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A B S T R A C T

The successful application of fluorides in dosimetry and optics has encouraged study of the optical properties of 
doped cryolite and cryolite-structure materials. However, natural cryolite (Na3AlF6) has never been described in 
terms of its defect structure, crucial for optical applications. To address this knowledge gap, we irradiate cryolite 
with 238U ions and use excitation lifetime photoluminescence to constrain the defect structures formed. Un
treated, high-energy ion and UV-irradiated samples are compared in terms of their emission spectra and lumi
nescence lifetimes. Particle irradiation introduces an orange colour to originally black, purple and white cryolite. 
Untreated cryolite shows blue emissions at ~2.86 and ~2.60 eV (435 and 475 nm) and a green emission at 2.27 
eV (545 nm). After uranium ion irradiation, the green luminescence intensity is enhanced compared to blue 
emissions. Subsequent ultraviolet irradiation causes ~57 % reduction in the dark blue emission intensity and 
40–70 % increase in green. All luminescence lifetimes are prolonged by particle irradiation, but stay in the 
nanosecond range. We infer that a vacancy-related defect is produced by particle and UV irradiation and 
responsible for the green luminescence. Another defect, presumably electronic, is removed by particle irradiation 
and UV. The ~2.27 eV green luminescence centre is interpreted as an F-centre localised on a fluorine vacancy. 
The blue luminescence centres are interpreted as electron-hole pairs, localised at the AlF6 octahedron normal 
lattice sites for ~2.86 eV and octahedral defect sites for ~2.60 eV. The experiment provides insight into natural 
defect formation processes in cryolite from the Ivittuut deposit in Southern Greenland.

1. Introduction

Several industrial applications, including dosimetry and optics, are 
strongly dependent on the defect structures of solids. Hence a significant 
body of literature has been directed to their characterisation. In recent 
years, industry-focused research has targeted complex halides with the 
cryolite (Na3AlF6) structure (e.g. Guo et al., 2022; Sakaguchi et al., 
2023; Shuai et al., 2024). Their advantages as display materials are e.g. 
low-cost and high colour purity (Guo et al., 2022), while in dosimetry 
their effective atomic number is similar to human soft tissue (Sakaguchi 
et al., 2023). At present, only fluorite (CaF2) has been characterised with 
sufficient detail to act as a reference for other fluorides, including alu
minofluorides. Directly understanding the defect structure of cryolite 
would greatly enhance the further development of these materials.

Halides, and especially alkali halides, are stable, highly ionic solids 
with a large (6–8 eV) band gap, broadly applicable in optics. Among 

complex halides, the aluminofluorides are commonly described. The 
basic aluminofluoride is cryolite (Hawthorne and Herwig, 2021) and 
many other functional materials are based on its structure (e.g. K3YF6 - 
Shuai et al., 2020; Cs3CeI6 - Guo et al., 2022; (NH4)3FeF6 - Sun et al., 
2013). The cryolite structure is a double perovskite structure. It contains 
isolated AlF6 octahedra, linked to two crystallographically different Na 
atoms, one occupying a regular octahedron (sixfold coordinated) and 
the other a distorted cubic antiprism (eightfold coordinated). The 
structure is monoclinic at room temperature, but due to small distortion 
from 90◦ it appears pseudocubic (Hawthorne and Ferguson, 1975). 
Low-temperature cryolite that has been through the cubic-monoclinic 
transition is characterised by polysynthetic twinning. Aluminium sub
stitutions for Na (AlNa) are reported (Foy and Madden, 2006) and other 
defect structures are expected. Jansen et al. (2023) determined the band 
gap for cryolite as ~7 eV whereas for the related mineral chiolite 
(Na5Al3F14), it was found to be 5.94 eV (Wang et al., 2022).
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Particle irradiation induces new defect structures in solids, which 
can then be correlated with spectroscopic properties. Such experiments 
have been successfully used to understand defect structures in simple 
halides (e.g. Aguilar et al., 1979; Bangert et al., 1982; Abu-Hassen and 
Townsend, 1986; Trautmann et al., 1999). In this study, we apply ura
nium ion and then UV irradiation to modify the defect structure of 
cryolite. Swift heavy ions (SHI) are used to create substantial pop
ulations of defects, while low-energy UV irradiation is used to explore 
metastable defects, transient in geological time scale. This experimental 
setup is designed to address two major questions. First, what are the 
changes in cryolite after particle irradiation, recorded by photo
luminescence? Second, how does subsequent exposure to UV change the 
photoluminescence? Finally, we compare these experimental results to 
the natural radiation effect on cryolite in the Ivittuut deposit in Southern 
Greenland, the primary location where cryolite was mined in the 19th 
and 20th centuries.

