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INTRODUCTION

All branches of science, industry and medicine, where ionising radiation is
used, require exact radiation dose monitoring. Thermoluminescence dosimeters
(TLD) are among the well-known radiation measuring means. Despite of many
minerals and synthetic compounds possessing thermoluminescence (TL)
phenomena, only few of them are suitable TLD. Calcium fluoride doped with
manganese (Mn>") is one of perfect materials. It is used mostly in an
environmental dosimetry [1—4] rather than in personal dosimetry, because it
absorbs radiation like bones, not like tissues. CaF,:Mn is called for as extreme
dosimeter due to the linear response of TL intensity in the wide range of the
radiation doses (from 0.5 mGy to about 10° Gy) [2,5]. CaF,:Mn has a single TL
peak well above room temperature (570-580 K). There are no losses of dose
information from this TL peak at room temperature, and dose information can
be stored for years. Many attempts have been made during the last 40 years to
understand the TL mechanism of CaF,:Mn, nevertheless the issue is still open
for investigations. This is mostly due to the substantial dependence of
thermoluminescence characteristics on actual concentration, distribution, and
charge state of the doping agent (Mn”"). The single high-temperature peak at
glow curve appears only when CaF, is doped with a high manganese con-
centration, being close, but still below the decomposition threshold of a solid
solution. This point is very important background making the present study up
to date.

CaF,:Eu is well-known scintillation crystal for X-ray and particle detection.
It shows mostly Eu*" luminescence with relatively high light output. There were
many separate studies of Eu®" [6,7] and Eu’" [8,9] luminescence, and also two-
photon processes on Eu®[10]. A new scintillation material was reported
recently, namely, a single crystal of CaggsEug35F,235[11], with europium being
totally in triple charged state. It is positioned for scintillation detectors in
security X-ray tomography systems. Despite of good luminescence characte-
ristics, this material is quite expensive one in comparison with, for example,
sintered ceramics. This makes a practical challenge to develop the method of
controlling the charge state of europium in CaF,:Eu luminophors. Moreover, the
problem of charge transformations of Eu is not extensively studied in CaF,:Eu,
being connected in publications only with thermoluminescence mechanism
[12]. The ordered clusters were studied in connection with Eu’* [8,9] lumine-
scence solely, and no explanation were given to very different appearance of
EPR spectra of Eu”"[13,14] in CaF,:Eu. However, the ordered clusters of
dopant influence the luminescence output very essentially, and they need to be
studied.

All the unsolved problems mentioned above, and also practical importance
of the materials under investigation, make the present work up to date.

The purpose of present study was to adapt the co-precipitation synthesis
method for CaF,:Mn and CaF,:Eu luminophors, to control suitable concentra-



tion and charge state of a dopant, and also, the conditions when ordered clusters
are formed in solid solutions.

A brief review of synthesis methods of CaF,:Mn and CaF,:Eu luminophors
(known from existing publications) is given in the first chapter. The lumine-
scence and thermoluminescence studies of these materials are also shortly
reviewed here. The second chapter describes the synthesis procedure developed
by the author of dissertation for CaF,:Mn and CaF,:Eu luminophors, and also
the methods of analysis of the concentration of dopant in final product. The
third chapter deals with the dopant clustering effects on thermoluminescence,
luminescence and magnetic properties of luminophors.



INVESTIGATION GOALS

The goals of present work are the following:

« to adapt the co-precipitating synthesis method for CaF,:Mn luminophors;

« to find the solubility threshold and optimal manganese concentration in
CaF,:Mn solid solution;

e to control the ordered clusters formation and Mn oxidation state in CaF,:Mn;

o to study thermoluminescence mechanism of CaF,:Mn and possibility of
readout by the method of optically stimulated afterglow (OSA);

e to compare the co-precipitating and mechanical mixing synthesis methods
for CaF,:Eu luminophors;

e to study europium charge transformations at synthesis of CaF,:Eu
luminophors;

e to control charge state of europium in CaF,:Eu luminophor in order to obtain
the material with a low Eu*" concentration;

o to study the ordered clusters formation in CaF,:Eu and the influence of Eu
clusters on the luminescence and magnetic properties of CaF,:Eu.



