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We report the gamma (γ)-ray radiation resistance of praseodymium (Pr3+)-doped aluminum lithium fluorophosphate scintillator glasses. For its
assessment as a scintillator material for laser fusion experiments, a 20Al(PO3)3-80LiF-PrF3 (Pr3+-doped APLF) glass was irradiated with γ-rays
from a cobalt-60 (60Co) source resulting in an absorbed dose of 5.2 kGy. Although γ-ray-irradiation results in increased absorption due to
phosphorus-oxygen hole centers (POHCs) and PO3

2− electron centers (PO3 ECs), these radiation-induced defects do not modify the glass
emission as both non-irradiated and γ-ray-irradiated glasses exhibit similar emission spectra and decay times under optical and X-ray excitation.
The emission peaks observed also correspond to the different interconfigurational 4f5d → 4f2 and intraconfigurational 4f2 transitions of Pr3+ ions
which are neither oxidized nor reduced by irradiation. Our results show that Pr3+-doped APLF glass still maintains its characteristic fast decay time
and that γ-ray irradiation does not affect the glass scintillation mechanisms. © 2022 The Japan Society of Applied Physics

1. Introduction

In inertial confinement fusion (ICF) research, neutron diag-
nostic techniques are very effective tools in examining fusion
plasma dynamics. For the neutrons generated by the fusion
reaction, the detection relies heavily on scintillator materials
that contain neutron-sensitive elements such as lithium (6Li),
boron (10B), and gadolinium (155Gd, 157Gd).1) Specifically,
6Li scintillators are ideal for the measurement of 270 keV
down-scattered neutrons to estimate the plasma areal density
or measure the core shape asymmetry due to the large cross-
section of 6Li with the low-energy fast neutrons.2–5)

However, while obtaining high 6Li content, the scintillator
material should also have good formation and chemical
stability along with a high optical band gap or absorption
edge. These requirements can be met by glasses that can be
fabricated rapidly and economically into a variety of shapes,
sizes, and chemical compositions.
Among the potential glass scintillator materials, the

aluminum lithium fluorophosphate glass, 20Al(PO3)3-80LiF
(APLF) has been demonstrated to detect low-energy neutron
signals when used as an array coupled to multi-anode
photomultiplier tubes (PMTs).6) APLF has a lithium content
of 31.6 mmol cm−3 comparable to that of the neutron
scintillator, KG2 (36.0 mmol cm−3) which has the highest
6Li content of any commercially available Li glass
scintillator.7) When doped with praseodymium (Pr3+) ions,
APLF is transparent to the interconfigurational 4f5d→ 4f2

emission of Pr3+ and exhibits sufficient scintillation yield of
310 photons with fast decay times of less than 6.0 ns under
neutron excitation.8,9) These decay times are around 16 times

faster than those of commercial cerium (Ce3+)-doped lithium
silicate glasses—GS20 and KG2—which range from 93 to
98 ns under the same excitation.10) Since the time-of-flight
(TOF) method is typically performed for particle discrimina-
tion, especially in ICF research, the high 6Li content and the
fast decay time are key quality criteria to enable the
discrimination of the low-energy down-scattered neutrons
from X-rays and primary neutrons generated by the fusion
reaction.
Although APLF glass is considered a promising neutron

