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INTRODUCTION 

Efficient detection of scattered neutrons is crucial 
for realizing the potential of inertial confinement fusion 
as a sustainable energy source. For this purpose, a 
fast-response (less than 20 ns) scintillator with high 
quantum efficiency for the scattered neutrons is needed. 
Lithium (6Li) is an ideal scattered neutron receptor for 
effectively measuring the scattered neutrons while 
discriminating against x-rays and primary neutrons that 
are simultaneously generated by the fusion reaction [1]. 
Recently, Praseodymium (Pr)-doped 20Al(PO3)3-80LiF 
(Pr-doped APLF) glass scintillator was developed and 
successful discrimination of scattered neutrons was 
demonstrated [2-3]. Pr-doped APLF has less than 20 ns 
response time and a high Li content of 31.6 mmol cm-3. 
Its Li content is comparable to the KG2 conventional 
scintillator’s 36.0 mmol cm-3, but Pr-doped APLF has a 
faster response time. Despite the remarkable success of 
Pr-doped APLF, the mechanism behind its fast 
luminescence emission is not understood. This work 
investigates the optical properties of Pr-doped APLF 
glass scintillator using absorption and emission 
spectroscopies and radiative decay analyses at low and 
room temperatures. Optical characterization is also 
performed using synchrotron radiation in order to capture 
and study the inter-configurational 4f5d transitions of Pr 
ions in the ultraviolet and vacuum ultraviolet regions. 
Our results show that Pr-doped APLF is a robust 
scintillator as it maintains its fast and intense emission 
across a wide range of temperatures [4]. 

EXPERIMENT 

The optical properties of the Pr-doped APLF glasses 
were characterized using absorption and emission 
spectroscopies. For the absorption spectroscopy, the 

absorption spectra from 200 to 2500 nm spectral range 
were recorded at 4 and 293 K using a spectrometer 
(Varian Cary 5000) equipped with a liquid helium (He) 
flow cryostat (Oxford CF 1204). For the visible to near 
infrared (NIR) emission spectroscopy, the emission 
spectra under continuous wave (CW) Ti:sapphire laser 
excitation were measured using a charge-coupled device 
(CCD) camera (Hamamatsu IR) equipped with a 900 
lines/mm grating blazed at 1300 nm . The luminescence 
decay curves were recorded under pulsed laser excitation 
(OPO laser, EKSPLA NT342, 10 Hz, 7 ns), and the 
fluorescence intensity around 1 μm  was detected 
using a photomultiplier tube (PMT, Hamamatsu R1767) 
through a monochromator (Jobin-Yvon HRS1) equipped 
with a 1 μm blazed grating and coupled to a digital 
oscilloscope (LeCroy LT 342). Both emission spectra 
and decay curves were taken at room and liquid nitrogen 
(LN2) temperatures. For the photoluminescence (PL) and 
PL excitation (PLE) spectroscopy primarily in the UV 
region, the measurements were done using the solid-state 
spectroscopy beamline (BL7B) of the Institute for 
Molecular Science Ultraviolet Synchrotron Orbital 
Radiation (UVSOR) facility. Each Pr-doped APLF glass 
was placed inside a vacuum chamber maintained at 10-5 
Pa. A liquid He cryostat and a heater were utilized to 
vary the sample temperature from 26 to 300 K. For the 
time-resolved PL (TRPL) spectroscopy, each Pr-doped 
APLF glass was placed inside a vacuum chamber 
maintained at 10-5 Pa. A liquid He cryostat and a heater 
were also utilized to vary the sample temperature from 
4.5 to 300 K. The samples were excited using the fourth 
harmonics (4 ω ) of a Ti:sapphire laser system 
(Spectra-Physics Tsunami 3941-M1S and Spitfire). The 
laser excitation with 217 nm wavelength, 1 kHz 
repetition rate, and 100 fs pulse duration was focused on 
the glass surface where the beam diameter was 1mm. 
The sample emission was focused onto the entrance slit 
of an imaging spectrograph (CHROMEX 250is) coupled 



to a streak camera (Hamamatsu C1587) and a digital 
CCD camera (Hamamatsu C4742-95). 