1. SYNTHESIS AND PROPERTIES OF CaF,:Mn
AND CaF,;:Eu LUMINOPHORS
(LITERATURE OVERVIEW)

1.1. CaF,:Mn

One of the first CaF,:Mn synthesis methods [5,15-21] was based on the
following reaction:

CaF, + NHsMnF;.nH,0 — CaF ,:Mn +NH; + nH,0O

CaF, and doping agent in the form of NH4;MnF;.nH,0 were mixed mechanically,
then placed into platinum crucible and annealed at 1473 K for 16 hours in an
inert gas atmosphere. The Pt is capable to catalyse a reaction of NH; with
oxygen traces, and thus products like NO and NO, were released and partially
stored in a host lattice, causing the further oxidation of Mn*". Oxidised to a
higher than 2+ oxidation state, manganese is no more luminescence activator.
So, the effective activator concentration decreases, and low-temperature peaks
appear on the glow curve. The replacement of platinum crucible with a graphite
one does not give better results. CO and CO, are formed in this case, and CO
reduces Mn”" to base metal. As a result, the thermoluminophors synthesized in
graphite crucibles have also low-temperature peaks on a glow curve.

Another method suggested in [22—-24] was based on adding HF to suspension
of CaCO; and MnCOs;. Some part of manganese was oxidised during separation
of precipitate, and also, precipitate was contaminated with traces of CaCOs, thus
making worse the properties of thermoluminophor. The desired single high-
temperature peak has occurred at so high activator concentrations [23] that
thermoluminophor was unstable at reuse in routine dosimetry due to
decomposition of the solid solution.

When CaF , was obtained by a reaction [5]:

HF + CaCl, — CaF, +2HCI

the optimal concentration of Mn*" was found to be 1,5 at.%, and no low-
temperature peaks were observed on the glow curve. Niewiadomski [25] has
proposed to precipitate CaF, :MnF, by adding reaction equivalent amount of
NH.F to water solutions of CaCl, and MnCl,.

An essential fact was reported in paper [16] where the substantially non-
uniform distribution of manganese in final product was discovered when Mn
impurity was mechanically mixed with the other reagents. The final annealing
temperature occurs to be too low for successful diffusion of a doping agent.
Hence, one needs at the same time to avoid the oxidation of Mn®" and to get an
uniform distribution of activator in the final product. This can be achieved by
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introducing the Mn”" into CaF, lattice at an early stage of synthesis by co-
precipitation. Then, oxidizing during firing should be avoided. The co-
precipitation procedure was first proposed by Palmer et al [22,23]. The initial
compounds were CaCO;, MnCQOs, and HF. However, the described process has
also yielded to a partial oxidation of manganese during high-temperature
annealing. The final product needed washing with hot concentrated hydro-
chloric acid to remove traces of Mn*",

We have modified this method and succeeded in developing the synthesis
technology giving the TL material, which is free of oxygen traces and very
stable against oxidation. The apparatus, and co-precipitation conditions have
been worked out. The oxygen-free salts of calcium and manganese are to be
used in our process [26,27].

As it was already mentioned in the introduction, CaF,:Mn has extremely
wide range of linearity of response to radiation dose [2,5,28], so it may be used
either in routine or in accident dosimetry. The thermoluminophor CaF,:Mn has
low information losses due to deep traps, and it is insensitive to a daylight
[29,30]. The luminophor has a single TL peak at 513-553 K. However, some
researchers consider that this peak consists of several unresolved peaks with
different types of trapping centres [31-33].

The conventional way to measure a thermoluminescence response to dose
assumes heating TLD below incandescence temperature after it has been
exposed to ionising radiation. Also, the other ways of readout are becoming
more and more popular, namely, optically stimulated luminescence (OSL) [34],
cryogenic optically stimulated luminescence (COSL) [30,35,36], and laser beam
stimulation [37,38]. The OSL and COSL methods give a possibility to use
organic binders and plastic materials in the construction of TLD [39].
S.D. Miller et al [40] have demonstrated optical cleaning out the dose in
CaF,:Mn. The laser suitable for optical readout of CaF,:Mn is a 326 nm helium-
cadmium ultraviolet laser. A complete cycle of readout and annealing of the
CaF,:Mn (COSL) can be accomplished now without heating the dosimeters
above room temperature. This is essential for creating a proton-recoil-based fast
neutron dosimetry systems, based on COSL technique.

Besides being suitable TLD material, CaF, doped with both manganese and
rare earth ions is a model object for studying mechanisms of resonance energy
transfer in solids, important for development of different luminophors, laser
materials etc. [41-43]. Also, isotropic fluorite crystals are promising materials
for short-wavelength (hv > 6 eV) laser optics [44,45]. Physical processes in
CaF,:Mn excited with photons of high energies (hv > 6 eV) are reported in
papers [46,47].