scintillator material, little is known regarding the effects of
radiation on the glass’ structural, optical, and scintillating
properties. Identifying the radiation effects is necessary
because scintillators must also exhibit resistance in the
presence of high-energy radiation.11) Several reports have
already studied the effects of proton, X-ray, and gamma (γ)-
ray irradiation on rare Earth ion-activated scintillator materials.
For those doped with Pr3+ ions, however, most investigations
focus on aluminum lutetium garnet (Lu3Al5O12, LuAG)
crystals grown by Czochralski12–14) and Bridgman
methods,11) LuAG ceramics prepared by solid-state
reaction,15) aluminum yttrium garnet (Y3Al5O12, YAG) crys-
tals also grown by Czochralski method,14) or silica glasses
fabricated by sol–gel technique.16) Compared to crystals,
glasses have more complex structures and may be prone to
radiation leading to changes in chemical bonds and optical
activator environment as well as defects leading to potentially
induced optical absorption and emission decay time modifica-
tion, among others. Therefore, it is vital to examine the effects
of high-energy radiation for the scintillator application of
APLF glasses inside future fusion reactors.
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In this regard, we investigate the effects of γ-ray irradiation
on Pr3+-doped APLF glasses. Pr3+ is a very interesting
optical activator as it exhibits multiple energy levels and a
rich line emission spectrum that are strongly affected by the
host matrix.17–19) For instance, we have previously shown
that Pr3+-doped APLF glasses exhibit absorption and emis-
sion peaks which correspond to the various interconfigura-
tional 4f5d→ 4f2 and intraconfigurational 4f2 transitions of
Pr3+ ions usually located within different environments of the
glass matrix.20) Moreover, as high-energy photons, γ-rays
can modify the population of electronic levels of existing
defects or impurities, create new defects from knock-on
collisions or radiolysis, and change the valence states of
optical activators due to carrier capture.15) A Pr3+-doped
glass is then irradiated with γ-rays with an absorbed dose of
5.2 kGy which is a modest value for the initial screening of
fusion reactor components21,22) but is relatively higher than
or in the same range as those used in earlier investigations
(100–103 Gy) on Pr3+-doped scintillators.11,13,14,23)

Compared to other studies, Fourier transform infrared
(FTIR) and X-ray absorption spectroscopies are also imple-
mented since typical X-ray diffraction measurements cannot
be performed on the amorphous glasses to evaluate their
structure after irradiation. This work aims to compare the
properties of the non-irradiated and γ-ray irradiated
Pr3+-doped APLF glasses, determine the effects of γ-ray
irradiation on the glass properties, and obtain insights into the
robustness of the fluorophosphate glass for future laser fusion
experiments.

2. Experiment

2.1. Glass fabrication and irradiation
The Pr3+-doped APLF glasses with nominal chemical
compositions of 20Al(PO3)3-80LiF-PrF3 were prepared by
the melt-quenching method described previously in
Refs. 7,9,19,23–26. High-purity powders of aluminum me-
taphosphate [Al(PO3)3, 99.99%], lithium fluoride (LiF,
99.99%), 95 at % 6Li-enriched LiF (99.6%), and praseody-
mium fluoride (PrF3, 99.99%) were used as the raw materials.
Mixed batches of each powder were melted in a glassy
carbon (C) crucible with lid at 1000 °C for 30 min in nitrogen
(N2) atmosphere. The glass melts were then quenched at
400 °C and were annealed near the glass transition tempera-
ture of 340 °C. After being cooled to room temperature, the
Pr3+-doped APLF glasses were cut into 10.7 mm×
10.7 mm× 1.8 mm pieces and were polished on both sides
to an optical finish. γ-ray irradiation was subsequently
performed at the Rabbit11 facility of the Osaka University
Institute of Scientific and Industrial Research (SANKEN).27)

The glasses were irradiated with γ-rays carrying 1.17 and
1.33MeV energies from Rabbit11’s cobalt-60 (60Co) source
which has a radioactivity of 21× 1012 Bq. The estimated
dose rate and total absorbed dose on the glass are 1.36 kGy
h−1 and 5.2 kGy, respectively.
2.2. Glass characterization
Different spectroscopy techniques were conducted at room
temperature to examine the non-irradiated and γ-ray-irra-
diated Pr3+-doped APLF glasses. For the structural proper-
ties, the FTIR spectra were first measured using a JASCO FT/
IR 6100 spectrophotometer with a single-reflection JASCO
ATR-PRO410-S attenuated total reflection (ATR) accessory

