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A B S T R A C T

The development of persistent ultraviolet-emitting phosphors is advancing rapidly because of their promising 
applications in alternative cancer treatments. In this work, we developed a novel Pr3+-doped RbCaF3 phosphor 
exhibiting intense long-persistent luminescence in the 220–340 nm range, sustained for more than an hour after 
just 15 min of X-ray irradiation. The 5d-4f luminescence of Pr3+ ions is primarily excited by electron-hole pairs 
generated during X-ray absorption, as well as by electrons released from traps. The emission and excitation 
properties of RbCaF3:Pr3+ crystallites were further investigated using synchrotron radiation, revealing the 
simultaneous occurrence of intra-configurational 4f2→4f2 and inter-configurational 4f5d → 4f2 radiative tran
sitions upon 4f5d state excitation. This work highlights the potential of Pr3+-doped RbCaF3 phosphor for 
innovative applications in ultraviolet photonics and cancer therapy.

1. Introduction

One of humanity’s greatest challenges is cancer, which according to 
the World Health Organization, is the second leading cause of death 
worldwide, with the number of cancer patients continuing to rise each 
year [1]. Radiation therapy remains a common clinical method for 
treating inoperable malignant tumors. Although this method is highly 
effective at killing tumor cells, it also significantly harms healthy cells, 
resulting in an additional burden on the body. Thus, there is a demand 
for developing new treatment methods or modifying existing ones to 
maximize therapeutic benefits while effectively safeguarding the sur
rounding non-cancerous tissues from damage. An alternative approach 
to radiation therapy combines traditional X-rays with phosphors that 
generate UVC radiation (100–280 nm). UVC radiation is particularly 
effective at being absorbed by nucleic acids in cells, breaking DNA bonds 
and causing the formation of pyrimidine dimers, which lead to the 
cessation of transcription and ultimately result in cell death. UVC radi
ation penetrates tissues only a few micrometers deep, which limits its 
use against deep tumors [2–4]. To overcome this, nanoparticles placed 
near tumor cells can absorb penetrating X-rays and convert them into 
UVC photons. In this way, nanoparticles exert a cytotoxic effect by 
generating localized UVC light inside the tumor [5–7]. This approach 

may significantly reduce the dose of X-ray radiation and promote local 
destruction of cancer cells while increasing the survival of healthy tis
sues. From the perspective of reducing the radiation dose, special 
attention is given to compounds that exhibit long-lasting afterglow 
emission following removal of the X-ray excitation source.

Depending on the host compound and excitation source, the after
glow can persist for periods ranging from a few seconds to several days. 
Excitation sources may include ionizing radiation, X-rays, ultraviolet 
light, and, in some cases, visible light. The phenomenon of afterglow has 
a history spanning thousands of years and was first described in ancient 
Chinese literature [8]. Over this long period, interest in afterglow has 
fluctuated. However, the discovery of the material SrAl2O4:Eu2+,Dy3+ in 
1996 marked the beginning of a new era in afterglow research [9]. The 
afterglow phenomenon has been referred to as "persistent lumines
cence", and inorganic materials exhibiting this "persistent luminescence" 
have become known as "persistent phosphors" [10]. Persistent phos
phors involve two types of centers: trap centers and emission centers. 
Traps can include lattice defects such as oxygen vacancies, F centers, 
antisite defects, and various impurities [11–13]. Emission centers can 
include transition metal ions (e.g., Ni2+, Cr3+, Mn2+) with d→d transi
tions, main group or post-transition metal ions (e.g., Bi3+, Pb2+) with 
p→s transitions, and lanthanide ions (e.g., Er3+, Eu2+, Ce3+, Nd3+) with 
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5d→4f or 4f→4f [14–18]. Typically, traps do not emit radiation, but 
instead store excitation energy for some time, gradually releasing it to 
emission centers through thermal or other forms of physical activation. 
The traps primarily determine the intensity and duration of lumines
cence, while the emission wavelength of a persistent phosphor depends 
on the luminescent center.