2. Materials and methods

In this study, natural cryolite from Ivittuut (previously spelled Ivig
tût), SW Greenland, is used. To represent best the natural material, we 
analyse the most abundant, white variety alongside the less common 
purple and black cryolite variants. Two other aluminofluoride minerals 
from Ivittuut, cryolithionite (Na3Al2(LiF4)3) and chiolite (Na5Al3F14), 
are also analysed and serve as references. All samples are cut as ~1 cm2 

irregular chips 0.5 cm thick. The original material is stored at the Nat
ural History Museum in Oslo, Norway. Information on the investigated 
samples is summarized in Table 1.

Samples are irradiated at the UNILAC accelerator of the GSI Helm
holtz Centre in Darmstadt (Germany) using 238U ions of 1.14 GeV kinetic 
energy. According to the SRIM-2008 code (Ziegler et al., 2008), the 
depth of implantation of the U ions in cryolite is 43.9 μm. Electronic 
stopping dominates over nuclear stopping (99.82 % and 0.18 %, 
respectively). The ion flux is limited to approximately 1.5 × 108 

ions/cm2 s to avoid significant macroscopic heating of the samples. The 
maximum fluence applied is 1012 ions/cm2 (estimated uncertainty ~10 
%) corresponding to a total deposited energy of 1.54 × 107 Gy in the 
samples. Assuming a 5 nm track radius, at the applied fluence ~54 % of 
the exposed sample area is directly affected by ion tracks. The ion beam 
is defocussed to expose homogeneously the whole target area. During 
irradiation, the samples are covered with a hexagonal mesh (obscuring 
~10 % of the surface) to enable a direct comparison of pristine (covered) 
and irradiated (exposed) materials.

Untreated and irradiated samples are examined by lifetime photo
luminescence. A LifeSpec II ns-lifetime photoluminescence spectrometer 
(Edinburgh Instruments, housed at the University of St Andrews, UK) is 
used, with an EPL-375 ps pulsed diode laser (371 nm = 3.34 eV, 5 mW, 
pulse width 55 ps) used for sample excitation and a Hamamatsu Pho
tosensor detector. A band-pass filter is placed behind the UV excitation 
source to prevent visible light contamination of the sample chamber. 
Similarly, a 405 nm long-pass filter is placed at the outlet of sample 
chamber to prevent the excitation UV radiation from reaching the de
tector. Data are acquired using time-correlated single photon counting. 

Calibration of the spectrometer using a Hg lamp shows the accuracy of 
the wavelengths to be within 2 nm at the slit size used. The laser spot size 
is ~2 mm in diameter, but the sample is presented to the beam at an 
obtuse angle and hence its footprint on the sample is ~4 mm in 
diameter.

Experiments at a variety of repetition times (100 ns–50 μs) show that 
a 100 ns period provides the best constraint on the lifetimes of the active 
components. The lifetime data show no evidence of elevated back
ground in the 410–650 nm range, which would point at lifetime com
ponents extending beyond the 100 ns repetition time. Two types of 
experiments, time-resolved emission scans (TRES) and wavelength 
(emission) scans, are conducted.

In a TRES scan, luminescence lifetime is first recorded for a single 
wavelength. The lifetime scans are obtained at 100 ns period (repetition 
time) for a combined integration time (dwell time) of 10 000 s. After 10 
000 s, the spectrometer moves to the next wavelength with 5 nm step 
and the process is repeated. It takes ~1 week to complete the lifetime 
measurements of all wavelengths. Excitation lifetimes are fitted in 
Origin (2023b).

Wavelength (emission) scans are collected with the same step (5 nm) 
and also analysed in 410–650 nm wavelength range, but the dwell time 
is typically 5 s and laser repetition time is 50 ns. Emission spectra are 
recalculated from wavelength to photon energy (following Townsend 
and Rowlands, 2000) to enable deconvolution of the emission bands 
using multiple peak Gaussian fit in Origin. The green luminescence band 
usually appears under the broad envelope, while on one spectrum 
(UV-irradiated purple cryolite) its position clearly stands out from the 
envelope. Based on this spectrum, the green luminescence is fixed at 
2.27 eV to increase the fit confidence.

The step-by-step measurement procedure is as follows: 

1. Wavelength scan of untreated samples (measurement time is ~5 
min). Results are recalculated from nanometres to electron volts and 
through deconvolution, wavelengths of particular luminescence 
centres are determined.

2. TRES scan of untreated samples. At the wavelengths of identified 
luminescence centres, decay plots are extracted. Decay times (life
times) are fitted in Origin.

3. Samples are irradiated by SHI ex-situ (outside the photo
luminescence spectrometer).

4. Wavelength scan of SHI irradiated samples.
5. TRES scan of SHI irradiated samples. During the scan, the UV laser 

irradiates the sample surface for 7 days and 7 h.
6. Wavelength scan of UV-exposed SHI-irradiated samples.

Note that UV exposure occurs in situ (inside the luminescence spec
trometer), while SHI irradiation happens ex situ (samples are removed 
from the spectrometer). The luminescence intensity is not directly 
comparable when a sample is removed from the instrument and then 
replaced.