and diamond prism. Afterward, the X-ray absorption near
edge structure (XANES) spectra for the Pr LIII edge were
obtained in fluorescence yield mode at the BL-9A beamline
of Photon Factory, High Energy Accelerator Research
Organization (KEK), Tsukuba, Japan.28) The I0 slit for the
incident X-ray beam is 1.0 mm× 1.0 mm, and the full width
at half maximum of the beam is about 500 μm× 300 μm.
The energy was calibrated using the chromium (Cr) metal
spectrum. Using a water-cooled Si (111) double-crystal
monochromator, the photon energy which was calibrated
using the chromium (Cr) metal spectrum was scanned from
5460 to 6460 eV, and the signals were recorded by a Lytle
detector29) with a vanadium (V) filter to reduce elastic
scattering. All the experimental XANES data were analyzed
using the Athena software.30) For the optical properties, the
absorption spectra from the UV to the NIR region were
measured using a double-beam Hitachi U-4100 spectro-
photometer. In addition, the emission spectra were obtained
at the BL7B beamline of the Institute for Molecular Science
Ultraviolet Synchrotron Orbital Radiation (UVSOR III)
facility.31) The glass sample was placed inside a vacuum
chamber maintained at 10−6 Pa and was excited by wave-
lengths chosen using the beamline’s 3 m normal incidence
monochromator that has a dynamic range from 50 (VUV) to
1000 nm (IR). The glass emission was then fiber-fed to an
Acton SpectraPro-300i spectrometer coupled to a liquid
N2-cooled PyLoN 400BR_eXcelon charge-coupled device
(CCD) camera. Emission decay measurements were also
implemented under the fourth harmonics (4ω, 217 nm) of a
Spectra-Physics Ti:sapphire laser system operating with 100
fs pulse duration and 1 kHz repetition rate. The glass
emission was focused on the entrance slit of a CHROMEX
250 is imaging spectrograph coupled to a Hamamatsu
C4742-95 streak camera and a Hamamatsu C1587 CCD
camera. Lastly, for the scintillating properties, the emission
spectra were recorded under X-ray excitation from an Inel
XRG 3000 X-ray source with a tungsten (W) anode set at
35 kV. The glass emission was detected using an Andor
Shamrock SR500 imaging spectrometer coupled to an Andor
Solis CCD-12570 camera. Emission decay measurements
under X-ray excitation were likewise carried out using an X-
ray tube set at 30 kV which was excited using a Horiba DD-
405L light pulser set at 500 kHz. To select only the Pr3+

emission, a Thorlabs FGUV5M filter with a bandpass region
of 240–395 nm and a maximum transmission of 87% was
used.

3. Results

3.1. Structural properties
Figure 1 shows the photographs of the non-irradiated and
γ-ray-irradiated Pr3+-doped APLF glasses. The non-irra-
diated glass appears emerald green and transparent similar
to other Pr3+-doped glasses and crystals. In contrast, the γ-
ray-irradiated glass is darker than its non-irradiated counter-
part and appears slightly orange to brown.
Figure 2 shows the FTIR transmission spectra of the non-

irradiated and γ-ray-irradiated Pr3+-doped APLF glasses. Since
the APLF glass is a system composed of Al(PO3)3 with a
considerable amount of LiF and some PrF3, multiple compo-
nents such as the P2(O,F)7, P(O,F)4, (AlF4)

−, and (AlF6)
3−

groups32) contribute to the vibrational spectra alongside the
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typical (PO3)
2− and (PO2)

− groups.33) The 564 and 668 cm−1

bands can be ascribed to the (AlF4)
− and (AlF6)

3− units as
they appear in glass structures with relatively high metal
fluoride components.32) In addition, the bands located around
773 and 914 cm−1 correspond to the symmetric and asymmetric
stretching of the P–O–P bridging oxygen chains,
respectively. The P–O–P stretching vibrations are similarly
observed in other fluorophosphate and phosphate glasses
such as 2ZnO·P2O5-2Na2O·P2O5,

33) MnF2-NaPO3-ZnF2,
34)

49.5P2O5-10AlF3-10BaF2-10SrF2-10PbO-10Li2O-0.5Pr6O11,
35)

57.5Li2O-5B2O3-37.5P2O5-CeO2,
36) and SnF2-SnO-P2O5.