Praseodymium ion (Pr3+) is considered an ideal activator for 
persistent luminescence in the UVC range. The literature describes 
matrices doped with Pr3+ that exhibit persistent luminescence in the UV 
range, including phosphates (e.g., YPO4:Pr3+), fluorides (e.g., Cs2NaYF6: 
Pr3+), germanates (e.g., Li2CaGeO4:Pr3+) and silicates (e.g., LiYSiO4: 
Pr3+) [19–23]. Thus, Pr3+ was selected as the activator for this work. 
ABF3-type perovskites are promising candidates for persistent lumines
cence applications due to their structural stability, non-hygroscopic 
nature, and presence of traps [24,25]. In our previous work, under 
444 nm laser excitation, the RbCaF3:Pr3+ crystallites exhibited an 
upconversion band from 230 to 315 nm, demonstrating the potential of 
these materials for persistent luminescence in the UVC range [26]. 
However, the X-ray luminescence of RbCaF3:Pr3+, as well as UV lumi
nescence, has not yet been described. This work presents the synthesis 
and luminescence properties of a new ultraviolet long-persistent phos
phor, RbCaF3:Pr3+, under X-ray and synchrotron excitation.

1.1. Experiments

1.1.1. Materials and synthesis
Undoped RbCaF3 and RbCaF3:1 %Pr3+crystallites were synthesized 

via the solid state method using RbF (99.1 %), CaF2 (99.99 %), and PrF3 
(99.9 %) as starting materials. No charge compensation was applied. The 
fluorides were weighed in stoichiometric proportions, ground in an 
agate mortar for 10 min and then heated to 850 ◦C and annealed for 8 h 
in a reducing atmosphere (N2/H2). It is worth noting that after two 
weeks of exposure to 22 ◦C and 40 ± 2 % relative humidity, RbCaF3:Pr3+

showed no measurable weight gain, indicating excellent resistance to 
moisture absorption.

1.1.2. Sample characterization
The crystal structure was analyzed using powder X-ray diffraction 

(XRPD) with an X’Pert PRO X-ray diffractometer (CuKα, λ = 1.54056 Å). 
Morphology was examined by FE-SEM using an FEI Nova NanoSEM 230, 
with imaging performed at 5.0 kV in slow beam mode. Excitation and 
emission spectra were recorded at SUPERLUMI (DESY, Germany) using 
a 2-m McPherson monochromator and a Hamamatsu R6836 photo
multiplier. The excitation spectrum was corrected for the incident 
photon flux using a sodium salicylate reference sample, while the 
emission spectrum was adjusted according to the detector response 
characteristics. X-ray excited photoluminescence spectra were measured 
at room temperature using an X-ray tube with Ua = 40 keV and Ia = 1 
mA. A monochromator with 2 nm spectral resolution and an FEU-100 
photomultiplier tube (170–830 nm) operating in single-photon count
ing mode were used for detection. X-ray excited luminescence decay 
kinetics were recorded within a 200 ns time gate, with ~1 ns X-ray 
pulses at a repetition frequency of 100 kHz. The integrated and time- 
resolved X-ray excited luminescence spectra were measured. The inte
grated luminescence spectrum was recorded over a 10 μs time window 
immediately after the X-ray excitation pulse. The slow component was 
measured using a 5 μs time window, with a delay of 750 ns after the X- 
ray excitation pulse. Persistent luminescence kinetics were recorded 
following X-ray exposure times of 5 and 15 min. In RbCaF3:1 %Pr3+, 
persistent luminescence intensity was scanned at 1-min intervals for 60 
min. Thermoluminescence (TL) glow curves were measured by Lexsyg 
research – Fully Automated TL/OSL Reader (Freiberg Instruments 
GmbH). As the irradiation source X-Ray tube (VF-50 J/S RTG) with a 
copper body and tungsten as a target material by Varian (40 kV, 1 mA) 
was used. The TL glow curves were collected with an R13456 photo
multiplier tube from Hamamatsu Photonics for the whole detection 

