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INTRODUCTION 

Scintillators are the key components in detectors 
used for sensing high-energy radiation. As such, 
scintillators are used in a wide range of scientific, 
industrial, and technological fields. In many applications 
such as those involving time-of-flight measurements and 
in imaging, a fast-response detector is needed. 
Scintillation decay time dictates the timing resolution of 
the radiation detector. Therefore, a scintillator with a fast 
scintillation decay time along with a high photon yield is 
required. Scintillation decay time is fundamentally 
related to the photoluminescence decay time of the 
material. The scintillation decay time is approximately 
proportional to the wavelength cubed, which means that 
a fast-response scintillator usually has a short emission 
wavelength [1]. Therefore, scintillators emitting in the 
vacuum ultraviolet (VUV) region are being investigated 
in order to develop fast-response scintillators. Wide band 
gap fluoride crystals with band gap energies greater than 
6 eV has short emission wavelengths in the VUV region 
especially when doped with rare earth (RE) ions such as 
trivalent neodymium (Nd3+) and erbium (Er3+) [2-5]. 
Photoluminescence from RE-doped fluorophosphate 
glass scintillators, such as 20Al(PO3)3-80LiF (APLF80), 
have also been reported to have fast nanosecond 
scintillation decay times and sufficient light yield for 
neutron detection. [6-9] Self-trapped exciton (STE) 
luminescence observed in undoped wide band-gap 
insulators such as BaF2 [10], SrF2 [11], CaF2 [12] and 
their mixed compounds [13,14] also yield fast 
luminescence. In some fluoride materials such as CsF 
[15] and BaF2 [10,16], cross luminescence (CL) or Auger 
free luminescence results to short emission wavelengths 
with very fast photoluminescence decay times [17]. We 
have previously reported the 172-nm emission from a 
Nd3+-doped lanthanum fluoride (Nd3+LaF3) crystal 
excited by the 157-nm emission of a F2 laser where a fast 

nanosecond photoluminescence decay time was observed. 
The photoluminescence was ascribed to allowed dipole 
transitions from the lowest level of the 4f25d excited 
state configuration to the lowest (4I9/2) level of the 4f3 
ground state configuration. Similar photoluminescence 
characteristics were observed when the crystal was 
excited via step-wise absorption of 290 nm (third 
harmonics), femtosecond pulses from a Ti:Sapphire laser. 
In particular, the time-resolved photoluminescence 
spectra for both excitations were single exponential with 
a decay time of about 7 ns [18,19]. When the Nd3+:LaF3 
crystal was excited by the 51-nm wavelength emission of 
an extreme ultraviolet free-electron laser, we observed a 
peculiar behavior whereby the time-resolved 
photoluminescence spectra manifested fast and slow 
decay time components. As mentioned above, the fast 
decay component is important for scintillator 
applications. The origin of the double exponential 
photoluminescence decay time that was observed with 
EUV-FEL excitation is further investigated. By 
performing numerical simulations to reveal the electronic 
properties of LaF3, the origin of the fast 
photoluminescence decay component is elucidated. Our 
results also suggest the possibility of achieving a fast 
decay time through CL in LaF3.   

Photoluminescence emission was obtained from a 
Czochralski method-grown Nd3+:LaF3 single crystal. The 
crystal is a cuboid with optically polished facets, each 
measuring 1 cm. The crystal was placed inside a vacuum 
chamber maintained at a pressure of 10–5 Pa. The sample 
was excited by pulses from the extreme ultraviolet free 
electron laser (EUV-FEL) SCSS test accelerator. The 
laser pulses had a wavelength of 61 nm, pulse duration of 
100 fs, pulse energy of 30 µJ, and repetition rate of 30 
Hz. The pulses were focused onto the crystal by 
ellipsoidal and cylindrical mirrors. The mirrors had a 
working distance of 1 m, resulting to a beam spot size of 
20 µm at the surface of the crystal. Photoluminescence 
from Nd3+:LaF3 was collected and focused by MgF2 