Many attempts have been made during the last 40 years to understand the TL
mechanism of CaF,:Mn. Very different approaches have been used and diffe-
rent models were suggested. A brief overview of the investigations and ideas is
given below.
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Alonso and Alcala [48,49], Alonso et al [50], Alcala et al [51], Jain and
Jahan [52] have investigated the TL response of CaF,:Mn below room
temperature. V.K. Jain [53] has studied optical absorption, ESR, and TL
emission spectrum to identify the type of charge carriers and involved traps and
luminescent centres in CaF,:Mn. However, the exact trap/luminescent centre
correlation has not been revealed.

Mathur et al [54], McKeever et al [55], Allen and McKeever [56] have
suggested the defects involved in thermoluminescence processes to be
complexes of Mn and radiation induced defects (e.g. Mn/F centres).

Jose Luis Pasqual et al [57] have performed ab initio calculations of the
optical absorption spectrum of Mn*"-doped CaF,. The calculations were based
on a MnFs® cluster, where electrostatic and quantum embedding effects have
been considered. The same authors [58] have extended their calculations to
include the effects of dipole polarization and site relaxation of lattice ions
external to the MnFs® cluster. Their calculations predict essential local
distortions around Mn*" impurity in CaF, lattice.

A.C. Lewandovski and T. Wilson [59] have also performed ab initio multi-
configuration self-consistent field calculations of the excited states of Mn
impurity in CaF,. The [MnFg]® O, cluster have been chosen to represent the
isolated Mn®* substitutional impurity. The crystal field splitting diagrams for the
light-coordinated Mn”" impurity in O, symmetry are calculated.

M.T. Barriuso and M. Moreno [60] investigated the Mn*'-F distance for
Mn*" in fluoride lattices with hexahedral coordination. Their work is based on
EPR data analysis and also predicts essential distortions in CaF, lattice caused
by Mn*" impurity.

A lot of papers are concerned with EPR studies of CaF,:Mn [62—64].

J.H. Barkoumb and A.N. Mansour [65] have measured the XANES spectra
of the Ca and Mn at K edges in crystalline CaF,:Mn. They determined the
lattice distortion produced by the manganese center. The significance of shell
contraction and a disorder caused by Mn impurity is discussed in terms of
possible defect structure in this material.

K. Chakrabati, J.H. Barkoumb, V.K. Mathur [66] found that at higher Mn*"
concentrations (more than 3 %) Mn>" - Mn®" pairs appear causing the deeper
traps and background problems.

R. Lindner et al [67] have studied time-dependent luminescence of self-
trapped excitons in alkaline earth fluorides excited by femto-second laser
pulses. They proposed the model that the levels of several STE configurations
are occupied at room temperature. The temporal and spectral behavior of the
luminescence decay is believed to be characteristic either for the exciton
configurations or transformations of one configuration into another.

V.P. Denks et al [68] have measured fluorescent characteristics of series of
powder CaF,:Mn phosphors (prepared in our laboratory, with concentration of
Mn in mixture ranging from 0.01 to 2.47 weight %) excited by VUV radiation
with quantum energies up to 14 eV at 293 K and up to 12 eV at 85 K. Narrow
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excitation bands of Mn®" centres found at 7.9 and 8.6 eV (at 293 K) are assigned
to partially forbidden transitions from the ground state °S split by crystalline
field in two sublevels to the excited level corresponding to the °D term of a free
Mn**-ion (3d’ —3d*4s transitions). A wide elementary excitation band in region
9.1-10.3 eV is interpreted as photogeneration of near-activator D-excitations.
The channels of energy transfer in the CaF,:Mn luminophor are briefly
analysed.