range with a neutral grey filter (NE20A-B - Ø25 mm Absorptive Neutral 
Density Filter). Before measurements, all samples were preheated to 
350 ◦C. The TL parameters of RbCaF3:Pr3+ were estimated by decon
voluting glow curve into discrete components using the GlowFIT soft
ware [27], based on a first-order kinetic model. The decay kinetics of 
persistent luminescence of RbCaF3 samples with different activator 
concentrations were measured under identical conditions after 15 min of 
X-ray irradiation at room temperature. Due to the high luminescence 
intensity, a neutral grey filter (NE20A-B - Ø25 mm Absorptive Neutral 
Density Filter) was used during the measurements. All modules were 
operated using the LexStudio 2 software, which is dedicated to the 
operation of the TL/OSL Reader and supplied by the manufacturer.

2. Results and discussion

2.1. Crystal structure

Fig. 1a shows the XRPD patterns of undoped RbCaF3 and RbCaF3:1 % 
Pr3+. All the patterns are single-phase and match well with the standard 
card for RbCaF3, confirming a cubic structure (S.G. Pm3m). We assumed 
that due to the similar ionic radii of Ca2+ (1.00 Å, CN = 6) and Pr3+

(0.99 Å, CN = 6), Pr3+ ions occupy the Ca2+ position [28]. Since the 
ionic radii of praseodymium and calcium are very similar, no significant 
changes in the crystal lattice parameters were observed (Fig. 1S). 
Typically, during solid-phase synthesis and annealing, large, shapeless 
agglomerates form, as observed in the SEM images of RbCaF3; the 
crystallite size is several tens of microns (Fig. 1b).

2.2. Luminescence properties using synchrotron radiation

Fig. 2a shows the luminescence excitation spectra recorded at 8 K 
and 250 K while monitoring at 480.5 nm. The excitation range from 160 
to 225 nm is attributed to the interconfigurational transition from the 
ground level to the levels of the 4f5d electronic configuration of Pr3+. 
This region can be divided into five components, indicating a low 
symmetry position for the praseodymium ion [29]. Both excitation 
spectra display bands corresponding to host lattice excitation in the 
100–135 nm region [30]. The luminescence spectrum of RbCaF3:1 % 
Pr3+ under 200 nm synchrotron excitation at low temperatures (T = 8 K) 
is attributed to both intra-configurational 4f2→4f2 and 
inter-configurational 4f5d→4f2 transitions of Pr3+ [31] (Fig. 2b, blue 
line). This indicates the proximity of the 1S0 level to the 4f15 d1 

configuration levels. Transitions from the latter, primarily to the 3H4 and 
3H6 levels, are observed in the 220–320 nm region [31]. The 1S0 → 3H4 
transition appears at 215 nm, while subsequent peaks at 237.8, 250.4, 
272.2, 335.2, and 394.4 nm correspond to the transitions from 1S0 to the 
3H6, 3F3, 1G4, 1D2, and 1I6 levels, respectively. Among these, the 1S0 → 
1I6 transition exhibits the highest intensity. Furthermore, two emission 
peaks of comparable intensity are observed at 480.7 and 603 nm, 
attributed to the 3P0→3H4 and 3P0→3H6 transitions, respectively. The 
intensity distribution of the 1S0 transitions presents the characteristic 
signature of the desired quantum cutting, with weaker emission in the 
ultraviolet region and stronger emission in the visible range. Notably, 
above 200 K, the 1S0 emission is markedly suppressed in favor of the 
more intense 4f15 d1 → 4f2 emission. This behavior is also observed in 
other matrices activated by praseodymium ions, such as BaSO4, 
LiLaP4O12 and LiPrP4O12 [32–34].

