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Investigations on electron beam irradiated rare-
earth doped SrF2 for application as low fading
dosimeter material: evidence for and DFT
simulation of a radiation-induced phase†

Michael Arnold, *a Julia Katzmann,b Aakash Naik, cd Arno L. Görne, a

Thomas Härtling,be Janine George cd and Christiane Schusterb

A recent approach to measure electron radiation doses in the kGy range is the use of phosphors with an

irradiation dose-dependent luminescence decay time. However, the applicability of the previously

investigated material NaYF4:Yb3+,Er3+ is limited as it shows pronounced fading. Therefore, in this work, a

modified SrF2 synthesis is presented that results in SrF2 nanoparticles codoped with Yb and either Er,

Hm, or Tm. To assess their suitability as dosimeter material, dose response, as well as its degree of

fading over 50 up to 140 days after irradiation were measured. Fading rates as small as 5% in SrF2:Er,Yb

and 4% in SrF2:Ho,Yb were derived, which are comparable to established dosimeter materials. A

combination of spectroscopy, diffraction and DFT calculations was used to elucidate the effect of

irradiation, pointing towards the formation of a secondary phase of Yb2+ that we predict could be

Yb2OF2. This irreversible formation of a secondary phase is considered to be the explanation for the low

fading behavior in SrF2-based phosphors compared to NaYF4:Yb, Er, a highly attractive feature for

electron beam dosimetry.

Introduction

Electron beam (e-ebeam) irradiation is nowadays routinely used
for food decontamination and other applications like radiation
sterilization and enhancement of materials properties as it
shows less effect on the quality of the treated products than
competing methods.1 Lately, low-energy electron beam treat-
ments to limit the effects to the surface of the products have
come into focus,2 and have also been considered for vaccine
manufacturing by inactivating pathogens.3 However, because
of their shape and thickness, currently available dosimeters
based on optical or electron paramagnetic resonance read-out
are not fully suited for usage in low energy e-beams and thus,

new materials are needed. Some inorganic phosphors are
sensitive to ionizing radiation in a way that their luminescence
decay time decreases as a result of the irradiation. It was first
discovered almost 50 years ago in the phosphor barium ytter-
bium fluoride BaYb2F8:Er.4–6 The transfer of this effect to the
upconversion phosphor sodium yttrium fluoride NaYF4:Er,Yb
and the investigation of this material as a potential dosimetric
material is, however, relatively new.7,8 Although the precise
nature of the radiation-induced effect in NaYF4:Yb3+,Er3+

remains to be clarified, the decrease in luminescence decay
time is attributed to a higher probability for non-radiative decay
of the 2F5/2 level in Yb3+, in analogy to BaYb2F8:Er.5 Nevertheless,
the decay time of the luminescence is independent of its
intensity, and, in case the phosphor is used as a dose-sensitive
component for dosimetry, the measurement signal, in general, is
not dependent on the dosimetric layer thickness or the amount
of dosimetry material. This property is beneficial for low-energy
e–e-beam dosimetry as, for example, it enables the application of
thin dosimetric layers directly onto product surfaces to estimate
the surface dose or to measure dose distributions on 3D
surfaces.9 However, the strong fading of the dose response
hampers the application of NaYF4:Er,Yb as a dosimeter material
so far: the luminescence decay time re-increases partially over
time after irradiation. Fading occurs so far to all radiation-
sensitive materials and is extensively studied, for example, in
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thermoluminescence materials like calcium fluoride CaF2:RE3+ 10

(RE stands for a rare earth element). To improve the applicability of
decay time dosimetry, we searched for alternative dose-sensitive
phosphors which are subject to less fading than NaYF4:Er,Yb.