RESULTS AND DISCUSSIONS 

The absorption spectra of the 1.0% Pr-doped APLF 
glass at low and room temperature is shown in Fig. 1. 
First, we would like to note that the absorption edge of 
an undoped APLF glass is located around 160 nm 
indicating a large energy gap as we have previously 
reported [2, 5]. This corresponds to the 
interconfigurational 4f5d transition of Pr3+ ions. The 
lowest level of the 4f5d excited state configuration of 
Pr3+ is estimated to be around 43478 cm-1 (5.39 eV). The 
absorption peaks at 445, 470, 480 and 590 nm 
correspond to the intraconfigurational 4f transitions of 
Pr3+ from the 3H4 ground level to the higher 3P2, 3P1 and 
1I6, 3P0, and 1D2 levels, respectively. The 3H4 → 3P2 
transition located at 445 nm at room temperature splits 
into two peaks centered at 443 and 447 nm at 4 K [inset 
of Fig. 1(a)], suggesting that the 3P2 level experiences 
thermal broadening at high temperatures. The near 
infrared (NIR) absorption bands for the 1.0%-Pr-doped 
APLF glass is also shown in Fig. 1(b). As can be seen, 
Pr-doped APLF glass exhibits broad bands from 950 to 
1100 nm, 1350 to 1600 nm, and 1800 to 2000 nm which 
can be assigned to the intraconfigurational 4f transitions 
of Pr3+ from the 3H4 ground level to the higher 1G4, 3F4 
and 3F3, and 3F2 and 3H6 levels, respectively. 

 

 
Fig. 1. Absorption spectra of 1.0% Pr-doped APLF 

glasseat 4 K and room temperature (RT).  

 
Fig. 2. PL spectra of 1.0% Pr-doped APLF glass at 

different temperatures under (a) 180 and (b) 217 nm  
excitation mainly into the 4f5d level. Under 180 and 217 

nm  excitation, 1.0% Pr-doped APLF has 13 and 8 
peaks assigned to Pr3+ transitions, respectively. 

The emission (PL) spectra of the 1.0% Pr-doped 
APLF glass at different temperatures under 180 and 217 
nm excitation mainly into the 4f5d level are shown in Fig. 
2. The emission intensities decrease with increasing 
sample temperature regardless of the excitation 
wavelength. This result suggests that the radiative 
transitions experience thermal quenching at high 
temperatures. Although this is the case, the emission 
spectra still maintain identical line shapes from low to 
room temperatures without significant peak shifting and 
intensity redistribution. For both 180 and 217-nm 
excitation, the broad emission bands from 220 to 280 nm 
contain multiple emission peaks. All of the emission 
peaks can be assigned to both interconfigurational 4f5d 
and intraconfigurational 4f transitions of Pr ions. The 
transitions within the 4f orbital are obviously forbidden 
by Laporte (parity) rule, but these transitions become 
partially allowed by the mixing of the 4f and 5d orbitals. 
Under 180 nm excitation, 1.0% Pr-doped APLF exhibits 
13 emission peaks at 228, 237, 252, 262, 273, 338, 368, 
407, 447, 484, 607, 638, and 676 nm which correspond 
to the 4f5d → 3H4, 4f5d → 3H5, 1S0 → 3F4, 4f5d → 
3H6, 1S0 → 1G4, 1S0 → 1D2, 4f5d → 1D2, 1S0 → 1I6, 



3P2 → 3H4, 3P0 → 3H4, 3P0 → 3H6, 3P0 → 3F2, and 3P1 
→ 3F3 transitions, respectively. On the other hand, under 
217 nm excitation, 1.0% Pr-doped APLF exhibits peaks 
similar with 180 nm excitation but without the 252, 273, 
338, 407, and 676 nm emissions. The first four emission 
peaks that are missing with 217 nm excitation originate 
from the 1S0 level, while the fifth emission peak 
originates from the 3P1 level. 