2.3. X-ray luminescence

In the X-ray excited luminescence spectrum of Pr3+-doped RbCaF3 
(Fig. 3, curve 1), bands of 252 and 276 nm are observed, attributed to 
5d-4f transitions of Pr3+ ions. Notably, the 1S0→3PJ transition band at 
~400 nm is absent from the X-ray excited luminescence spectrum 
compared to optical excitation at 8 K (Fig. 2b), confirming the 1S0 level 
is slightly higher than the 5d levels. A similar 1S0 location is observed in 
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the LiBaF3:Pr3+ [35] and LiNaY2F8:Pr3+ [36]. Other bands at 483, 523, 
and 607 nm correspond to 3P0→3HJ transitions, which occur when the 
1I6, 3PJ states are populated (see Fig. 3, curve 1) [33,35–37]. This pop
ulation can arise from nonradiative transitions from the 5d levels to 1I6, 
3PJ, or via nonradiative energy transfer from excitons to Pr3+ centers 
[35]. In the latter case, some electron-hole pairs generated during X-ray 
photon absorption relax to form excitons with sufficient energy to 
non-radiatively excite the 1I6, 3PJ levels, followed by a radiative 
3PJ→3HJ transition that produces the 483 nm emission band [36].

In the 200–400 nm range, the excited X-ray luminescence spectrum 
of undoped RbCaF3 exhibits peaks at 245 nm and 280 nm (Fig. 3, curve 
2). The 280 nm band demonstrates a short decay time of ~2.5 ns (Fig. 3
inset, curve 1), indicating the core-valence luminescence from the 
RbCaF3 host [38]. For Pr3+-doped RbCaF3, the spectrum displays bands 
at 252 and 276 nm, attributed to 5d-4f luminescence of Pr3+ ions, which 
overlap the spectral range of the core-valence luminescence of the ma
trix. This is supported by the kinetic characteristics of the 260 nm band 
(Fig. 3 inset, curve 2), which shows two decay components: τ1 = 2.5 ns 
(core-valence luminescence) and τ2 = 22 ns, typical of 5d-4f lumines
cence of Pr3+.

2.4. Persistent luminescence

A distinctive feature of RbCaF3:1 %Pr3+ is its strong persistent 
luminescence, which lasts for a prolonged period after the X-ray exci
tation source is removed. The persistent luminescence spectra, recorded 

Fig. 1. (a) XRPD patterns of undoped RbCaF3 and RbCaF3:1 %Pr3+, along with the standard card. (b) SEM image of RbCaF3:1 %Pr3+ crystallites.

Fig. 2. (a) Excitation spectra of RbCaF3:1 %Pr3+ recorded at 8 and 250 K using synchrotron radiation, monitoring 480.5 nm emission (3P0→3H4). (b) Emission 
spectra of RbCaF3:1 %Pr3+ recorded at 8 and 230 K under 200 nm excitation using synchrotron radiation.

Fig. 3. Room temperature X-ray excited luminescence spectra of RbCaF3:1 % 
Pr3+ (curve 1) and RbCaF3 (curve 2). Inset: X-ray excited luminescence decay 
kinetics for the band with λmax = 260 nm.
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10 and 30 min after the cessation of X-ray excitation, are presented in 
Fig. 4a. This phenomenon may be attributed to the presence of traps in 
RbCaF3:1 %Pr3+ that capture electrons [17,39,40]. Upon thermal 
stimulation, these trapped electrons are released and subsequently 
excite the luminescence of Pr3+ ions. As noted in Ref. [17], the duration 
of persistent luminescence depends on the number of trapped electrons – 
the more captured, the longer the emission persists. The X-ray lumi
nescence spectrum under continuous excitation closely matches the 
persistent luminescence spectrum, both showing dominant 5d-4f bands 
at 252 nm and 276 nm. This suggests that the released electrons possess 
enough energy to excite the 5d-4f luminescence transitions of Pr3+ ions. 
Fig. 4b presents the persistent luminescence kinetics for the emission 
bands of 260 nm and 483 nm following different X-ray irradiation du
rations. The non-single-exponential decay suggests the presence of traps 
with different depths [17]. Moreover, Fig. 4b (curves 1 and 2) shows that 
longer X-ray irradiation of RbCaF3:1 %Pr3+ leads to a slowdown in the 
persistent luminescence kinetics of the 260 nm band. This supports the 
idea that prolonged irradiation results in a higher number of trapped 
electrons, thus extending the persistent luminescence [17]. Curves 2 and 
3 (Fig. 4b) exhibit similar decay patterns, allowing the evaluation of 
ultraviolet emission intensity (λem = 260 nm) through the measurement 
of visible emission intensity (λem = 483 nm) [40].