lenses onto the entrance slit of a VUV Seya-Namioka 
spectrometer. The time-resolved photoluminescence 
spectrum was obtained using a VUV streak camera unit, 
which consisted of a holographic grating spectrometer 
with a groove density of 600 grooves/mm and a linear 
dispersion of 8 nm/mm. The effective F-number of the 
streak camera unit is 4.2. The detailed specifications and 
schematic diagrams of the spectrometer and streak 
camera system used in this work can be found elsewhere. 
[20] As a reference, the time-independent and 
time-resolved photoluminescence spectra of Nd3+:LaF3 
under F2 laser excitation was also obtained. The F2 laser 
emission had a wavelength of 157 nm and pulse duration 
of 5 ns.  

The absorption spectra of LaF3 were investigated by 
obtaining the room-temperature absorption spectrum of 
LaF3 using the solid-state spectroscopy beamline (BL7B) 
of the synchrotron radiation facility (UVSOR-II) at the 
Institute for Molecular Science in Japan. Details of the 
beamline can be found in the activity report of the 
facility. [21] The experimental band gap of LaF3 was 
obtained from the absorption spectra using a Tauc plot. 
All measurements were performed at room temperature. 

The electronic band structure of LaF3 was 
calculated based on Density Functional Theory (DFT) 
within the generalized gradient approximation (GGA) 
using the Perdew-Burke-Ernzerhof (PBE) hybrid 
functional including exact exchange, [22, 23] where 75% 
PBE exchange was mixed with 25% exact exchange 
(PBE0). The calculations were implemented in the 
Vienna Ab initio Simulation Package (VASP) using 
plane-wave basis sets within the projector-augmented 
wave (PAW) method with a sufficiently high plane-wave 
basis cutoff of 500 eV. The valence band maxima in the 
band structure and DOS diagrams are shifted to zero 
energy.  

The Green’s function and screened Coulomb 
interaction (GW) approximation [24-27] was employed 
to calculate the absorption spectrum of LaF3. This fully 
self-consistent quasiparticle calculation accounts for 
self-interaction corrections and can model excited state 
properties, such as absorption spectra. The changes in the 
exchange correlation potential are taken into account 
while the local field effects were neglected because 
microscopic changes to the periodic potential of the cell 
are negligible when modelling a perfect fluoride 
compound. [28] The absorption spectrum was extracted 
from the imaginary part of the frequency-dependent 
complex dielectric tensor, which represents the linear 
response of the system to an external electromagnetic 
field. The mathematical details for the relationship 
between the complex dielectric tensor and the absorption 
spectrum can be found elsewhere. [28] 

Numerical simulations were performed to 
investigate the electronic properties of LaF3 and 
illuminate the difference observed in the time-resolved 
photoluminescence spectra. Figure 1 shows the 
electronic band structure of LaF3 calculated along the 
high symmetry lines of the first Brillouin zone. The 
valence band maximum and the conduction band  

Fig. 1. Electronic band structure of LaF3 showing a 
direct band gap at the G-point of 10.93 eV. 
 
minimum are both located at the high symmetry 
gamma-point. Thus, LaF3 has a calculated direct band 
gap energy (Eg) of 10.9 eV. This is higher than 
previously reported calculated band gap energy of 7.74 
eV [29] using local density approximation (LDA). It is 
well-known that LDA underestimate band gap energies. 
Previous works have demonstrated that using hybrid 
functionals that incorporate a fraction of nonlocal 
Hartree-Fock exchange leads to results that are more 
consistent with experiments. [27, 28, 30] The band gap 
energy was also calculated using the GW approximation. 
The band gap using GW approximation is 10.8 eV. 
Figure 2 shows the experimental and numerical 
absorption spectra of LaF3. The experimental band gap 
calculated from the absorption spectra is about 10.1 eV.   
 

Fig. 2. Experimental and numerical absorption spectra. 
The figure on the right is a zoomed-in version of the 
figure on the left, focusing at the low energy range of the 
detector used in the experiment. 
 