3. Results

3.1. Colour change

After uranium ion irradiation, the honeycomb pattern of the mesh 
used to cover the samples becomes visible on all cryolite samples. The 
irradiated areas become orange-brownish while the protected areas 
keep their original colour (Fig. 1). Unlike cryolite, the irradiated cryo
lithionite and chiolite samples retain their original colour (Fig. 1). The 
irradiation indicates that a small orange area in the cryolithionite chip 
(Knr8422) is cryolite. Similarly, an area of HF-1p that remains uncol
oured during ion irradiation consists of another aluminofluoride 
mineral.

Table 1 
Sample list.

Sample Mineral Colour Treatment

HF-6 w cryolite white untreated
HF-5 w cryolite white U-irradiated
HF-3 p cryolite purple untreated
HF-1 p cryolite purple U-irradiated
HF-7 b cryolite black untreated & U-irradiated
Knr8422 cryolithionite white untreated & U-irradiated
Knr8436 chiolite white untreated & U-irradiated
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Fig. 1. Colouration effect induced by the irradiation with 1.14 GeV U ions. The honeycomb pattern results from a mesh placed in front of the samples to separate 
irradiated and non-irradiated areas.

Fig. 2. Emission spectra of white, purple and black cryolite; untreated (top row), irradiated with 1012 U-ions/cm2 (central row) and exposed to UV (bottom row). The 
wavelength (emission) scans data are converted into phonon energy (solid red line) and deconvoluted to reveal single emissions (dashed line). Note that SHI 
irradiation was done ex situ (the samples were removed from the spectrometer after scans a-c were obtained), while UV irradiation was done in situ (without moving 
the samples). Removing and re-mounting of a sample chip with irregular surface means that intensities are directly comparable between d-f and g-i but not between 
a-c and the other scans. Wavelength scan parameters: 3.34 eV excitation energy, 55 ps pulse width, 5 s dwell time, 50 ns laser repetition time, room temperature. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Ion irradiation influence on luminescence spectra

The emission spectra of cryolite are presented in Fig. 2 and details are 
given in Table 2. Cryolite has three luminescence bands: green at 2.27 
eV (fixed in our fitting), pale blue at ~2.60 and dark blue at ~2.86 
(typical 2σ precisions 0.02 and 0.01 eV, respectively). In untreated 
white and black cryolite, the dark blue luminescence has twice, and the 
pale blue almost three times the intensity of the green luminescence 
(Fig. 2a–c). In purple cryolite, the difference between green and blue 
luminescence intensity is eightfold (Fig. 2b).

The absolute luminescence intensities before and after SHI irradia
tion are not directly comparable (see Methods section for more details), 
but the relative intensities can be broadly compared. Upon ion irradia
tion, the relative intensities of the pale and dark blue luminescence 
bands are retained in coloured cryolites and slightly changed in white 
(Fig. 2d–f). In white cryolite, the green luminescence is also retained 
(Fig. 2d), while in coloured cryolites its relative intensity increases to 
approach (black cryolite) or overtake (purple cryolite) the dark blue 
luminescence (Fig. 2e and f).

3.3. UV exposure influence on luminescence spectra

Exposure to UV during the TRES scans further modifies the emission 
spectra of the SHI irradiated samples (Fig. 2g–i). The green lumines
cence further increases by 40, 48 and 71 % in white, purple and black 
cryolite, respectively. The pale blue luminescence intensity is constant 
in white cryolite and drops by 15 % in both purple and black cryolite. 
Significant changes are observed in dark blue luminescence, which de
creases in intensity by 46 % (purple cryolite) and ~60 % (white and 

black cryolite). Macroscopically, in all cryolite samples, the area illu
minated by the UV laser loses the orange colour from ion irradiation and 
turns white (Fig. 3).

3.4. Ion irradiation influence on luminescence lifetimes

Luminescence lifetimes are calculated from the TRES scans and 
hence represent samples (untreated and SHI irradiated) partially 

Table 2 
Deconvoluted spectra details. The spectra result from wavelength (emission) scans and fitting in Origin using Gaussian fit. Wavelength scan parameters: 3.34 eV 
excitation energy, 55 ps pulse width, 5 s dwell time, 50 ns laser repetition time, room temperature.

Colour Sample Impl. UV Lum. PP 2σ FWHM 2σ Height 2σ x2
red R2 Fig. 2.