To compare the persistence of luminescence as a function of activator 
concentration, persistent luminescence decay curves in the visible re
gion were measured after 15 min of irradiation using a grey filter Fig. 5. 
All measurements were conducted under identical conditions. As shown, 
the sample with a 1 % activator concentration exhibited the highest 
luminescence intensity Fig. 5. The persistent luminescence decay curves 
are well described by a double-exponential model, and the corre
sponding constants are presented in Table 1. As the activator concen
tration increases, a decrease in luminescence lifetimes is observed, 
which can be attributed to concentration quenching [5,40,41].

2.5. Thermoluminescence spectrum

Thermoluminescence (TL) analysis is a powerful method to deter
mine the traps presence, their depths and redistribution by gradually 
heating preirradiated material and monitoring light emission as trapped 
charge carriers are released. To demonstrate that RbCaF3:1 %Pr3+

contains traps at different energy levels, the TL glow curve was recorded 

Fig. 4. (a) Persistent luminescence spectra of RbCaF3:1 %Pr3+ recorded 10 min (curve 1) and 30 min (curve 2) after X-ray irradiation. (b) Persistent luminescence 
decay kinetics of RbCaF3:1 %Pr3+: curves recorded following X-ray exposure times of 5 min (curve 1) and 15 min (curve 2) for λem = 260 nm, and a curve recorded 
after 15 min (curve 3) of X-ray exposure for λem = 483 nm, all at room temperature.

Fig. 5. Persistent luminescence decay kinetics of RbCaF3 doped with 0.1–1.5 % 
Pr3+, measured after 15 min of X-ray irradiation at room temperature using a 
neutral grey filter.
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after excitation with X-rays for 15 min at room temperature (Fig. 6). The 
shape of the TL glow curve for RbCaF3:1 %Pr3+ is very similar to those 
observed in the thermoluminescence spectra of other fluoroperovskites 
[42,43]. Using the GlowFIT program, the TL glow curve was deconvo
luted to estimate trap depths (Fig. S1) [27]. The TL peak maxima (TM), 
activation energy (E), and corresponding frequency factors (s) are listed 
in Table 2. The figure of merit (FOM) for the curve fitting was 1.41 %, 
indicating a good fit. Analysis of the deconvolution data from Table 2
shows that, for some bands with maxima at higher temperatures, the 
activation energies are lower compared to those of bands with maxima 
at lower temperatures. This behaviour can be attributed to the frequency 
factor or the attempt-to-escape factor, which plays an important role in 
the de-trapping process [44–46]. The relationship between the fre
quency factor, the activation energy and temperature is described by the 
following equation (1) [44–46]: 

βE
kT2

m
= s*exp

{

−
E

kTm

}

where k is the Boltzmann constant (8.617 × 10− 5 ev/K), and β is the 
heating rate (in K/s). A trap with a high frequency factor will require less 
energy (lower temperature) to carry the charge. Therefore, a trap with 
an energy of 1.1 eV is released at a lower temperature than traps with an 
energy of 0.5 eV. This dependence has also been observed in other 
compounds. Further studies are required to determine the exact nature 
of the traps in RbCaF3:Pr3+ and their influence on the observed persis
tent luminescence, which will be discussed in a future study.