Therefore, in this work SrF2:Er,Yb phosphor powders were
synthesized, characterized, and the influence of electron radia-
tion on their decay time was studied, as well as the associated
fading of the reduced decay time. They are compared to
NaYF4:Er,Yb; also, two more dopants are tested in SrF2:Ho,Yb
and SrF2:Tm,Yb. We identified a radiation-induced secondary
phase formation in doped SrF2:Er,Yb and a change in the
fluorescence emission spectra. DFT calculations were employed
to predict a stable structure for the secondary phase, and to
form a hypothesis on the reason of the low decay time fading
behavior of SrF2:Er,Yb. The DFT-based data-driven structural
prediction method utilized in this paper has previously been
used successfully to forecast crystal structures of phosphors,
among many other materials classes.11,12 This approach uses
data-mined ionic substitutions to predict new structures: such
data-driven approaches are computationally significantly
cheaper than exhaustive searches based on global optimization
techniques in combination with DFT.13

Results and discussion
SrF2 doped with erbium and ytterbium

Powder samples of sub-micron particles (100 nm size) were
prepared by precipitation from aqueous solution, as described in
the Experimental section. Fig. 1(a) shows X-ray diffractometry
(XRD) data from SrF2 doped with 2 mol% erbium and 2 to

20 mol% ytterbium. All reflections correspond to single phase
powders of a fluorite type crystal structure in (JCPDS card
06-02612) and in the literature.14,15 The measured reflections
are compared to a PowderCell-simulation using the cell
parameter9 a = 5.799 Å for 2 mol% Yb3+ and 5.732 Å for
20 mol% Yb3+ (not shown).

The calculation of the cell parameters is presented in
Fig. 1(b): in agreement with literature data,10 a linear decrease
of the cell parameter with increasing Yb3+ concentration is
observed, which can be attributed to the smaller ion radius of
the rare earth ions replacing the divalent Strontium in the unit
cell. The phase diagram17 of SrF2–YbF3 shows that a single
phase solid solution exists up to 25% YbF3. Upon the excitation
with a 980 nm laser beam, the SrF2:Yb3+,Er3+ material exhibits
the typical narrow lines from Er3+ upconversion. Fig. 2(a) shows
the typical emissions in the range of 537 and 544 nm, which are
ascribed to the 2H11/2 - 4I15/2 and 4S3/2 - 4I15/2 transitions,18

and also an emission at 655 nm. With increasing ytterbium
concentration, the intensity of the 655 nm emission, originating
from the 4F9/2 - 4I15/2 transition, also increases. This occurs
because the energy transfer upconversion (ETU) process from
2H11/2 to 4G, 2K is enhanced with higher ytterbium content19

(Fig. 2(b)). The decay times are always lower for the considered
upconversion emissions than for those from positive Stokes
shifts (as are the emission intensities), and we find the same
when comparing our co-doped samples to only Yb3+-doped

Fig. 1 (a) Representative X-ray diffractograms of SrF2: 2 mol% Er3+,
2 mol% Yb3+ (black line) and SrF2: 2 mol% Er3+, 20 mol% Yb3+ sample
(blue line) calcined at 800 1C and TOPAZ-simulation of SrF2 (red line). (b)
The calculated cell parameter from XRD-data for calcined SrF2: 2 mol%
Er3+, x mol% Yb3+ for x = 2–20 (line guide to the eye).

Fig. 2 (a) Luminescence spectra of SrF2:Er,Yb powder (visible range) upon
excitation with 980 nm laser light. The spectra are normalized to the peak
at 540 nm. (b) Model of the well-known UC process in SrF2:Er3+,Yb3+

(adopted from Lyapin et al.18). GSA: ground state absorption, MPR: multi-
phonon relaxation, CR: cross relaxation.
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SrF2.20 Between 2 and 20 at% doping with trivalent ytterbium, a
decrease in the decay time of 400 ms oat the upconversion
emission was observed (not shown here). A similar decrease of
the decay time with the increase of the Yb3+ concentration was
described for the case of Yb3+ fluorescence.20 The emission
intensity at 544 nm is most intense with 2 at% erbium co-
doping, while concentrations of 1, 2, 3, and 5 at% were
investigated.