 
Fig. 3. PL excitation spectra of 1.0% Pr-doped APLF 

glass at different temperatures monitored at (a) 235 nm 
(4f5d → 3H5), (b) 261 nm (4f5d → 3H6) and (c) 406 

nm (1S0 → 1I6).  

The PLE spectra of the 1.0% Pr-doped APLF glass 
at different temperatures monitored at 235, 261, and 406 
nm are compared in Fig. 3. All spectra are corrected for 
the intensity distribution of the synchrotron radiation. 
The Pr-doped APLF glass exhibits a broad excitation 
channel around 150 to 230 nm. The 235 and 261 nm 
emissions [Figs. 3(a) and (b)], which correspond to the 
interconfigurational 4f5d →  3H5 and 4f5d →  3H6 
transitions, respectively, exhibit efficient excitation from 
216 to 226 nm. On the other hand, the 406-nm emission 
[Fig. 3(c)], which corresponds to the intraconfigurational 
1S0 →

1I6 transition, can be efficiently excited by 
wavelengths from 196 to 198 nm. For excitation 
wavelengths above 210 to 212 nm, the 235 and 262 nm 
emissions intensify, while the 406 nm emission weakens. 
Figure 3 clearly shows two types of edge excitation 
spectra of the Pr-doped APLF glass. First, the edge 
excitation of the 4f5d transitions, i.e. the lowest excited 
state of the 4f5d configuration as seen in Figs. 3(a) and 
3(b), is located at 230 nm. Second, the edge excitation of 
the 1S0 level of the 4f configuration as seen in Fig. 3(c), 
is located at 198 nm. The PLE results also suggest that 
212 nm (47169 cm-1 or 5.84 eV) is the maximum 
excitation wavelength (minimum excitation energy) 
needed to observe transitions from the 1S0 level. In 
addition, the resolved excitation edges observed in Figs. 
3(a) to 3(c) indicate that the 4f5d configuration overlaps 
with the 1S0 level of the 4f configuration. 

 
Fig. 4. Schematic diagram of the energy levels of Pr3+ 

ions in APLF glass. The lowest level of the excited state 
4f5d configuration extends below the 1S0 level of the 4f 

configuration. 



Based on the experimental results, a schematic 
diagram of the energy levels of Pr3+ ions in APLF glass 
is illustrated in Fig. 4. The peak positions from both 
absorption and emission spectroscopies match quite well 
with the Pr3+ transition assignments. Similar diagrams 
have been reported for anhydrous polyphosphate 
[Pr(PO3)3] [6] and Pr3+-doped phosphates [7] and 
fluorotellurites [8]. For Pr-doped APLF, the energy 
levels of the 4f5d and 4f configurations are relatively 
broad since the energy bands and the band splitting 
strongly depend on the electron and lattice phonon 
coupling in the host glass matrix [7, 9]. The 4f5d 
configuration overlaps with the 1S0 level of the 4f 
configuration, and the lowest energy level of the 4f5d 
excited state configuration is situated below that of the 
1S0 level. Under 180-nm excitation, photon absorption 
results to nonradiative relaxation to the 1S0 level 
followed by radiative relaxation through parity-forbidden 
allowed optical transitions to the different levels of the 4f 
ground state configuration. 

 

Fig. 5. Lifetimes of the 267 nm emissions of Pr-doped 
APLF glasses at different temperatures. The lifetimes of 

the Pr-doped APLF glasses are the same at different 
temperatures and become faster with higher doping 

concentration. 