White HF-6 w no no green 2.27 n.a. 0.36 0.03 6.01 0.98 0.246 0.995 a)
pale blue 2.60 0.01 0.41 0.05 17.04 0.48 ​ ​ ​
dark blue 2.87 0.00 0.16 0.02 12.62 1.91 ​ ​ ​

HF-5 w yes no green 2.27 n.a. 0.28 0.03 29.78 6.68 12.623 0.989 d)
pale blue 2.62 0.03 0.43 0.08 72.71 2.99 ​ ​ ​
dark blue 2.88 0.01 0.16 0.03 77.53 14.67 ​ ​ ​

HF-5 w yes yes green 2.27 n.a. 0.36 0.01 41.69 3.33 2.328 0.997 g)
pale blue 2.58 0.01 0.41 0.03 71.99 1.57 ​ ​ ​
dark blue 2.88 0.01 0.16 0.02 28.85 3.87 ​ ​ ​

Purple HF-3 p no no green 2.27 n.a. 0.24 0.09 2.07 0.90 0.472 0.993 b)
pale blue 2.64 0.03 0.40 0.06 16.75 0.70 ​ ​ ​
dark blue 2.87 0.01 0.17 0.02 17.71 3.33 ​ ​ ​

HF-1 p yes no green 2.27 0.01 0.26 0.02 13.46 1.40 0.159 0.994 e)
pale blue 2.61 0.02 0.36 0.11 10.60 0.35 ​ ​ ​
dark blue 2.87 0.01 0.17 0.02 10.03 2.34 ​ ​ ​

HF-1 p yes yes green 2.27 0.01 0.27 0.01 19.86 0.49 0.201 0.996 h)
pale blue 2.57 0.02 0.24 0.06 9.04 0.66 ​ ​ ​
dark blue 2.82 0.03 0.22 0.06 5.43 0.88 ​ ​ ​

Black HF-7 b no no green 2.27 n.a. 0.33 0.03 3.78 0.65 0.139 0.994 c)
pale blue 2.61 0.02 0.40 0.06 11.28 0.35 ​ ​ ​
dark blue 2.86 0.01 0.17 0.02 8.62 1.70 ​ ​ ​

HF-7 b yes no green 2.27 n.a. 0.30 0.02 3.10 0.28 0.025 0.993 f)
pale blue 2.61 0.02 0.40 0.06 4.42 0.14 ​ ​ ​
dark blue 2.87 0.01 0.17 0.02 3.46 0.59 ​ ​ ​

HF-7 b yes yes green 2.27 n.a. 0.32 0.01 5.29 0.19 0.011 0.998 i)
pale blue 2.56 0.01 0.36 0.03 3.74 0.11 ​ ​ ​
dark blue 2.86 0.01 0.17 0.03 1.35 0.20 ​ ​ ​

2σ – precision of the preceding value, 238U – irradiation with 1.14 GeV uranium ions, UV – exposure to ultraviolet (372 nm, typically 7 days), Lum. – luminescence, PP - 
peak position [eV], FWHM - full width at half maximum [eV], Height – peak intensity [% of the highest measured, not fitted, intensity], x2

red - reduced chi-square, R2 - 
coefficient of determination, n.a. – not applicable (fixed peak position).
Note that apart from the fit error (2σ), the instrumental error (2.5 nm) should be taken into account when comparing the data. The 2.5 nm error equals to 0.01 eV in the 
green and pale blue luminescence regions and 0.02 eV in the dark blue luminescence region.

Fig. 3. Purple cryolite sample irradiated with U ions before (left) and after 
(right) UV bleaching (3.34 eV, 7 days, room temperature). The arrows mark the 
beam spot of the UV laser.
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modified by UV exposure (Fig. 4, Table 3). Exponential decay models 
with one, two and three variables are tested, and three variables model 
best represents the data (i.e. optimising the F-value statistical param
eter) (Fig. 4c). Our fitting indicates lifetime components in all samples of 
~0.3 ns but we are cautious in interpreting these values since the laser 
has a small afterpulse typically 0.2–0.3 ns after the main pulse. We are 
therefore unconfident to attribute these very fast (<0.5 ns) decays to a 
genuine response of the sample. These very fast pulses are reported in 
Table 3 as τ0 but not interpreted.

The fit is optimised with a short (0.92–2.70 ns, τ1) and a longer 
(4.31–18.69 ns, τ2) lifetime component for all the samples (Table 3). 
Before irradiation, no major differences in luminescence lifetimes are 
observed between particular bands, as well as between cryolite varieties.

Ion irradiation causes all lifetimes to increase (Table 3). For green 
luminescence the lifetime component τ1 doubles and τ2 triples. Blue 
luminescence lifetimes show more increase in white cryolite 
(~120–160 %) and less in coloured cryolite (~20–100 %). The ~2.86 
eV luminescence lifetime is most dependent on the cryolite colour, 
increasing by ca. 20–40 % in black, 60 % in purple and 140–150 % in 
white cryolite.

4. Discussion

The experiment is designed to compare and contrast the response of 
cryolite to highly ionizing particle irradiation and lower energy UV 
exposure.