37)

For APLF glass, in particular, the P–O–P stretching comes
from the metaphosphate group and the pyrophosphate group,
P2(O,F)7 that is present when the metaphosphate chains are
shortened and when some oxygen atoms are replaced by
fluorine atoms.32) The band located around 1009 cm−1 is
likewise associated with the symmetric stretching of the

(PO3)
2− terminal group, while the 1106 cm−1 band is

associated with the asymmetric stretching of the (PO3)
2−

terminal group and the vibrations of some P(O,F)4 groups
that appear when the glass system has relatively low
Al(PO3)3 content.32) On the other hand, the 1181 cm−1

band is attributed to the O–P–O stretching of the P2(O,F)7
group along with the symmetric stretching of the (PO2)

−

terminal group, while the 1244 cm−1 band is attributed to
the asymmetric stretching of the (PO2)

− terminal group.
Although the γ-ray-irradiated glass has slightly decreased
transmittances (higher absorption) from 900 to 1250 cm−1,
this slight decrease is insignificant and does not indicate
anything about the abovementioned bond groups. Hence,
the non-irradiated and γ-ray-irradiated glasses exhibit
similar IR absorption bands from 400 to 1400 cm−1. This
result suggests that γ-ray irradiation does not alter the
structure of Pr3+-doped APLF glass.

Fig. 1. (Color online) Photographs of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses.

Fig. 2. (Color online) FTIR transmission spectra of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses.
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Figure 3 shows the XANES spectra of the non-irradiated
and γ-ray-irradiated Pr3+-doped APLF glasses for the Pr LIII
edge. The spectra of PrF3, Pr2O3, and Pr6O11 standards are
also plotted for reference. Both glasses exhibit identical
spectral line shapes before and after the 5965 eV edge as
well as the same white line intensities. The XANES spectra
of the Pr3+-doped APLF glasses also match those of the PrF3
and Pr2O3 standards. These results suggest that the Pr ions
exist in the APLF glasses with an environment similar to PrF3
and Pr2O3 and an oxidation or valence state of +3. In
addition, the non-irradiated and γ-ray-irradiated glasses do
not exhibit any pre-edge peaks which can be attributed to any
asymmetry or disorder of the atoms around the Pr3+ ions.
These results reveal that γ-ray irradiation does not oxidize
nor reduce Pr3+ ions and does not distort their arrangement in
the APLF glass matrix.
3.2. Optical properties
Figure 4 shows the absorption spectra of the non-irradiated
and γ-ray-irradiated Pr3+-doped APLF glasses. Both glasses
exhibit similar absorption edges and peaks from the UV to
the visible region. The non-irradiated and γ-ray-irradiated
glasses have absorption edges around 228 nm (5.44 eV,
43860 cm−1) which correspond to the interconfigurational
transition from the 3H4 level of the 4f2 ground state
configuration to the lowest level of the 4f5d excited state
configuration of Pr3+ ions. The γ-ray-irradiated glass also
exhibits absorption peaks identical to those of the non-
irradiated glass, namely: 443 nm (2.80 eV, 22573 cm−1),
468 nm (2.65 eV, 21368 cm−1), 481 nm (2.58 eV,
20790 cm−1), and 590 nm (2.10 eV, 16949 cm−1) that corre-
spond to the intraconfigurational 4f2 transitions of Pr3+ ions
from the 3H4 ground level to the higher 3P2,

3P1+
1I6,

3P0,
and 1D2 levels, respectively. Shifting of the absorption edges
and peaks is not observed between the non-irradiated and
γ-ray-irradiated glasses. The only difference between both
glasses is the gradual increase in absorption of the γ-ray
irradiated glass from the visible (700 nm) to the UV (200 nm)

region, which is likely related to a new absorption band and
to its discoloration [Fig. 1(b)].
To further understand the increased absorption, Fig. 5

shows the differential absorption spectrum of the non-
irradiated and γ-ray-irradiated Pr3+-doped APLF glasses.
The differential absorption or the radiation-induced absorp-
tion coefficient is calculated in the same manner as the
procedure reported in Ref. 13. The resulting spectrum is then
transformed into photon energy scale to allow a more
convenient deconvolution into separate Gaussian compo-
nents. Two Gaussian bands centered around 2.93 eV
(423 nm, 23632 cm−1) and 5.98 eV (207 nm, 48232 cm−1)
can be fitted to the radiation-induced spectrum. These 2.93
and 5.98 eV bands can be attributed to the radiation-induced
defects or color centers, probably correlated to phosphorus-
oxygen hole centers (POHCs) and phosphorus-related PO3