The 267 nm emission lifetimes of the Pr-doped 
APLF glasses are plotted with temperature in Fig. 5. In 
contrast with the emission intensities, the emission 
lifetimes of each sample do not change with temperature 
considering the experimental uncertainty. These results 
suggest that Pr-doped APLF glasses are robust across a 
wide temperature range as neither sample heating nor 
cooling affects the emission lifetimes. A similar 
observation has been reported for Pr-concentrated 
phosphates, CsPrP4O12 and Pr(PO3)3 [6]. APLF glasses 
with 0.5%, 1.0%, 2.0%, and 3.0% Pr doping 
concentration exhibit lifetimes of 19.7, 19.2, 17.2, and 
16.0 ns, respectively. The emission lifetimes are found to 
depend only on Pr-doping concentration. Since doping 
introduces additional quenching channels, a higher 
doping concentration such as 3.0% results to a faster 
lifetime for APLF. 

Pr-doped APLF glasses have fast emission lifetimes 

of less than 20 ns with optical excitation. These lifetimes 
are expected to be faster with alpha-particle, gamma-ray, 
x-ray, and neutron excitations [3]. But like most 
scintillator materials, the fast lifetimes come at the 
expense of the emission or scintillation intensities, i.e. 
light yield and quantum efficiency. For example, with 
thermal neutrons generated from an isotopic 46 GBq 241 
AmBe source, Pr-doped APLF has an estimated light 
yield of only 110±50 photons per neutron, which is much 
lower compared to Ce-doped APLF and GS2 with 
570±83 and 4400±650 photons per neutron, respectively 
[3, 10]. Fast emission lifetime and high emission 
intensity for Pr-doped APLF glass, however, can be both 
achieved by working at low temperatures. Decreasing the 
sample temperature leads to enhanced intensities without 
a significant change in the lifetimes. At this moment, we 
cannot offer further explanations for this phenomenon 
nor relate it to nonradiative relaxation effects or 
thermally activated crossover similarly reported for 
Pr-doped complex oxide crystals [11]. Thermal 
quenching by nonradiative relaxation of carriers must 
lead to the simultaneous decrease of emission intensity 
and emission lifetime at higher temperatures [12]. 
Furthermore, a presence of thermally activated crossover 
or transition from the 4f5d configuration to the higher 
energy levels of the 4f configuration must cause intensity 
redistribution [11, 12]. Pr-doped APLF does not exhibit 
lifetime shortening nor intensity redistribution with 
varying temperatures. Additional investigations are 
currently underway to elucidate the apparent relationship 
between temperature and emissions of the Pr-doped 
APLF glasses. 

CONCLUSIONS 

We have investigated the spectroscopic properties 
of Pr-doped APLF glasses through absorption and 
emission spectroscopies and radiative decay analyses at 
low and room temperatures. The Pr-doped APLF glasses 
exhibit absorption and emission peaks that can be 
assigned to the different interconfigurational 4f5d and 
intraconfigurational 4f transitions of Pr3+ ions. Pr3+ ions 
in APLF have a 4f5d excited state configuration, which 
overlaps with the 1S0 level of the 4f ground state 
configuration. PL and TRPL measurements also reveal 
that the sample temperature affects only the emission 
intensities and not the lifetimes. Under 180 and 217-nm 
excitation, the emission intensities of Pr-doped APLF 
increase as the sample temperature decreases suggesting 
that the radiative transitions experience thermal 
quenching at high temperatures. On the other hand, the 
267 nm emissions of Pr-doped APLF glasses, which 
correspond to the 4f5d → 3H6 transition of Pr3+ have 
lifetimes of less than 20 ns, which only depend on the 
Pr-doping concentration. More detailed results can be 
found in our recently published work [4]. At the moment, 
we cannot offer further explanations why the emission 
intensity is temperature-dependent, while the lifetime is 
temperature-independent. Additional investigations are 
currently underway to elucidate a precise relationship 



between temperature and emissions of Pr-doped APLF 
glasses. Our findings nevertheless suggest that these 
glasses can be used as neutron scintillators that are robust 
within a wide temperature range and exhibit fast and 
intense emissions at low operating temperature. 
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