1.2. CaF;:Eu

First studies were undertaken using natural fluorite crystals. Rare earth
impurities are also natural impurities in fluorite. Doping of finished single
crystals is not so easy task. Very common method uses to insert a single crystal
into previously doped powder and anneal at temperature of about 80% of
melting point. This method was the only possible one before the synthetic
fluorite crystals have been grown. Since then a dopant is introduced into the
melt (for example, [69]), and no special preparation details are marked out in
the description of experimental setup in different papers. The only point we
know concerns avoiding contamination of crystals with oxygen. For example,
PbF, was added into the raw materials as oxygen scavenger [70]. What con-
cerns the powder samples, both mechanical mixing [71] and co-precipitation
techniques [72] were used in preparation of CaF,:Eu samples. Mechanically
mixed precursors were annealed at 1173 K for 4 days [71]. The co-precipitation
procedure [72] makes possible to decrease the annealing time, however,
calcium nitrate used as a starting material provides oxygen traces capable to
stabilize Eu®" near interstitial O>". Ca;xEuxFaix nano-particles were obtained
recently [73] by co-precipitation method in alcohol from starting CaCl,, EuCls,
and NH4F. Low solubility of NH4F in alcohol was used to restrict the growth
rate of nano-particles. Actually, our procedure uses the same starting materials,
except being conducted in triply distilled water. Another waterless synthesis of
Ca,_xEuxF,.x nano-particles was suggested [74], using nano-reactors formed of
isopropanol droplets in tetrahydrofuran. Waterless calcium nitrate was used in
the procedure as a starting material. The reaction yield is high enough (90%),
and the remaining nitrate traces are washed out with isopropanol and tetra-
hydrofuran in a repeated sequence washing procedure. The absence of intersti-
tial oxygen was checked by measuring luminescence spectra.

Luminescence and EPR studies of CaF,:Eu have a very long history.
Absorption and luminescence of Eu*" in natural and synthetic fluorites was
studied yet by Feofilov [75]. CaF,:Eu single crystals are now available commer-
cially as scintillators, they are used in nuclear physics and even for dark matter
detection [76]. There are many applications of rare earth doped fluorite crystals
in laser physics, and there are many papers, from two-photon processes [10] and
spectral hole burning [77] to laser-beam damage of fluorite crystals [78]. The
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detailed structure of Eu’" centres in CaF, is reported in papers [8,9,79]. In the
absence of oxygen contamination, the charge compensation is performed
through interstitial F~ ions. The local compensation occurs in this way, that
besides additional interstitial fluoride, there are also pairs of displaced fluoride
ions and anion vacancies around rare earth impurity ions. The total amount of
interstitial fluoride exceeds the amount of triple charged rare earth ions, by one
ion per cluster. This is regarded as the reason for creation large clusters at
annealing, with excess interstitial fluoride being scavenged away [9,79].

There were also many studies of thermoluminescence mechanisms in CaF,
doped with rare earth ions. The model of charge transformations of rare earth
impurities was checked and rejected in paper [12]. The low-temperature peaks
were mostly connected with decay of Vi centres with released holes re-
combining with electrons trapped at anion vacancies near rare-earth impurities
[70].
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2. SYNTHESIS AND ANALYSIS OF
CaF, BASED LUMINOPHORS

2.1. CaF,:Mn

The co-precipitation of host material together with Mn dopant was proceeded in
a specially designed apparatus made of fluoroplast-4. The initial compounds,
concentration of a dopant in the initial solutions, and co-precipitation conditions
like temperature, rate of solutions adding, time of product ageing in mother
liquor, were varied. Various calcium salts were used as initial compounds. Most
suitable were CaCl, and MnCl, (no manganese oxidation). In case of Ca(NOs),,
a small part of Mn>" was oxidised to Mn*" during final annealing due to traces
of oxygen remained in precipitate. All the initial compounds were of special
purity. HF contained less than 1x10°% of heavy and transition metals. CaCl,
contained less than 1x10°% of Al, Cu, Ag, Fe, Mn, Mg, less than 1x107% of
Ba and Sr, and less than 1x107*% of Pb, Bi, Cr, Si. Triply distilled water was
used to prepare solutions and mother liquor. The dilute solutions of CaCl,,
MnCl, and HF were added simultaneously at a regulated rate into the reaction
vessel using peristaltic pumps. The reaction vessel was kept at an elevated
temperature using vapour bath, and incoming solutions were agitated with a
fluoroplast-made stirring rod. The precipitate was aged in the mother liquor for
2-3 hours. Then, the precipitate was decanted and washed carefully, dried, and
pre-annealed in air at 673 K for two hours to remove the traces of water and
hydrofluoric acid. Traces of water cause oxidation of Mn”" as well as oxygen
traces. Pre-annealed precipitate was then placed into carbon-glass crucible and
fired for 2 hour at 1423 K in a quartz atmospheric tube under a protective flow
of high-purity (99.999%) argon or nitrogen. When necessary, the finished
thermoluminophor was pressed into tablets and fired in a protective atmosphere
once again. The resulting concentration of manganese in the finished thermo-
luminophor depends not only on the amount of manganese in the initial solu-
tions but also on the precipitation conditions and on the presence of additional
dopants. The amount of manganese was varied in the starting solutions from
0.01 weight % to 2 weight %, while the actual concentration of Mn was asses-
sed by spectrophotometric analysis [1].