2−

(phosphoryl) electron centers (PO3 ECs), respectively.
Indeed, the visible-absorbing POHCs are single holes trapped
on one or two non-bridging oxygen atoms bonded to the
same phosphorus atom, while the UV-absorbing PO3 ECs are
single electrons trapped on three oxygen atoms bonded to one
phosphorus atom.38,39) These defects have also been ob-
served from other phosphate glasses that were irradiated with
γ-rays and X-rays and had similar increased absorption.38–42)

These results suggest that γ-ray irradiation induced some
POHCs and PO3 ECs acting as color centers in Pr3+-doped
APLF glass.
Figure 6 shows the emission spectra of the non-irradiated

and γ-ray-irradiated Pr3+-doped APLF glasses under 190,
200, and 220 nm synchrotron excitation. These excitation
wavelengths have energies beyond the observed 228 nm
absorption edge of the glasses (Fig. 4). Regardless of the
excitation wavelength, both glasses exhibit overlapping
emission spectra with similar line shapes and peak positions.
In our previous work, we have reported that Pr3+ ions
in APLF glass have a 4f5d excited state configuration
(⩾ 5.39 eV, 43473 cm−1) which overlaps with the 1S0 level

Fig. 3. (Color online) XANES spectra for the Pr LIII edge of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses.
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(∼5.70 eV, 45974 cm−1) of the 4f2 ground state
configuration.20) Hence, the 190 nm (6.53 eV, 52632 cm−1)
and 200 nm (6.20 eV, 50 000 cm−1) excitation can excite
both the 4f5d and 1S0 levels, and the emission peaks and
shoulders of the non-irradiated and γ-ray-irradiated glasses
can be assigned to the interconfigurational 4f5d→ 4f2 and
intraconfigurational 4f2 transitions of Pr3+ ions. In particular,
the peaks located around 234 nm (5.30 eV, 42735 cm−1) and
267 nm (4.64 eV, 37453 cm−1) correspond to the interconfi-
gurational transitions from the 4f5d configuration to the

lower 3H5 and 3H6 energy levels of the 4f2 configuration,
respectively. On the other hand, the peak around 257 nm
(4.82 eV, 38911 cm−1) corresponds to the intraconfigura-
tional transition from the higher 1S0 level to the lower 3F4
level of the 4f2 configuration. In contrast, the 220 nm
(5.64 eV, 45 455 cm−1) excitation can only excite the 4f5d
levels below the 1S0 level. Therefore, the two interconfigura-
tional 4f5d→ 4f2(3H5) and 4f5d→ 4f2(3H6) transitions are
only observed with slightly shifted positions of 236 nm
(5.25 eV, 42373 cm−1) and 263 nm (4.71 eV, 38 023 cm−1),

Fig. 4. (Color online) Absorption spectra of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses (thickness, d ≈ 1.8 mm).

Fig. 5. (Color online) γ-ray radiation-induced absorption on Pr3+-doped APLF glass.
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respectively. Since the difference in the peak intensities is
also insignificant, the results indicate that γ-ray irradiation
does not affect the UV emission of Pr3+-doped APLF glass
as the non-irradiated and γ-ray-irradiated glasses exhibit the
same spectral properties regardless of the excitation wave-
length.
Figure 7 shows the 267 nm emission decay profiles of the

non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses
under 217 nm Ti:sapphire laser excitation. The 267 nm
(4.46 eV, 37453 cm−1) emission corresponds to the inter-
configurational 4f5d→ 4f2(3H6) transition of Pr3+ ions.

Similar to the emission spectra (Fig. 6), both glasses exhibit
overlapping profiles and the same characteristic exponential
decay. By fitting a single exponential function on each
profile, the non-irradiated and γ-ray-irradiated glasses are
determined to have decay times of 18.5 and 18.1 ns,
respectively. The difference in these decay times is within
the 1.0 ns temporal resolution of the experimental setup.
These results reveal that γ-ray irradiation does not modify the
UV emission of Pr3+-doped APLF glass and confirm that the
Pr3+ local environment is the same between the non-
irradiated and γ-ray-irradiated glasses.

Fig. 6. (Color online) UV emission spectra of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses under (a) 190, (b) 200, and (c) 220 nm
synchrotron excitation.