2.6. Time-resolved X-ray luminescence

When X-rays are absorbed, part of the absorbed energy causes core- 
valence luminescence, part of the relaxed electron-hole pairs directly 
excites the 5d-4f luminescence of Pr3+, and part of the relaxed electrons 
is captured by traps. As these trapped electrons are gradually released, 
they recombine with holes, exciting Pr3+ and leading to 5d → 3HJ, 3FJ 
emission, contributing to UVC persistent luminescence. Time-resolved 
X-ray luminescence measurements allowed the separation of the core- 
valence luminescence of the RbCaF3 host and the 5d-4f luminescence 
of Pr3+ from the persistent luminescence. Fig. 7 presents the time- 
resolved X-ray luminescence spectra of RbCaF3:Pr3+ with a time delay 
of 750 ns?

Curve 1 (Fig. 7) represents the integral component, including core- 
valence luminescence and 5d-4f luminescence of Pr3+ ions, excited by 
both relaxed electron-hole pairs and trapped electrons. This aligns with 
the decay kinetics of the 260 nm band (Fig. 3, inset, curve 2), showing 
contributions from core-valence (2.5 ns) and 5d-4f luminescence of Pr3+

ion (22 ns). Curve 2 (Fig. 7) represents the slow component, which 
contains only 5d-4f luminescence excited by trapped electrons, without 

contributions from core-valence or directly excited 5d-4f luminescence 
of Pr3+ ions. As shown in Fig. 7, core-valence and directly excited 5d-4f 
luminescence of Pr3+ ions contribute only ~10 %, while ~90 % of the 
electron-hole pairs generated by X-ray absorption are captured by traps. 

Table 1 
The persistent luminescence decay time of RbCaF3:Pr3+ after irradiation for 15 
min with X-rays at room temperature using the grey filter.

Concentration Pr3+ τ1 (s) τ2 (s)

0.1 38 ± 0.4 308 ± 4.2
0.5 39 ± 0.3 285 ± 2.9
1.0 36 ± 0.2 254 ± 2.0
1.5 35 ± 0.2 248 ± 2.0

Table 2 
Temperature of the maximum peak TL (TM), activation energy (E) and frequency factor (s) obtained by fitting TL glow curves of RbCaF3:1 %Pr3+ after X-ray irradiation 
(40 kV, 1 mA, 15 min) at a heating rate of 1 ◦C/s.

1 2 3 4 5 6 7 8

TM (K) 373 393 444 474 482 490 537 602
E (eV) 1.1 0.5 1.6 2.0 1.8 1.2 0.9 1.0
s (s− 1) 1014 106 1018 1021 1019 1011 108 107

Fig. 6. TL glow curve of RbCaF3:1 %Pr3+ after X-ray irradiation (40 kV, 1 mA) 
for 15 min at room temperature, heating rate of 1 ◦C/s.

Fig. 7. Time-resolved X-ray excited luminescence spectra of RbCaF3:Pr3+ at 
room temperature: integrated spectrum (curve 1) and slow component (curve 
2). The slow component was measured 750 ns after the excitation pulse within a 
time window of 5 μs time window. The spectra are normalized to the 483 
nm band.
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Therefore, energy storage in traps is highly efficient, with slow energy 
release resulting in persistent luminescence, an important factor in 
radiotherapy [5,47,48]. To assess the novelty and practical significance 
of the obtained phosphor, Table 3 compares the luminescence persis
tence properties of RbCaF3:Pr3+ with those of other known persistent 
phosphors.