The results of photometric analysis were checked with data obtained by
inductively coupled plasma atomic emission spectroscopy (ICP-AES). A se-
quential PU 7000 Philips (Unicam Analytical Systems, Cambridge, UK)
inductive coupled plasma atomic emission spectrometer (University of Oulu,
Finland) was used for the measurements. The spectrophotometric measurements
were performed with Lambda 2S Perkin-Elmer UV/VIS spectrophotometer.
Both methods, ICP-AES and spectrophotometry, give the consistent results. The
ICP-AES method is more rapid and convenient compared with spectrophoto-
metric method, which is more complicated and time-consuming. The man-
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ganese concentration in precipitate changes non-monotonically with the
increase of manganese amount in the starting solution, giving a maximum near
1.0 weight % of Mn in CaCl, solution [I]. The results of analysis are represented
in Table 1.

Table 1 The comparison of ICP-AES and spectrophotometric analytical results for both
precipitate CaFy:MnF5 and finished CaF,:Mn thermoluminescent material.

Mn, % (m/m)
Sample
Added to ICP-AES Spectrophotometry
the initial
solutions

CAVER*SD  RSD,% CaAyvgErR*SD  RSD,%
CaF7:MnF, precipitate

1 0.01 0.12+0.0012 1.00 0.10 +£0.0018 1.80
2 0.05 0.27 +0.0026 0.98 0.28 +£0.0027 0.96
3 0.10 0.51 +0.0049 0.96 0.49 +0.0098 2.00
4 0.20 0.62 + 0.0055 0.88 0.59+0.012 2.03
5 0.40 1.49 £+ 0.0044 0.90 1.54 £0.028 1.82
6 0.80 2.20 + 0.0094 0.63 2.12 +0.044 2.08
7 1.00 2.53+0.017 0.69 2.50 +0.048 1.92
8 1.20 2.39+0.019 0.80 2.46 £0.042 1.71
9 1.60 1.63 £0.011 0.65 1.55+0.029 1.87
10 2.00 1.78 £ 0.016 0.65 1.73 £0.040 2.31
CaF7:Mn thermoluminophor
1 0.10 0.58 £0.0042 0.72 0.62+0.014 2.26
2 0.20 0.68 + 0.0051 0.76 0.73+0.013 1.78
3 0.40 1.46 £0.010 0.68 1.44 £ 0.028 1.94
4 0.80 1.66 £0.012 0.70 1.56+0.031 1.99

The Mn concentration in the final product is also controlled by the rate of
solutions adding into the mother liquor. The Mn concentration dependence on
CaCl, solution adding rate is represented in Fig. 1.

The other parameters were kept constant (Mn concentration in initial solu-
tion, HF adding rate, temperature). The Mn concentration in final product
decays exponentially with the increase of adding rate of CaCl, solution. The
amount of manganese in the precipitate is affected not only by the rate of
adding solutions into the reaction vessel but also by the ratio of calcium and
fluoride ions and by the ageing time in mother liquor. The amount of man-
ganese in precipitate versus the ageing time at different adding rates of CaCl,
solution is shown in Table 2.
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At ageing, the smallest micro-crystalls are dissolved, while the larger are
growing up. This makes the influence of both ageing time and solutions adding
rate on the amount of Mn in the final product non-monotonical, because the
larger micro-crystals appear at lower adding rate, and they undergo essential
further transformations in the mother liquor at ageing. The optimum ageing
time was found to be 2 hours, with the adding rate of CaCl, solution being 2.4—
2.5 ml/min.

CMn’
mol.]%

1.8
1.6
Lo T
12 4

1.0

0.8 \\\:E

T T T T T T T T T T
2.5 3.0 35
CaCl, solution adding rat e, ml/min

Fig. 1. Concentration of manganese in precipitate versus the adding rate of CaCl, solu-
tion. HF adding rate was kept at 2.4 ml/min, amount of Mn in initial solution 0.567 at%.
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Table 2. Amount of Mn in precipitate versus ageing time of precipitate in the mother
liquor measured for different adding rates of CaCl, solution. Adding rate of HF was
kept at 2.8 ml/min, and the amount of manganese in the initial solutions was 1.13 at.%.

Adding rate of CaCl,, Ageing time, hours Mn concentration in
ml/min coprecipitate, at.%
1.5 1 1.72+0.03
1.5 2 1.72+£0.03
1.5 3 1.41+0.03
1.8 1 1.56 +0.03
1.8 2 2.12+0.04
1.8 3 2.69 + 0.04
24 0 3.82+0.04
2.4 1 3.68 £ 0.03
2.4 2 3.68 +£0.03
2.4 3 3.55+0.04

The dependence of the concentration of manganese in the final product on the
Ca®": F ratio in the mother liquor is shown in Table 3 [III].