Fig. 3(a) and (b) show the field emission scanning electron
microscopy (FE-SEM) images of the material, as precipitated
and calcined at 800 1C, respectively. Agglomerated particles of
approximately 100 nm size can be seen. Particle size decreases
slightly after calcination and XRD reflections become sharper
(data not shown) as a result of improved crystallinity and a
decrease of microstrains.16 Annealing temperatures of 600, 700,
and 800 1C were used for our powders, giving almost identical
emission intensities. Higher temperatures than that already led
to degradation of SrF2 in air. This agrees very well with the
observations of the thermoluminescence on ceramic pellets in
the literature.21

After electron beam irradiation (200 keV) of a thin immobi-
lized phosphor layer, the luminescence decay time of the SrF2:
2%Er, 2%Yb phosphor decreases from 1520 ms to values
between 1250 and 1020 ms, depending on the irradiation dose,
as shown in Fig. 4(a). For doses up to 10 kGy, a strong dose
dependence is evident that becomes weaker as the irradiation
increases further and seems to saturate above 50 kGy. The
initial (i.e. measured within minutes after irradiation) decay
time reduction for 50 kGy amounts to 30%. Comparing these
results with the dose response of NaYF4:Er,Yb (purchased from
Honeywell; refer to Reitzig et al.8 for the dose reponse curve), we
see the following: (1) the shapes of the dose response curves are
comparable. (2) NaYF4:Er,Yb shows a greater initial decrease of
its decay time upon radiation (90% for 50 kGy).

For SrF2:Er,Yb samples irradiated with 5, 10 and 20 kGy, the
luminescence decay times were repeatedly measured until
50 days after irradiation (Fig. 4(b) and (c)). They increased in
the first day of storage at 20 1C (first and second measurements)
towards the initial value, but, during the following two days, the
decay times remained almost constant. Looking into the decay

times 25 to 50 days after irradiation (Fig. 4(b)), they only slightly
increased compared to day 2 and 3. Furthermore, between the
25th and 50th day, the decay time did not rise anymore, and the
fading therefore appeared to have finished. On the other hand,
we can see that the decay time of NaYF4:Er,Yb rose strongly in
the first days after irradiation (Fig. 4(d)). It still rose between the
25th and 50th day, although slower and to values much lower
than the unirradiated sample (650–800 ms vs. 1220 ms initially).

Clearly, one day after irradiation, the decay time of
SrF2:Er,Yb was already close to the long-term value and could
be read out in a dosimeter with sufficient precision. In fact,
after 50 days of storage, the decay time of SrF2:Er,Yb had
increased by only 5% with respect to the first measurement
after irradiation. This degree of fading is comparable to estab-
lished dosimeter materials, e.g. 2–5% in alanine over 100 days
after 14 kGy irradiation.22 For a possible application as an
electron radiation dosimetry material, this very low fading of
SrF2:Er,Yb outweighs the lower dose resolution compared to
NaYF4:Er,Yb.

SrF2 doped with holmium/ytterbium and thulium/ytterbium

To build on these results, Sr1�x–yHoxYbyF2 and Sr1�x�yTmx-
YbyF2 powders were synthesized in the same way as SrF2:Er,Yb.
The effect of very low fading could also be observed in Ho/Yb
and Tm/Yb codoping.

The optimum concentration of the dopants Yb and Ho or
Tm for highest upconversion emission intensity (Fig. 5) was
determined for x = 0.02, y = 0.2 (for Ho and Yb) and x = 0.01, y =
0.2 (for Tm and Yb). All subsequent measurements were carried
out with these doping concentrations. The powders were cal-
cined at 600 1C. Fig. 6(a) and (b) show the X-ray diffractograms
of the samples Sr0.78Ho0.02Yb0.2F2 and Sr0.79Tm0.01Yb0.2F2 in
comparison with the simulated SrF2 diffractogram. Despite the
high contents of trivalent rare earth ions, no secondary phases
could be observed. This corresponds well to the literature18,23

in which no phase changes were observed for RE doping
concentrations up to 20 mol% for the calcination temperature
of 600 1C used here.