The data indicate that four major changes occur in cryolite on irra
diation with U ions: (1) the irradiated sample layer becomes orange. (2) 
The relative intensity of green luminescence at ~2.27 eV increases in 
coloured cryolite, but remains unaffected in white cryolite. (3) After the 
subsequent UV exposure, the intensity of the dark blue emission at 
~2.86 eV is halved, followed by minor decrease of the pale blue emis
sion at ~2.60 eV and 40–71 % increase of the green emission intensities. 
(4) All luminescence lifetimes increase after ion irradiation, but remain 
in nanosecond range. Altogether, these results suggest that green lumi
nescence centres (presumably vacancy-related defect) are introduced in 
significant amounts by SHI and UV irradiation. At the same time, blue 
luminescence centres (presumably electronic defects) are diminished 
under both SHI irradiation and UV exposure. These changes are further 
discussed in the following sections.

Fig. 4. Lifetime measurement procedure, exemplified on SHI-irradiated HF-5w. (a) A selected wavelength (in this case 545 nm = 2.27 eV), marked by the red line, is 
extracted from a TRES scan (this is done on raw data and only demonstrated on the plot for clarity). (b) Decay plot at 545 nm with linear scale on y axis. The red line 
represents exponential decay function fitted to 3 components. (c) Decay plot at 545 nm with logarithmic scale on y axis. This plot demonstrates how exponential 
decays fitted to one or two components (dashed red lines) are insufficient to represent the data, while fitting to three components (solid red line) represents them 
more significantly. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 3 
Luminescence excitation lifetimes, extracted from TRES scans and fitted in Origin using Gaussian fit. TRES scan parameters: 3.34 eV excitation energy, 55 ps pulse 
width, 10 000 s dwell time, 100 ns laser repetition time, room temperature.

Sample Band R2 A0 2σ τ0 2σ A1 2σ τ1 2σ A2 2σ τ2 2σ

HF-6 w untreated 2.27 0.998 571 15 0.21 0.01 866 12 1.24 0.03 277 8 6.17 0.12
2.60 0.999 761 32 0.18 0.01 4211 27 1.02 0.01 779 15 5.46 0.07
2.86 1.000 1349 56 0.20 0.01 8716 48 0.92 0.01 878 22 4.77 0.08

HF-5 w ion irradiated 2.27 0.999 6282.53 117 0.38 0.01 4541 95 2.70 0.09 1923 49 18.69 0.51
2.60 0.999 9825 185 0.35 0.01 11857 154 2.21 0.04 3845 78 14.04 0.25
2.86 0.999 22646 722 0.52 0.02 15252 598 2.29 0.12 3593 301 11.29 0.66

HF-1 p untreated 2.27 0.999 3290 52 0.21 <0.01 4057 41 1.13 0.02 2134 45 4.31 0.05
2.60 0.999 6125 84 0.24 <0.01 5477 73 1.13 0.02 1104 32 6.14 0.12
2.86 1.000 9099 73 0.19 <0.01 9521 62 1.00 0.01 1467 31 5.30 0.08

HF-1 p ion irradiated 2.27 0.999 14728 214 0.34 0.01 17463 168 2.60 0.05 2438 161 12.66 0.62
2.60 0.999 10240 160 0.34 0.01 9215 134 2.03 0.04 2187 65 12.57 0.32
2.86 0.999 13423 209 0.29 0.01 11697 168 1.63 0.04 2334 105 8.36 0.27

HF-7 b untreated 2.27 0.991 162.51 6 0.15 0.01 145 5 1.17 0.07 88 5 5.00 0.18
2.60 0.996 287 22 0.28 0.02 415 21 0.96 0.04 72 4 5.48 0.22
2.86 0.998 1381 124 0.42 0.02 739 121 0.97 0.08 53 9 5.55 0.59

HF-7 b ion irradiated 2.27 0.999 5887.32 64 0.25 0.01 4575 47 2.43 0.05 833 36 14.92 0.59
2.60 0.999 15504 273 0.34 0.01 9861 247 1.60 0.05 1086 70 10.96 0.61
2.86 0.999 20237 397 0.28 0.01 9645 363 1.17 0.04 798 87 7.88 0.69

Band – band position [eV], R2 – fit control parameter, A0, A1, A2 – intensity [counts]; τ0, τ1, τ2 – lifetime [ns], 2σ – precision of the preceding value. τ0 have values 
characteristic of the excitation laser afterpulse and thus are not interpreted as lifetime components. The intensity data are collected under similar conditions using the 
same instrument and are therefore considered broadly comparable.
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4.1. Colour change

As a result of swift heavy ion irradiation cryolite is coloured orange. 
Particle irradiation introduces structural defects, modifying the colour 
and/or luminescence properties of a material. A “yellow to dark brown” 
colouration of alkali halides on Bi irradiation was reported in LiF 
(Trautmann et al., 1999; Sorokin et al., 2014) and MgF2 (El-Said et al., 
2006) and this is reminiscent of the colour change seen here. In LiF and 
MgF2, this change was ascribed to F and F2 colour centres (i.e. an elec
tron trapped in a vacancy, or two such defects next to each other).