Table 3. Dependence of co-precipitated Mn on the Ca** to F~ ratio*

Concentration of Mn®" in the Ratio of Concentration of Mn*" in the
initial solution, at. [Ca® ]:[F] co-precipitate, at.%
0.262 1:2.5 2.32
0.262 1:2.2 1.59
0.262 1:1.9 1.07
0.262 1:1.7 0.49

" Solutions were added at a rate of 2.4 cm®/min, ageing time was 3 hours

The excess of F ions increases the amount of manganese in precipitate. In
order to obtain a precipitate of CaF,-MnF, in the form of fine microscopic
crystals one should add the solutions into reaction vessel very slowly. The most
suitable co-precipitation conditions are the following: CaCl, adding rate —
2.5 ml/min; HF — 2.8 ml/min, ageing time — 2 hours [III].

The total amount of manganese in the final product is limited by the
solubility threshold of Mn in CakF,. Mn?" is smaller than Ca2+, and it causes
lattice distortions and stress [60,65]. The concentration of manganese in
thermoluminophor should be below the decomposition threshold, because re-
using of TLD requires high stability. We checked the crystal lattice distortions
and lattice constant changes with increase of Mn®" concentration using XRD
analysis [II1].

X-ray powder diffraction (XRPD) method was used for crystal phase
analysis and cell parameter determination. XRPD data were collected using a
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computer-controlled Bragg-Brentano 6-20 powder diffractometer (equipped
with a goniometer GUR-5 from diffractometer DRON-1). It has a 180 mm
radius and works at 40 kV (20 mA) with CuKa (A=1.5405981 A) radiation
collimated with Soller slits (aperture 2.5°) and a 1 mm divergence slit. Soller
slits (aperture 1.5°) were also used in the diffracted beam. A 0.03 mm Ni filter,
a 0.25 mm receiving slit and a scintillation detector were used in the step-
scanning mode (5 s for each step of 0.02°20) in the angular range of 8-160°260.
A software system AXES [80] was used to treat raw data (peak detection, fitting
with pseudo-Voigt function and cell refinement). For cell refinement, an inde-
pendent zero angle correction was made and applied to the diffraction angle.
Rietveld analysis (computer program FULLPROF, by Rodriguez-Carvajal [81])
was used to determine the lattice stoichiometry.

X-ray diffraction analysis has not revealed separate phases of Mn-containing
substances. However, the lattice constant decreases slightly but systematically
by increasing the concentration of Mn ions [III]. The stoichiometry analysis has
not revealed any changes in the occupancies of Ca and F atoms in the lattice,
the only exception being the sample with the highest concentration of Mn**
(2.76 at%). The best fit between the observed and calculated diffraction pattern
has been obtained for this sample with the occupancy of Ca equal to
0.88(+0.05) and the occupancy of F equal to 0.85(£0.05). This sample
demonstrates also a TL peak of a lower intensity with the maximum situated at
a lower temperature when compared with the sample with 2.39 at.% of Mn (to
be described below). This indicates that the Mn concentration of 2.76 at.% lies
close to the threshold of the solid solution decomposition [III].

The variation of crystal lattice constant with manganese concentration is
shown in Fig. 2.

0.00 mol % Crystal l attice constant in CaF  5:Mn
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0.5455 -

Fig. 2. Crystal lattice constant of CaF,:Mn versus Mn concentration
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2.2. CaF,:Eu

The synthesis of CaF,:Eu was performed using two different methods to
introduce the activator into the host material:

1.

Mechanical mixing of activator compound [Eu,(CO;);] with solid CaF,
followed by high-temperature firing in atmosphere of high-purity nitrogen
(99.999 %) during 45 minutes. Temperature of firing was varied from 1173
to 1373 K, and concentration of Eu — from 0.05 to 0.2 weight %. The final
luminophors demonstrate typical blue emission of Eu®" under ultraviolet
excitation [V].