The density of states (DOS) of LaF3 was calculated 
in order to obtain a more detailed understanding of the 
electronic band structure and transitions between valence 
and conduction bands. Figure 3 shows the DOS and 
site-projected DOS (PDOS) for the individual atomic 
contributions to the valence and conduction bands. The 
direct band gap transition originates predominantly from 
the F– (2p) states of the valence band maximum and the 
La3+ (4f) states of the conduction band minimum. The  

10.93 eV



Fig. 3. DOS and PDOS for the individual atomic 
contributions to the valence and conduction bands.  
 
width of the valence band is 3.5 eV. Examining the 
PDOS further reveals that the outermost core band 
originates mainly from the La3+ (5p) state. Therefore, the 
PDOS of LaF3 alludes to the possibility of Auger-free 
luminescence or cross luminescence (CL). Partial CL in 
LaF3 is feasible provided that the exciting photon has an 
energy of at least 22 eV in order to satisfy the third 
condition. The partial CL transition would be from the 
bottom of the valence band to the top of the outermost 
core band. The 61-nm excitation from the EUV-FEL is 
just enough to promote a hole from the top of the 
outermost core band to the bottom of the conduction 
band. An electron from the bottom of the valence band 
fills the hole in the outermost core band, resulting to the 
emitted CL photon with an energy of about 7.2 eV (172 
nm), which corresponds to the photoluminescence 
emission peak observed [19]. This partial CL could 
account for the 1.9 ns fast decay time component 
observed in the time-resolved photoluminescence 
spectrum [19]. This also explains the faster rise time 
observed with EUV-FEL excitation. The slow decay time 
component observed in the time-resolved 
photoluminescence spectrum is due to the 
interconfigurational 4f25d-4f3 transition in Nd3+, which 
also explains the reason why the slow decay component 
is similar to the single exponential decay time obtained 
with the F2 laser excitation. Interestingly, the energy 
difference between the bottom of the valence band and 
the top of the outermost core band (fast partial CL 
transition) is similar to the energy difference between the 
lowest level of the 4f25d excited state configuration to 
the 4I9/2 level of the 4f3 ground state configuration of the 
Nd3+ activator ion (slower interconfigurational transition). 
Therefore, only a single photoluminescence peak was 
observed. The schematic diagram of the electronic 

transitions in Nd:LaF3 resulting to the experimentally 
observed double exponential decay time is shown in 
Figure 4. The same figure also illustrates the proposed 
CL mechanism in LaF3. Experiments with undoped LaF3 
are being planned in the near future to understand the 
role of STE and whether the formation of STE 
contributes to the slow decay component. The planned 
experiments will also verify CL in LaF3. The presence of 
CL will enhance the potential of LaF3 as a fast-response 
scintillator for many applications requiring a fast, 
high-energy radiation detector.  

 
Fig. 9. Schematic diagram of the electronic transitions in 
Nd:LaF3 resulting to the experimentally observed double 
exponential decay time, and the proposed CL in LaF3.          
 

In conclusion, we investigated the 
photoluminescence properties of Nd3+:LaF3 under 
EUV-FEL excitation. In particular, the peculiar double 
exponential character of the vacuum ultraviolet 
photoluminescence peak with a fast decay time of 1.9 ns 
and a slow decay time of 6.7 ns was explored to exploit 
the possibility of developing a fast response scintillator. 
The slow decay component, which is of lesser 
importance, is due to interconfigurational 4f25d-4f3 
transition in Nd3+. Meanwhile, the electronic structure of 
LaF3 obtained from first principles DFT calculations 
using PBE0 as implemented in VASP reveal that the fast 
decay component could be due to partial CL as an 
electron from the bottom of the valence band fills the 
hole in the outermost core band. The experimental and 
numerical results allude to the potential of LaF3 as a 
fast-response scintillator, through CL, for many 
applications especially those relying in time-of-flight 
measurements.            
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