4.2. Luminescence band positions

In one spectrum (Fig. 2h), the green luminescence is clear and we 
therefore use this spectrum to identify the peak position (2.27 eV, 545 
nm). This constraint improves the robustness of the fitting of the other 
spectra where the peak lies under a broad envelope, and is difficult to 
deconvolute. Apparent minor differences in the blue luminescence 
bands can be observed in Fig. 2. However, these differences are within 
the fitting precision (2σ in Table 2) and instrumental accuracy (2.5 nm at 
5 nm spacing of data acquisition). Therefore, we see no strong evidence 
for the peak position shifts and focus on the statistically significant 
changes in intensity. Consequently, we have chosen an average emission 
energy to represent the blue emissions in cryolite: dark blue at ~2.86 eV 
(435 nm) and pale blue at ~2.60 eV (475 nm).

4.3. Swift heavy ion irradiation

Uranium ion irradiation enhances the green luminescence (~2.27 
eV) intensity, relative to blue luminescence intensities (~2.60 and 
~2.85 eV). The change is strong in coloured cryolite but weak in white 
cryolite. The absolute values indicate a drop in dark blue luminescence 
intensity in the coloured cryolites (Fig. 2e and f), but an approximately 
sixfold increase in the white cryolite (Fig. 2d). As mentioned above, the 
absolute values of Fig. 2a-c and Fig. 2d-f are not directly comparable due 
to sample removal and repositioning in the spectrometer. Therefore, we 
focus on the relative changes at this step.

Changes in the intensity ratio between two luminescence bands have 
been observed in other particle irradiation experiments. This usually 
took the form of a decrease in intensity of one luminescence centre and 
an increase in another. For instance, a shift from orange to blue lumi
nescence in quartz was attributed to crystal amorphization (Townsend, 
1987). However, SHI-irradiated fluorides remain crystalline due to 
strong ionic binding (Trautmann et al., 2000; El-Said et al., 2002; 
Schwartz et al., 2003). King et al. (2011) explained a shift from 
UV-violet to red luminescence on He irradiation in quartz as redistri
bution of electrons between different luminescence centres. Electron 
transfer between two luminescence centres may also be a process rele
vant for cryolite and aligns with the absolute intensity changes between 
Fig. 2b–c and e–f. While the current data cannot confirm this mechanism 
unambiguously, it offers a reasonable and internally consistent 
explanation.

4.4. UV-irradiation

The extended exposure of our samples to ultraviolet (3.3 eV, 372 nm, 
typically 7 days) results in a 46–60 % decrease in the dark blue emission 
intensity and only a minor reduction in the pale blue emission, together 
with a 40–71 % intensity increase in the green emission. The green 
emission intensity increase is lower in white and purple cryolite than in 
black cryolite (Table 2, Fig. 2d–j). This demonstrates the high stability of 
the ~2.60 eV centre to UV exposure and the more effective removal of 
the ~2.86 eV centre.

The energy of the UV used (3.3–eV) is too low to directly displace 
ions from their lattice sites. However, UV photons can create electronic 
excitations as well as self-trapped excitons which can decay into a 

Frenkel defect. Also, UV exposure can induce bleaching of colour cen
tres, a well-known phenomenon in ionic crystals, semiconductors, and 
insulators (e.g. Lecoq et al., 2017). Excitation of electrons trapped in 
colour centres or other defect states can lead to recombination with 
nearby vacancies deleting or transforming the original colour centres. 
F-centres and their aggregates are known to be produced by particle 
irradiation (e.g. Trautmann et al., 1999; Alghamdi and Townsend, 1990; 
Townsend and Wang, 2024) and UV (e.g. Friis et al., 2007; Townsend 
and Wang, 2024).

In our samples, the observed shift in ~2.86 eV dark blue lumines
cence after UV exposure is likely due to the conversion of one type 
luminescence centre into another, possibly into the ~2.27 eV green 
emission centre. The results presented here do not allow for unambig
uous identification of the exact nature of the defect centres. However, 
the decay of electron-hole type defects, and subsequent formation and 
recharging of vacancy type defects, reasonably explains the lumines
cence transitions we observe.

4.5. Luminescence centres

All observed luminescence lifetimes fall within the nanosecond range 
(0.92–18.33–ns, Table 3). This rules out the possibility that the lumi
nescence originates from intra-ion energy cascades in transition metals 
or lanthanides, which have much longer (e.g. μs) lifetimes, indicating 
that the signal is dominated by structural defects (e.g. Caldwell, 2021; 
Cheng, 2023). In materials where luminescence is solely related to 
structural defects, variation in the nanosecond lifetimes can reflect the 
physical dispersion of the defect centres. Faster luminescence and en
ergy quenching are characteristic of defect clusters (Zhou, 2018). In this 
study, all lifetimes increase after ion irradiation, which can be inter
preted as dispersion of clustered defects, as was recorded in LiNbO3, 
another perovskite-based structure (Haycock and Townsend, 1987). 
More precisely, irregular cluster sizes in ion irradiated material 
compared to untreated material result in broader emission peaks and 
longer lifetimes. Defect de-clustering restricts energy quenching 
(Sundara Rao et al., 2013), but enhances the quantum efficiency of 
luminescence (Kalpana et al., 2016; Horsburgh et al., 2023). This is 
consistent with the overall luminescence intensity increase after ion 
irradiation (A1 and A2 values in Table 3). Thus, we infer that the lumi
nescence centres discussed in the following paragraphs are clustered in 
the natural material, even though the exact nature and number of 
neighbouring centres are not accessible from our data.