Co-precipitation of the host material CaF, together with the activator com-
pound. The co-precipitation was proceeded in the same specially designed
apparatus as CaF,:Mn. Dilute solutions of CaCl,, Euy,(CO;); and NH,4F were
simultaneously added at a regulated rate into reaction vessel using peristaltic
pumps. The mother liquor was based on triply distilled water acidified with
HCI. The reaction vessel was kept at elevated temperature by water vapours,
and the incoming solutions were agitated with a fluoroplast-made stirring
rod. The precipitate was aged in the mother liquor for two hours. The
activator compound was added either into mother liquor only or both into the
mother liquor and CaCl, solution before co-precipitating. The concentration
of Eu’” in solutions was varied from 0.2 to 0.6 weight %. After ageing, the
precipitate was decanted, washed, dried and pre-annealed at 673 K for two
hours. The pre-annealed precipitate was placed into carbon-glass crucible
and fired for 45 minutes at 1373 K in a quartz atmospheric tube under
protective flow of high purity nitrogen. The final luminophors showed both
Eu”" and Eu’" luminescence under ultraviolet excitation.

The actual concentration of Eu in phosphors synthesized by co-precipitation
was found by inductively coupled plasma atomic emission spectroscopy using
the installation described in the previous subsection. About 60—80 mg of sample
was dissolved in 1 ml of concentrated HNO;, and the volume was coupled to
100 ml. Reference solutions used were 0.1 pg/ml — 100 pg/ml and 1 pg/ml —
50 pg/ml. Emission line of Eu(Il) = 381.967 nm was used for measurements.
The details of this method are given in paper [82]. The description of all the
prepared samples, including the concentrations determined by ICP-AES
analysis, are shown in Table 4 [V].

20



Table 4. The list of samples CaF,:Eu with actually determined Eu concentrations.

Ne

10

Concentration of Eu in the
initial solutions, at.%

0.1028 in the mother liquor
and 0.1028 in CaCl,

0.1028 in the mother liquor

0.2056 in the mother liquor
and 0.2056 in CaCl,

0.2056 in the mother liquor

0.3084 in the mother liquor
and 0.3084 in CaCl,

0.3084 in the mother liquor

Mechanical mixing of
Euy(COs); with solid CaF,

Mechanical mixing of
Euy(COs); with solid CaF,

Mechanical mixing of
Euz(CO3)3 with solid Can

Mechanical mixing of
EUZ(CO3)3 with solid Can

Concentration of Eu
determined by ICP-
AES analysis, at.%

1.467

1.493
2.727

1.639
4.351

2.137
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Concentration = Annealing
of Eu added by temperature
mixing, at.% K

— 1373
— 1373
— 1373
— 1373
— 1373
— 1373
0.0257 1373
0.0514 1373
0.1028 1173
0.1028 1373



3. THE EFFECT OF IMPURITY CLUSTERING ON
THE LUMINESCENCE, THERMOLUMINESCENCE
AND MAGNETIC PROPERTIES OF CaF,-BASED
LUMINOPHORS

3.1. CaF,;:Mn

The TL curve appearance in CaF,:Mn depends on the manganese concentration
and distribution. The TL curves were measured with a semiautomatic TLD
reader based on thermocontroller OMRON ES5SCK and a photomultiplier with
current to frequency converter. The pulses were counted by microprocessor and
transferred to computer by data acquisition system. The measurements were
carried out at a constant heating rate (0,5 K/s). The TL materials were irradiated
with a “°Co y-radiation source (doses 100, 200 and 400 Gy) to study the
radiation effects and other manifestations of stored dose information. The
reference dose irradiator 6527B (Sweden) equipped with *°Sr/*°Y p-radiation
source was used to produce lower irradiation doses (0.1-1.0 Gy).

The TL curves for different manganese concentrations [LIII] are shown in
Fig. 3.
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Fig. 3. TL curves after 0.25 Gy irradiation for different concentrations of Mn in CaF,.
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The TL curve is composed of several peaks overlapping each other if the
manganese concentration is low. At higher Mn concentrations, a single strong
TL peak appears near 590—600 K. Fractional annealing shows, however, that
the TL peak is not elementary and still consists of several close overlapping
peaks. Nevertheless, the distribution of the activation energies of the traps
becomes narrower at higher concentrations of Mn. This fact assumes probably
that the disorder caused by Mn impurity in CaF, lattice turns into some ordered
clusters when the concentration of Mn increases. This could be a preliminary
stage of manganese falling out of a solid solution [III]. The EPR spectra of Mn*"
were studied with X-band EPR spectrometers (8,87 GHz with 100 KHz
magnetic field modulation and 9,1 GHz with a 975 KHz magnetic field
modulation). EPR studies show that Mn®" lines become broader with the Mn
concentration increase. The mechanism of broadening EPR lines is connected
not only with the exchange interactions in clusters but also with increased super
hyperfine interaction of the Mn>" 3d° electrons with the nuclei of surrounding F-
ions. The super hyperfine structure (SHFS) caused by eight closest '°F nuclei
can be only resolved in single crystals. In our powder samples, only the
hyperfine structure from *>Mn is observed. However, due to the displacement
of Mn*" and F ions at increasing Mn concentration, the average distance
between Mn”" and F~ decreases and the interaction with '°F nuclei becomes
stronger causing the extra broadening of the averaged EPR lines. The
broadening of the EPR lines of Mn®" is illustrated in Fig. 4.
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Fig. 4. EPR spectra of Mn*" for different concentrations of Mn in CaF,.

