Ge3O12 (BGO; light yield = ~8600 ph/MeV),(28) where the latter was used as a standard 
sample to calculate the scintillation light yield.

3.	 Results and Discussion

	 A photograph of the as-grown Cs3PrCl6 crystal is shown in Fig. 1(a). The crystal was slightly 
translucent with a greenish yellow color. The color is due to strong absorption bands in the UV 
wavelength region, which are caused by electron transitions of Pr3+. Part of the as-grown crystal 
was cut with a diamond-coated metal wire saw and polished optically to dimensions of 3.0 × 3.0 
× 1.0 mm3 for PL and scintillation measurements. The PXRD patterns of the grown crystal are 
shown in Fig. 1(b). The Cs3PrCl6 melts congruently at ~830 °С and undergoes a solid–solid 
phase transition at ~395 °С from cubic (elpasolite-type) to monoclinic (Cs3BiCl6-type) with 
decreasing temperature.(29) The translucency of the crystal may be due to the solid–solid phase 

Fig. 1.	 (Color online) (a) Photograph of as-grown Cs3PrCl6 crystal and (b) PXRD patterns of the grown crystal. 

(a) (b)
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transition during crystal growth, as previously reported for a Cs3CeCl6 crystal.(20) From the 
phase and crystal structure analyses, the PXRD pattern of the grown crystal is in good 
agreement with that of the monoclinic Cs3PrCl6 structure (ICDD No. 00-040-1215); therefore, it 
was concluded that we successfully grew a single-phase crystal of Cs3PrCl6 without precipitation 
of the cubic phase. Also, the refined monoclinic unit cell parameters were a = 14.08 Å, 
b = 8.267 Å, c = 13.34 Å, and β = 108.04°. 
	 PL excitation and emission spectra of Cs3PrCl6 are shown in Fig. 2. The emission spectrum 
excited at 233 nm shows two peaks at 285 and 312 nm, which are characteristic Pr3+ 4f15d1→4f2 
(3HJ, 3FJ) emission. A weak shoulder band at around 340–400 nm may be due to allowed 
transitions from the 4f15d1 excited state to the 4f2 (1G4) state. The excitation spectrum with an 
emission wavelength of 285 nm shows a major excitation band at 233 nm with a shoulder band at 
257 nm. These excitation bands correspond to the transitions from the 4f2 ground state to 5d 
excited states of Pr3+. Srivastava reported the relationship between the energy of the Pr3+ 
4f2→4f15d1 configuration, Stokes shift, and 1S0 level for some Pr3+-activated compounds.(30,31) 
His report provided evidence that when the Stokes shift of the Pr3+ 4f15d1→4f2 emission is less 
than about 3000 cm–1, the compounds predominantly show UV emission via the 4f15d1→4f2 

transition of Pr3+. From the spectra for Cs3PrCl6, the energy of the lowest Pr3+ 4f2→4f15d1 
excitation transition and the Stokes shift can be calculated to be approximately 38462 and 1425 
cm−1, respectively. Thus, our results are in good agreement with the previous report because 
Cs3PrCl6 shows an intense emission band owing to the 4f15d1→4f2 transition of Pr3+, whereas no 
4f2-4f2 transitions of Pr3+ can be confirmed in the PL spectra. The PL decay curve of Cs3PrCl6 
was measured at room temperature, as shown in Fig. 3. Here, the monitoring emission 
wavelength was 285 nm under excitation by a 250 nm LED. The decay time was obtained by 
exponential decay fitting after deconvolution of the instrument response function. From the 
fitting calculation, the decay time of the Pr3+ 4f15d1→4f2 luminescence was found to be 
approximately 19 ns, which is a comparably fast response to other Pr3+-activated 
compounds.(21–25)

Fig. 2.	 (Color online) PL excitation (purple line) and 
emission (green line) spectra of Cs3PrCl6 (λem = 
285 nm, λex = 233 nm).