The dependence of the cell parameter on the Yb content for
codoped SrF2 is shown in Table 1. A shift to higher diffraction

Fig. 3 FE-SEM micrographs of SrF2: 2 mol% Er3+, 2 mol% Yb3+. (a) The precipitated material and (b) the at 800 1C calcined material.
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angles is observable (Fig. 6) with respect to the simulated SrF2

diffractogram.
After electron beam irradiation (200 keV) of a thin immobi-

lized phosphor layer, the luminescence decay time of the
SrF2:Ho,Yb and SrF2:Tm,Yb phosphors decrease from 95 and

Fig. 4 (a) Luminescence decay times of SrF2: 2 mol% Er3+, 2 mol% Yb3+ after 200 keV electron irradiation with the given doses (dose response curve). (b)
Luminescence decay times of SrF2: 2 mol% Er3+, 2 mol% Yb3+ irradiated with 5, 10 and 20 kGy up to 50 days after irradiation (fading curve). (c) The same
fading curve as before, shown only for the first three days (0th measurement represents decay times before irradiation). (d) Fading curve of NaYF4:Er,Yb
up to 50 days after irradiation for comparison; decay time before irradiation is 1224 ms � 8 ms (not shown in the diagram).

Fig. 5 UC emission of Yb doped SrF2 codoped with Er (orange line),
Holmium (green line) and Thulium (blue line).

Fig. 6 X-ray diffractograms of Yb-doped Strontium fluoride codoped
with Ho (green) and Tm (blue).

Table 1 Change of the cell parameter a with Yb doping level and different
codopants

Codoping None Er (2 mol%) Ho (2 mol%) Tm (1 mol%)

Yb (at %) None 2 20 2 20 1 20
a (Å) 5.799 5.789(4) 5.736(4) 5.782(2) 5.737(6) 5.782(4) 5.738(3)
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104 ms, respectively, to values which are 15 to 30 ms lower,
depending on the irradiation dose, as shown in Fig. 7(a). The
shape of the dose response curve is comparable to SrF2:Er,Yb
(Fig. 4(a)). The initial relative decay time reduction for 50 kGy
amounts to 29% for SrF2:Ho,Yb and 27% for SrF2:Tm,Yb
phosphor, similar to the 30% for SrF2:Er,Yb.

For samples irradiated with 5 kGy and for unirradiated
samples the luminescence decay times were repeatedly mea-
sured until 140 days after irradiation (Fig. 7(b)). Measurements
on SrF2:Tm,Yb suffer from significantly higher uncertainties
compared to SrF2:Ho,Yb despite the same processing of the
powders and treatment of the samples. For Ho, Yb codoped
SrF2, we see all decay times lying within a range of 3 ms which
corresponds to about 4% of the mean value measured after
5 kGy irradiation. This is, therefore, the upper estimation for
the measured fading over 140 days, as no trend is observed in
the time series. That is even lower than in SrF2:Er,Yb, although
with Er, a higher dose resolution was achieved.

Radiation-induced changes in doped SrF2

After irradiation of the SrF2:Er,Yb samples, we observed new
reflections in their powder XRD (Fig. 8), likely from a newly
formed secondary phase. The reference material NaYF4:Er,Yb
shows no additional reflections after the same irradiation dose
(data not shown). Moreover, fluorescence spectroscopy

measurements were performed on irradiated and non-
irradiated powders, using an excitation wavelength of 365 nm
and fluorescence detection in the visible range (Fig. 9). We
observe an emission band between 400 nm and 450 nm
(peak at 421 nm) and another one between 460 nm and
700 nm (peak at about 560 nm) for irradiated powders. Both
emissions are only barely observed in unirradiated powders.
Based on literature data,24–26 we assign the peak at 421 nm to
the regular emission 4f13 5d - 4f14 of Yb2+. The literature data
on the spectral position of this emission ranges from 412 nm25

to 447 nm.26 Differences can be attributed to the varying crystal
field in different host lattices and its effect on the excited d-levels
of Yb2+. The second, broader emission band can be attributed to
the inter valence charge transfer (IVCT) emission of Yb in SrF2

which is described as the transition Yb2+ [2F5/2 Eg (5d)–2A1u] +
Yb3+ –4 Yb3+ [2F7/2–G7u] + Yb2+ [4f14–A1g] at 521 nm.24

Apparently, electron irradiation of SrF2:Er,Yb led to the
reduction of Yb3+ to Yb2+ (as observed e.g. upon irradiation in
Yb3+-doped CaF2

27) and to the formation of a secondary
crystalline phase.