4.5.1. Blue luminescence (2.86 & 2.60 eV, 435 & 475 nm)
All cryolite samples show a narrow (FWHM ~0.17 eV), dark blue 

emission at ~2.86 eV (435 nm) and a broad (FWHM ~0.4 eV), pale blue 
emission at ~2.60 eV (475 nm). We are not aware of any description of 
these luminescence bands in cryolite. Emissions at 430 and 470 nm in a 
cryolite-structure Cs3CeI6 were ascribed to lanthanide ions (Guo et al., 
2022). However, the broad bands with nanosecond lifetimes are 
inconsistent with lanthanides, which produce sharp bands with milli- to 
microsecond lifetimes (Caldwell, 2021). Emissions at 440 and 475 nm 
were also observed in LiNbO3 (Haycock and Townsend, 1987). LiNbO3 
containing NbO6 octahedra ionically bonded to Li may serve as an 
analogue for cryolite, which contains AlF6 octahedra ionically bonded to 
Na. The two materials have different band gaps, but defect-related 
electronic processes associated with similar octahedral units can pro
vide useful insights into the defect structure of cryolite. LiNbO3 lumi
nescence at 400–500 nm is related to a NbNb

4+ - O− polaron, i.e. hole and 
electron pairs, recombining on the octahedral cluster (Kämpfe et al., 
2016; Smirnov et al., 2023). In this material, exciton polarons bound to 
Li vacancies (vLi) are generally more stable than polarons at lattice po
sitions (Schmidt et al., 2022). Luminescence from electron-hole 
recombination on tetrahedral sites at ~400 nm was also observed in 
leucophanite (NaCaBeSi2O6F) (Friis et al., 2007). Finally, recombination 
of electrons with self-trapped holes was interpreted as an intrinsic 
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feature, producing blue luminescence in AgCl (Grigorjeva et al., 1995). 
Another type of electron-hole pairs, exciton-like formations, produce 
400 and 443 nm luminescence in KCl:Na (Shunkeyev et al., 2025).

Based on these closest analogues available, the blue luminescence in 
cryolite is concluded to result from electron-hole recombination. The 
exact nature of these pairs (electron-hole pair, exciton, bound exciton, 
exciton polaron etc.) cannot yet be precisely determined. By analogy 
with LiNbO3, we hypothesise these features are related to the AlF6 oc
tahedron in cryolite. To test this, we analyse UV photoluminescence 
from natural cryolithionite (Na3Al2(LiF4)3) (Fig. 5a) and chiolite 
(Na5Al3F14) (Fig. 5b), aluminofluorides which also have AlF6 octahedra 
in their structures. Similar emission bands are observed, which is 
consistent with the recombination centres being associated with the AlF6 
entity. This could be e.g. an AlAl

2+-F- pair, or AlF5
+-F- octahedron with 

dominance of the ionic bond in one Al-F pair. Finally, the higher stability 
of the ~2.60 eV pale blue luminescence can reflect electron-hole 
recombination on a vacancy in the AlF6 octahedron (Schmidt et al., 
2022). The less stable dark blue luminescence is more likely localised on 
a regular octahedral site (Table 4, Fig. 6).

4.5.2. Green luminescence (2.27 eV, 545 nm)
Green luminescence at ~2.27 eV is enhanced in cryolite by uranium 

ion irradiation and its intensity is further amplified by subsequent UV 
exposure. We are not aware of any previous description of luminescence 
at this energy caused by structural defects in natural or synthetic cryo
lite. A 550 nm emission was reported in Tb-doped cryolite and ascribed 
to Tb (Sakaguchi et al., 2023), while Cr- and Mn-doped cryolite do not 
show luminescence in this region (Zhou, 2018; Hong et al., 2019). In 
NaCl, a 517 nm (2.4 eV) emission was ascribed to F2-centres (Aguilar 
et al., 1979), while 518 and 540 nm absorptions in LiF were interpreted 
as F4-centres, i.e. four clustered F-centres (Trautmann et al., 1999). 
However, luminescence in the 500–600 nm region was ascribed to point 
defects in LiNbO3, including NbLi substitutions (520 nm; Krol et al., 
1980), VLi vacancies (532 nm) and NbNb-NbLi bipolarons (540 nm) 
(Smirnov et al., 2023).