Fig. 7. (Color online) UV emission decay of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses under 217 nm Ti:sapphire laser excitation.
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3.3. Scintillating properties
Figure 8 shows the emission spectra of the non-irradiated and
γ-ray-irradiated Pr3+-doped APLF glasses under X-ray
excitation. Both glasses exhibit similar emission spectra
from the UV to the visible region. In the UV region, the
non-irradiated and γ-ray-irradiated glasses have broad and
intense emissions with a peak around 267 nm (4.64 eV,
37453 cm−1) and a shoulder around 238 nm (5.21 eV,
42 017 cm−1). Similar to the emission spectra under different
synchrotron excitation wavelengths (Fig. 6), these 238 and
267 nm emissions correspond to the interconfigurational
transitions of Pr3+ ions from the 4f5d configuration to the
lower 3H5 and 3H6 energy levels of the 4f2 configuration,
respectively. A less intense UV emission peak around
360 nm (3.44 eV, 27 778 cm−1) which corresponds to the
interconfigurational 4f5d → 4f2(1D2) transition can also be
observed. In addition, the Pr3+-doped APLF glasses exhibit
six emission peaks located around 340 nm (3.65 eV,
29 412 cm−1), 412 nm (3.01 eV, 24 272 cm−1), 431 nm
(2.88 eV, 23 202 cm−1), 463 nm (2.68 eV, 21 598 cm−1),
487 nm (2.55 eV, 20 534 cm−1), and 530 nm (2.34 eV,
18 868 cm−1) that correspond to the intraconfigurational
1S0→

1D2,
1S0→

1I6,
3P2→

3H4,
1I6→

3H4+
3P1→

3H4,
3P0→

3H4, and 3P0→
3H5 transitions, respectively.

Although the γ-ray-irradiated glass seems to have higher
UV emission intensities compared to its non-irradiated
counterpart, no significant differences in the emission in-
tensities along with the peak positions and linewidths are
observed between the non-irradiated and γ-ray-irradiated
glasses. The relative intensities of both glasses are similar
because the low-energy X-rays (30 keV) have a penetration
depth in the order of 1.0 mm and the 2.93 and 5.98 eV
absorption bands do not play a major role in the scintillation
process (only a few cm−1, Fig. 5). These results demonstrate
that the γ-ray radiation-induced defects do not affect the
energy transfer from the electron–hole pairs generated by the
X-ray interaction to the Pr3+ ions in APLF glass.

Figure 9 shows the emission decay profiles of the non-
irradiated and γ-ray-irradiated Pr3+-doped APLF glasses
under X-ray excitation. Since these decay profiles are
measured using a filter with a bandpass region of 240–
395 nm, the profiles are dominated by the glasses’ intense
Pr3+ 4f5d→ 4f2(3H6) emissions around 267 nm (Fig. 8).
Both glasses exhibit very similar decay curves that can be
fitted to an exponential function of the form:

I t A
t

A
t

A
t

exp exp exp , 11
1

2
2

3
3t t t

=
-

+
-

+
-( ) ( )

where I is the intensity, t is time, A ,1 A ,2 and A3 are the
numerical amplitudes, and ,1t ,2t and 3t are the decay
constants. Aside from the overlapping decay curves, the
non-irradiated and γ-ray-irradiated glasses exhibit similar
decay constants (normalized amplitudes) of 1t = 0.64 ns
(A1 = 0.87), 2t = 9.0 ns (A2 = 0.13), and 3t = 167 ns (A3 =
0.07). The 0.64 ns decay can be associated with the instru-
mental response, while the 167 ns decay can be considered a
very weak afterglow. On the other hand, the 9.0 ns decay
constants of the Pr3+-doped APLF glasses are faster than the
ones obtained from similar glasses (∼19.6 ns) under optical
excitation.7,8) Under X-ray excitation, the APLF glass
UV emission decay constants are also faster compared
to other Pr3+-doped glasses and crystals such as
20La2O3−30Al2O3-50B2O3 (LAB, 15 ns),43) CaSiO3

(20 ns),44) Gd2Si2O7 (GPS, 18–29 ns),45) La2Si2O7 (LaPS,
25–27 ns),46) and SrLu2O4 (14 ns).47) It should be noted
further that no additional slow component is observed on the
γ-ray-irradiated glass as compared to its non-irradiated
counterpart, i.e. both glasses have the same background
which would increase in the presence of an additional slow
component due to the X-ray excitation repetition rate. This
result suggests that the radiation-induced defects do not play
a role in the energy transfer during the fast scintillation of
Pr3+-doped APLF glasses.