Returning to the XRD again, the new reflections were all
weak in intensity compared to doped SrF2 but fit well to a cubic
indexation with a volume per formula unit V/FU = 150 Å3.

Fig. 7 (a) Dose response of the decay time of thin layers of SrF2 powder
codoped with Tm, Yb or Ho, Yb upon 200 keV electron radiation. (b)
Luminescence decay times of SrF2:Tm,Yb and SrF2:Ho,Yb phosphor sam-
ples (unirradiated and irradiated with 5 kGy) over the course of 140 days
starting from day 1 after irradiation.

Fig. 8 X-ray diffraction pattern of SrF2: 2%Er,2% Yb after irradiation (top,
black; 10 MeV electron radiation, 25 kGy) with reflections observed only
after irradiation marked with asterisks. Calculated X-ray diffraction pattern
of the structure derived from Sm2OF2 (blue), and from the DFT calculation
after refinement (red, structure 1 derived from Mn2OF2).

Fig. 9 Fluorescence emissions spectra of 25 kGy irradiated (blue) and
non-irradiated (black) SrF2 with 2 mol% Er and 20 mol% Yb.
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The reflections did not fit to known, plausible compounds of
both Yb2+ or Yb3+; in fact, YbO is smaller (V/FU = 103 Å3)28 while
YbF2 is larger (V/FU = 175 Å3)29 than the observed phase. The
formation of an oxide fluoride with an intermediate volume is
thinkable: the powders were irradiated under air, and Yb3+

forms the well-described YbOF30 (that however does not fit).
Using the OQMD (Open Quantum Materials Database),31 we
identified the structure of Sm2OF2 as a possible starting point
for the radiation-induced phase in SrF2:Er,Yb. After substitut-
ing Sm by Yb and refining the cell parameters, the calculated
reflections of the hypothetical structure principally match the
measured ones (see Fig. 8, blue graph). However, there is a
weak reflection in the measurements at 211 that cannot be
explained by this structural model.

At this point, we turned to ab initio simulations in our search
for a structural understanding of the secondary phase formed
under irradiation. Thus, we performed DFT-based harmonic
phonon computations and obtained additional structural
models for Yb2OF2 from the Materials Project.32 The computa-
tion of phonon band structures allows to confirm the dynamic
stability of a material and thus to estimate the plausibility of a
structural model. Further computational details can be found
in the Method section and the ESI.†

As the result, among five candidates we found a dynamically
stable structure based on a Mn2OF2 prediction32 that is also the
energetically most stable (see Table S1 in ESI† for further
details). VESTA33 was used to visualize its crystal structure,
as seen in Fig. 10. With this structure predicted from DFT,
after refinement of the cell parameters, we obtain a very good
agreement of calculated and measured reflections in the
XRD pattern (Fig. 8, red curve). The proposed compound is
triclinic with a cell volume of 598 Å3 and 4 formula units per
elementary cell. This is in close agreement with our earlier
assumption that the normalized cell volume should be approxi-
mately 150 Å3.

The combined interpretation of our measurements and
simulations indicates that Yb3+ in SrF2:Er,Yb is partially
reduced by the electron beam, and (some) Yb2+ segregates to
form a secondary phase. Likely, this involves a reaction with air
to form Yb2OF2, isostructural to Mn2OF2, but this must be
verified independently. In any case, the formation of a second-
ary phase seems to be responsible for the irreversible change in
the decay time of SrF2:Er,Yb (at least in the time frame of our
study).