2.7. Possible X-ray–induced persistent luminescence mechanism

To understand the nature of persistent luminescence, it is necessary 
to consider the types of defects that can form in the RbCaF3 matrix 
activated with Pr3+ ions. Doping the RbCaF3 lattice with Pr3+ ions in
duces the formation of point defects to maintain local charge neutrality. 
Owing to the close similarity in ionic radii, Pr3+ ions are most likely to 
substitute for Ca2+ ions. In the absence of an intentional co-dopant for 
charge compensation, this substitution necessitates the creation of cal
cium vacancies (VCa) to balance the excess of positive charge, as rep
resented by the following defect reaction [40,49]: 

3Ca2+ →2Pr3+ + VCa (1) 

Additional charge compensation may occur by incorporating fluo
ride ions into interstitial lattice sites. Furthermore, the formation of 
rubidium vacancies (VRb) and the formation of local clusters VRbPrF3- 
defects cannot be excluded. Although less probable due to the significant 
ionic size mismatch, exceeding 35 %—Pr3+ ions may also occupy Rb +

sites. This substitution would similarly require the generation of 
compensating defects described above.

The presence of multiple possible charge compensation mechanisms 
gives rise to persistent luminescence and manifests in the emission 
spectra as significant band broadening [40,49].In the case of 
band-to-band excitation of the RbCaF3 matrix, electrons and holes 
formed in the conduction and valence bands, respectively, are captured 
by the aforementioned traps (Fig. 8). Due to thermal activation, the 
trapped carriers are released and subsequently recombine with Pr3+ ions 
according to the following scheme: 

Pr3+ + h = Pr4+ (2) 

Pr4+ + e =
(

Pr3+
)*

= Pr3+ + hv. (3) 

As a result of this recombination, praseodymium in an excited state 
(Pr3+)* is formed. The decay of this excited state involves inter
configurational radiative 5d-3HJ transitions and non-radiative transi
tions to the 3PJ states. The decay of the 3PJ states is accompanied by an 
intraconfigurational luminescence characteristic of praseodymium ions 
(see Fig. 8).

3. Conclusions

In summary, undoped RbCaF3 and RbCaF3:Pr3+ crystallites were 
successfully synthesized using the solid-state method. X-ray-excited 
luminescence in the 200–400 nm range for undoped RbCaF3 exhibits a 
decay constant of 2.5 ns, which can be attributed to the core-valence 
luminescence of the host material. In the X-ray luminescence spectrum 
of RbCaF3:1 %Pr3+, the intense band at 260 nm can be described as a 
superposition of the 5d-4f luminescence of Pr3+ ions and the core- 
valence luminescence of the host material. An intense, long-persisting 
persistent luminescence (lasting more than 1 h) was observed in the 
RbCaF3:1 %Pr3+ sample after irradiation with an X-ray source for 15 
min. The persistent luminescence mechanism may be attributed to traps 
that capture electrons. The energy of electrons released from these traps 
is sufficient to excite the 5d-4f luminescence of Pr3+ ions. Increasing the 
X-ray exposure time to RbCaF3:1 %Pr3+ leads to enhanced persistent 
luminescence kinetics. Detailed investigations using synchrotron radi
ation revealed simultaneous intra-configurational 4f2→4f2 and inter- 
configurational 4f5d→4f2 radiative transitions upon excitation of the 

4f5d state in RbCaF3:Pr3+ crystallites. Due to its intense and, persistent 
luminescence following X-ray irradiation, RbCaF3:1 %Pr3+ could be a 
promising material for medical applications, such as phototherapy for 
cancer treatment.
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Table 3 
A comprehensive overview of persistent UVC phosphors.

Emission 
Centre

Maximum of Persistent 
Luminescence (nm)

Traps 
(eV)

Reference

RbCaF3 Pr3+ 252, 276 0.5–2.0 This work
Sr2MgSi2O7 Pr3+ 243 0.68–0.95 [41]
YPO4 Bi3+ 240 0.44–0.97 [19]
Li2CaGeO4 Pr3+ 252 0.77–1.06 [21]
Cs2NaYF6 Pr3+ 250 0.69–1.02 [20]

Fig. 8. Schematic representation of the persistent luminescence mechanism in 
the RbCaF3:Pr3+.
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