Fig. 3.	 (Color online) PL decay curve of Cs3PrCl6 
(λem = 285 nm, λex = 250 nm).
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	 The scintillation spectrum of Cs3PrCl6 is shown in Fig. 4. The spectrum is dominated by UV 
emission bands peaking at 285 and 312 nm. Considering the PL measurements, the two emission 
peaks at 285 and 312 nm are assigned to transitions from the lowest 4f15d1 excited state to the 4f2 
(3HJ, 3FJ) ground state of Pr3+. Also, the weak shoulder band at around 340–400 nm can be 
assigned to transitions from the 4f15d1 excited state to the 4f2 (1G4) state. Meanwhile, various 
types of intrinsic emission such as self-trapped exciton (STE) and core-valence (CV) 
luminescence have been observed in many cesium-based ternary compounds.(32–35) In this study, 
Cs3PrCl6 showed no emission band other than the Pr3+ emission. Determining the reason for 
these emission properties is beyond the scope of our present study, although we speculate that the 
type of emission strongly depends on the electronic band structure and intrinsic optical self-
absorption of the compounds. Figure 5 shows the scintillation decay time profile of Cs3PrCl6. The 
profile was fitted with three exponential decay functions. The calculated decay times were 1.5, 
11.7, and 72 ns. The initial fast decay component of 1.5 ns was due to an instrumental response 
function, whereas the other components were due to the scintillation from the sample. The major 
decay time constant was 11.7 ns (53%), which is slightly shorter than that of the PL (~19 ns). The 
mechanism of the accelerated decay time under X-ray excitation has not yet been revealed. 
Pédrini et al. reported and discussed a similar acceleration of the decay time in the CeF3 
crystal.(36) According to their study, one possibility is that the acceleration is caused by the 
creation of quenchers, such as other Pr3+ emission centers, near the Pr3+ emission centers under 
X-ray excitation because of the high concentration of Pr3+. The other decay time constant of 72 ns 
(47%) is longer that of the PL, which may be due to a complex energy transfer process from the 
host crystal lattice to the emission centers, in common with some intrinsic scintillators reported 
previously.(11,37–39)

	 The pulse height spectra of Cs3PrCl6 and the BGO reference are shown in Fig. 6. The 
scintillation light yield for Cs3PrCl6 was calculated to be approximately 5900 ph/MeV after 
taking into account the determined 662 keV gamma-ray photo-peak channel, the gain value, and 
the quantum efficiency of the PMT for the scintillation wavelength of each sample. Compared 
with commercial fast scintillators such as BaF2, CeF3, Gd2SiO5:Ce, and (Lu, Y)2SiO5:Ce, 

Fig. 4.	 (Color online) X-ray-excited scintillation spectrum of Cs3PrCl6.
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Cs3PrCl6 is found to have moderate light yield with a short decay time and a suitable scintillation 
wavelength for the PMT (see Table 1). The energy resolution at 662 keV was estimated to be 
approximately ~26%. Upon future refinement of the crystal growth technique, we expect that the 
light yield and energy resolution will be further improved.

Table 1
Characteristics of Cs3PrCl6 compared with commercially available BaF2, CeF3, Gd2SiO5:Ce, and (Lu, Y)2SiO5:Ce.
(40–42) 

Scintillation wavelength (nm) Decay time (ns) Light yield (ph/MeV)
BaF2 220, 310 0.6 (220 nm), 620 (310 nm) 2500 (220 nm), 7500 (310 nm)
CeF3 340 27 4300
Gd2SiO5:Ce 440 60, 600 ~9000
(Lu,Y)2SiO5:Ce 420 40 25000
Cs3PrCl6 280–320 11.7 (53%), 72 (47%) 5900

Fig. 6.	 (Color online) 137Cs-gamma-ray-induced scintillation pulse height spectra of the Cs3PrCl6 crystal and a 
reference BGO commercial scintillator.

Fig. 5.	 (Color online) Pulsed X-ray-excited scintillation decay time profile of Cs3PrCl6.
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4.	 Summary

	 In this work, we present a new intrinsic fast scintillator: Cs3PrCl6. A Cs3PrCl6 crystal was 
grown by the vertical Bridgman–Stockbarger technique and its PL and scintillation properties 
were characterized at room temperature. Under both UV light and X-ray excitation, the crystal 
showed characteristic Pr3+ 4f15d1-4f2 emission bands peaking at 285 and 312 nm, which are 
detectable emission for a common PMT. The scintillation decay consists of two exponential 
components: a fast component of 11.7 ns (53%) and a slow component of 72 ns (47%). The 
scintillation light yield is calculated to be approximately 5900 ph/MeV. These attractive 
performances make this crystal promising for X-ray and gamma-ray detection applications 
requiring good coincidence timing and a high count-rate capability.
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