The swift heavy ion irradiation of cryolite is expected to produce 
Frenkel defects (i.e. vacancies and interstitial pairs) in both Na and F. In 
cryolite, AlNa substitutions have been reported (Foy and Madden, 2006), 
and polaron formation on them is a feasible mechanism. Vacancies are 
also well-established intrinsic defects in halides (e.g. Lidiard, 1962), 
from which F-centres are produced by irradiation (e.g. Trautmann et al., 
1999; Luschik et al., 2018). Decay of such a pair will release energy, 
which could immediately excite another electron and lead to its 
entrapment in neighbouring VF vacancy to create an F-centre (Table 4, 
Fig. 6).

4.6. Relation to natural systems

Natural cryolite contains radioactive elements (such as U and Th) 
which decay via multiple alpha emissions. Over geological time scales 
(e.g. 1.27 Ga at Ivittuut – Köhler et al., 2008), exposure to alpha particles 
(~4.4 MeV for 235U, 4.0 MeV for 232Th) produces a similar damage as 
the irradiation performed in this study using the uranium beam. The 
penetration depth is three times smaller (13.8 μm for He, 43.9 μm for U), 
but in both cases electronic stopping largely dominates over nuclear 
stopping. The average energy deposition along the trajectory of 1.14 
GeV U ions is approximately 26 keV/nm and is 87 times larger than for 4 
MeV alpha particles (0.3 keV/nm). Hence the energy deposited through 
U irradiation per unit volume in this experiment is of the same order of 
magnitude as the energy deposited by natural decay processes in the 
Ivittuut deposit for 1.27 billion years. The specific doses are comparable: 
1012 U/ions/cm2 correspond to 1.54 × 107 Gy and 1.27 Ga corresponds 
to 9.77 × 106 Gy, respectively. However, when comparing the effects 
caution is needed, as at the high energy densities of uranium ions, the 
formation of cluster defects becomes pronounced. Compared to simple 
defects induced by alpha particles, defect clusters can modify the 
luminescence properties in slightly different ways.

The two blue luminescence centres enhanced by ion irradiation are 
present in natural cryolite. However, the much greater age of geological 
timescales potentially allows natural samples to adopt more optimised 
defect clustering. Moreover, thermally induced diffusion, although slow, 
would in longer timeframes reverse the formation of many Frenkel de
fects. The ion irradiation therefore, although providing insights in the 
processes, does not create materials that are exact analogues of minerals.

5. Conclusions

In this study, we investigate how the luminescence behaviour of 
cryolite changes when irradiated with high-energy 238U ions. Lifetime 
photoluminescence is used to characterise the defect centres and their 
behaviour both directly after ion irradiation and following UV exposure. 
Untreated cryolite has three luminescence centres: green at ~2.27 eV 
pale blue at ~2.60 eV and dark blue at ~2.86 eV. The irradiation with 
1012 cm− 2 U ions enhances the green luminescence and extinguishes the 
blue luminescence, though the latter can be an actual effect or an arte
fact of sample re-positioning. The changes in intensity of the blue and 
green luminescence may be interconnected. Exposure of the ion- 
irradiated samples to UV causes orange colour bleaching and a signifi
cant decrease of the ~2.86 eV emission, a minor decrease of the ~2.60 
eV and a simultaneous increase of the ~2.27 eV emission. One possible 
explanation of this behaviour is that the blue luminescence originates 
from electron-hole type defects, and the green luminescence relates to 
vacancies. The decay of blue luminescence centres by UV exposure 

Fig. 5. Deconvolution of (a) cryolithionite and (b) chiolite luminescence. Red solid line shows the experimental data, dashed lines show the fitted peaks and their 
envelope. Note that the peak at 2.92 eV represents a tail of a peak >3 eV, cut off by the filter. Wavelength scan parameters: 3.34 eV excitation energy, 55 ps pulse 
width, 5 s dwell time, 50 ns laser repetition time, room temperature. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

A. Szreter et al.                                                                                                                                                                                                                                  Radiation Measurements 192 (2026) 107606 

7 



allows the released energy to directly enhance the green luminescence. 
Luminescence lifetimes in the nanosecond range are inconsistent with 
transition metal impurities but consistent with structural defects. The 
increase of luminescence lifetime on uranium irradiation could be due to 
dispersion in size of defect clusters. Both blue (~2.60 and ~2.86 eV) 
luminescence centres are attributed to electron-hole type defect 
recombination on the AlF6 octahedron. Due to its higher stability under 
UV exposure, the ~2.60 eV pale blue luminescence centre may be bound 
to a vacancy on the octahedron, which is unaffected during irradiation. 
The ~2.27 eV green luminescence is interpreted as F-centres formed at 
fluorine vacancies. Uranium irradiation of cryolite modifies the material 
through similar mechanisms as α-particle irradiation over geological 
timescales (1.27 Ga). Therefore, this study offers insight into processes 
by which defects form in natural cryolite such as found in the Ivittuut 
deposit.
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