Experimental
Synthetic procedures

To synthesize different rare-earth doped SrF2 powders, we
followed the procedure from ref. 16. Sr(NO3)2 (Sigma-Aldrich,
purity 99.98%), Yb(NO3)3�6H2O (Sigma-Aldrich, purity 99.99%),
an additional rare earth nitrate (all Sigma Aldrich purity
99.99%), and distilled water were used as starting materials
without additional purification. The additional RE nitrate used
was either Er(NO3)3�5H2O, Ho(NO3)3�5H2O or Tm(NO3)3�5H2O.
As precipitant, ammonium fluoride (MerckMillipore) was used.
Aqueous solutions of nitrates (0.08 M) and a 0.16 M aqueous
solution of ammonium fluoride (for 2% Yb 7% molar
excess10,16 and 3-fold excess for 20% Yb19) were prepared by
mixing the aforementioned salts with deionized water. The
ammonium fluoride solution was added dropwise to the
solution of nitrates under vigorous stirring: the formed suspen-
sion was stirred for 3 hours and then washed with a dilute
solution of NH4F. Finally, the suspension was centrifuged at
5000 rpm, and the precipitate recovered and dried at 40 1C for
6 h. Calcination of the material was carried out at 800 1C
(SrF2:Er,Yb) and 600 1C (SrF2:Ho,Yb; SrF2:Tm,Yb) in air.

Optical methods

Thin phosphor film preparation. Thin layers containing the
phosphor particles were prepared as follows: phosphor powder
was pestled in a mortar to break down agglomerations. Then, a
varnish was prepared by first suspending the particles in
ethanol and acetone, then adding a dispersing agent (Tego
Dispers 755 W) and finally polyvinyl acetate (molecular weight
approx. 500 000 g mol�1) as binding agent and film former.
Several single drops of a few ml were pipetted onto glass
substrates to obtain phosphor particles immobilized in a thin
layer that can be penetrated by the 200 keV electron beam
radiation. The layer thickness was 50 to 60 mm.

Irradiation. The thin film samples were irradiated in an
EBLab 200 electron irradiator (Comet) using 200 kV acceleration
voltage. The air gap between the exit window of the electron
radiation and the sample surface was 10 mm. Doses of 5 kGy up
to 50 kGy were applied to the samples. Powder samples for X-ray
diffractometry were irradiated at 10 MeV in a Van de Graaff
electron beam accelerator.

Luminescence decay time measurements: to measure lumi-
nescence decay curves, excitation of the phosphor samples was
carried out with a 1 ms light pulse from a 980 nm laser diode
(max. 80 mW, Roithner) and the temporal luminescence decay
was recorded by a silicon photodiode (Osram SFH2200). Note
that no spectral filter is built into the detection path and,
therefore, both visible UC and near-IR fluorescence emission
contribute to the signal. Ten consecutive curves were averaged
and then exponentially fitted to obtain the decay time. To assess
the fading behavior after electron irradiation, we repeatedly
measured the decay times of the samples in a time lapse of up
to 140 days, starting with the first measurement immediately after
irradiation. These first measurements were used to obtain the
dose response curve. Between the measurements, the samples

Fig. 10 Most stable predicted structure for Yb2OF2 by the DFT calcula-
tions as visualized by VESTA.33
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were stored in the dark at room temperature. The luminescence
spectra were acquired by the excitation of a pressed powder
sample with 980 nm continuous wave laser light and recording
the emitted light using a spectrometer (Horiba iHR 550).

Fluorescence spectroscopy. Yb2+-fluorescence in SrF2 was
measured with a fluorescence spectrometer (Edinburgh Inst.
FLS 920). Emission spectra were recorded upon the excitation at
365 nm.25

X-Ray and electron microscopy method

X-Ray. The X-ray phase analyses were carried out using a
Bragg–Brentano X-ray diffractometer Bruker D8 Advance in
reflection geometry. Powder samples were installed in the
rotating sample holder. Monochromatic Cu Ka radiation (l =
0.15406 nm) with an excitation voltage of 40 kV and a current of
30 mA were used. The radiation was diffracted on the sample
and registered by an energy-dispersive 1D detector (LYNXEYE
XE). There are constructive and destructive interferences
depending on the measured angle (0.02 2y-steps). The recorded
reflections in the measuring range 5 r 2y r 90 were assigned
and evaluated by comparison with databases of known struc-
tures in the form of comparison line diagrams (EVA evaluation
software DIFFRAC.EVA version 3.0 from Bruker).