Fig. 8. (Color online) Emission spectra of non-irradiated and γ-ray-irradiated Pr3+-doped APLF glasses under X-ray excitation.
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4. Discussion

A γ-ray is a form of high-energy radiation that is known to
affect the chemical, electronic, structural, and optical proper-
ties of materials. γ-ray radiation can convert pre-existing
defects to color centers and can ionize or displace atoms
generating electron and hole centers.48) For instance, in
Pr3+-doped LuAG crystal, γ-ray irradiation leads to increased
optical absorption with the appearance of bands peaking
around 375 and 600 nm due to residual ytterbium (Yb).11)

Similarly, in Pr3+-doped APLF glass, the irradiation results
in discoloration (Fig. 1) and higher absorption (Fig. 4) due to
the 2.93 eV (423 nm) and 5.98 eV (207 nm) bands (Fig. 5)
attributed to radiation-induced POHCs and PO3 ECs, respec-
tively. However, the POHCs and PO3 ECs cannot be
associated with the glass structure since the non-irradiated
and γ-ray-irradiated glasses exhibit similar IR transmittances
(Fig. 2) and identical XANES spectra (Fig. 3). The structural
properties of the Pr3+-doped APLF glass are not significantly
altered by γ-rays as the irradiation does not seem to break any
bonds in the fluorophosphate glass as well as change the
valence states and local environment of the Pr3+ ions.
Moreover, the POHCs and PO3 ECs do not modify the glass
optical emissions that correspond to the interconfigurational
4f5d→ 4f2 and intraconfigurational 4f2 transitions of Pr3+

ions. Although the induced absorption overlaps with the
emission spectrum, significant intensity losses due to reab-
sorption have not been observed even under different
excitation sources. As shown in Figs. 6 to 9, the emission
spectra and decay times of the Pr3+-doped APLF glass are
not affected by γ-ray irradiation which is very important for
scintillator application. Hence, the presence of POHCs and
PO3 ECs cannot be regarded as radiation damage because the
absorption due to these color centers does not affect the
scintillation mechanism of the fluorophosphate glass.
Furthermore, other phosphate glasses have been reported to

recover from radiation-induced defects through thermal
annealing and/or bleaching.48) Additional investigations are
then needed to elucidate the nature of the POHCs and PO3

ECs, analyze the trapping of charge carriers, and examine the
potential recovery of the fluorophosphate glasses. Taking
everything into account, despite the presence of radiation-
induced defects, the Pr3+-doped APLF glasses can still be
considered resistant to γ -ray radiation with robust emission
properties suitable for scintillator application.

5. Conclusions

We have investigated the effects of γ-ray irradiation on
Pr3+-doped APLF glasses. By comparing the non-irradiated
and irradiated glasses, it is confirmed that 5.2 kGy γ-ray
irradiation does not alter the Pr3+ ion valence state and local
environment. The γ-ray irradiation has only induced visible-
absorbing POHCs and UV-absorbing PO3 ECs that result in
discoloration and increased absorption but do not affect the
glass optical emissions, especially those that correspond to
the interconfigurational 4f5d→ 4f2 transitions of Pr3+ ions in
the UV region. Both non-irradiated and γ-ray irradiated
glasses have similar emission peaks and intensities regardless
of the excitation source. More importantly, the fast decay
time of the fluorophosphate glass, i.e.< 20 ns under optical
excitation and 9.0 ns under X-ray excitation, is not modified
after irradiation. Therefore, γ-ray irradiation does not affect
the crucial timing properties although it would probably
affect the overall efficacy due to the transparency losses in
real conditions. Nevertheless, as a potential scintillator
material, Pr3+-doped APLF glass is shown to have resistance
to γ-rays and is acceptable for future laser fusion experi-
ments.
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