Electron microscopy. Powder particles were carefully depos-
ited onto a conductive tape, and then coated with an approx.
10 nm thick carbon layer. In the field emission electron
microscope (Zeiss Extremist 55 plus), the particle morphology
was well recognizable by means of secondary electrons (SEM,
topography contrast). The images were acquired with 10.00 kV
acceleration voltage and a working distance of WD = 6.8 mm,
using an InLens detector.

DFT computations. We created structural models for Yb2OF2

based on chemically similar structures from the OQMD and the
Materials Project. Some of the structures were chosen based on
similar ionic radii of the cations, others were created with the
algorithm described by Hautier et al.13 We optimized the
structures with periodic DFT in VASP34–37 with strict conver-
gence criteria. After the optimization, we derived five different
structures (see ESI,† Fig. S1) using the PBE functional for all
calculations.38 All k-point settings were converged and can be
found in the raw data ESI.† For electronic and structural
optimization, a criterion of DE o 10�7 eV and DE o 10�5 eV
per cell was used, respectively. Once the optimized structures
were obtained, the harmonic interatomic force constants were
computed using the finite displacement method as implemen-
ted in Phonopy,39 with a displacement of 0.01 Å and with the
help of supercell of the optimized cell (with cell parameters as
close as possible to 20 Å or larger in each direction to ensure
convergence). The forces for this evaluation were computed at
the G-point. The depicted band structures have not been
corrected with the non-analytical term correction around the
Gamma point as this is not decisive for predicting dynamical
stability. Robocrystallographer40 and ChemEnv41 were used to
help describing and understanding the newly predicted struc-
tures. More information on the other structures can be found in
the ESI.†

Conclusion

Considering the importance of the reliability of a dosimeter
signal after irradiation, in this work, a series of SrF2-based
phosphors was synthesized aiming for their application as
low-fading dosimeter materials. To this end, sub-micron SrF2

powders codoped with Yb3+ sensitizer and different activator
ions (Er3+, Ho3+ and Tm3+) were synthesized by the precipita-
tion from aqueous solutions and calcination, and their crystal
structures were characterized. Encouragingly, the SrF2 materi-
als show a dose-dependent reduction of their luminescence
decay time and – most important – very low fading of the
luminescence decay time compared to the previously studied
NaYF4:Yb3+,Er3+. Upon irradiation, we observed the formation
of Yb2+ from spectroscopy and a secondary phase from XRD.
Together with DFT calculations, we suggest that this phase
could be Yb2OF2 and predict a stable structure of it. The
formation of this secondary phase could be the reason for the
irreversible change in decay time, i.e. low fading. Therefore,
future investigations will focus on a detailed multifactorial
study of parameters like dose, dose rate, radiation energy and
irradiation modality to further evaluate this promising dosi-
meter material.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The results were acquired within the ‘‘SensorHit’’ project
(03VP05751 and 03VP05752), funded by the German Federal
Ministry of Education and Research (BMBF). The authors
acknowledge Marisa Rio’s support in the measurement of
luminescence decay series. Florent Kuntz (Aerial, France) pro-
vided the 10 MeV electron irradiation. J. G. and A. N. gratefully
acknowledge the Gauss Centre for Supercomputing e.V. (www.
gauss-centre.eu) for funding this project by providing comput-
ing time on the GCS Supercomputer SuperMUC-NG at Leibniz
Supercomputing Centre (www.lrz.de) (project pn73da).

References

1 H. Aisala, H. Nygren, T. Seppänen-Laakso, R.-L. Heiniö,
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