The clustering of Mn*" is as well observed in our samples through the
deviations of magnetic susceptibility from Curie-Weiss law about temperatures
of 30-50 K [IV].
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We have studied also the EPR spectra of the samples irradiated with
different doses, from 0.25 to 400 Gy. Radiation has been proved to produce no
effect on the amount of Mn®" in CaF,:Mn. This means that energy storage can
not be explained by charge transformations of Mn*". The absence of non-linear
quenching effects of known quenching impurities (Co, Ni, Fe) as well as the
absence of charge transformations of Mn®" makes the usual electron-hole
recombination models for the energy storage and transfer untenable [III].
Hence, the process of energy storage should be explained with some intracentre
mechanism. One more experimental fact is very helpful in understanding this
mechanism. The observed deviations of magnetic susceptibility from Curie-
Weiss law decrease and disappear after the samples are irradiated with doses
about 250-500 Gy [IV]. The dependence of magnetic susceptibility on tempe-
rature was measured using quantum (SQUID) magnetometer equipped with
superconductive magnet and superconductive screen (device is assembled and
operating at Physics chair of D. Mendeleev University of Chemical Technology
of Russia). The thermal insulation of sample from liquid He environment makes
the measurements possible in a wide range of temperatures (2-350 K). The
changes of magnetic susceptibility behaviour due to the stored radiation dose
[IV] are shown in Fig. 5.

i + Can:Mn 2.39 m%, 250Gy, + Can:Mn 2.39 m%, 250Gy
X’_‘ annealed at 400°C 30min ”x’r‘ fit by function 1/x = (T-6)/C,
EMU g fit by function 1/ = (T-@)/C, EMU g  \here
where F C=(9.25:0.03)x10 “EMUg K™ ¥
C =(9.07+ 0.09)x10 * EMU g 'K ! [ ©=(0.3620.40) K
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Fig. 5. Inverse magnetic susceptibility versus temperature. Deviations from Curie-
Weiss law are observable at low temperatures when sample is annealed after irradiation,
while there are practically no deviations in the sample irradiated with a dose of 250 Gy.
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As we have seen from the EPR spectra (Fig. 4) [III], the electronic configu-
ration of Mn*" becomes more and more overlapped with surrounding fluoride
ions by increasing concentration of manganese. Hence, fluoride ions can
transfer the exchange interaction between Mn”" ions. This interaction yields to
the observed deviations of magnetic susceptibility from Curie-Weiss law. The
stored radiation dose removes or decreases the exchange interactions due to the
removal of one or more fluorines from the surrounding of the Mn*". Radiation
damage is, however, reversible: the removed fluorine returns to its' normal place
after annealing, and this process is accompanied with the thermoluminescence.
Mn?*- F~ distances are smaller than Ca*'- F~ ones. Hence, the Mn®" substitution
for Ca’" causes stress and distortions in the CaF, lattice. The larger is Mn
concentration, the larger clusters of manganese are formed in CaF,, and the
stronger are local lattice distortions and stress. The removal of fluorine from the
vicinity of Mn®" ions causes partial relaxation of lattice stress. The mechanism
of relaxation is based on the redistribution of electron density from anion
vacancy among the neighbouring Mn®" ions. As a result, a new mixed electronic
configuration is formed in the Mn cluster. The more Mn*" ions are involved, the
more stable configuration appears. Mn?" is distributed in CaF, non-uniformly. It
is clustered into certain configurations, depending on the solid solution propor-
tions. Transition from one cluster configuration to another is accompanied with
very abrupt changes in TL curve structure, while accretion of same-type clusters
causes only smooth changes in existing trapping energies. This mechanism
explains the glow curve transformations [IIII] with increase of Mn concent-
ration. At low Mn concentration, both electronic and hole processes can take
place. When concentration of Mn is already close to the decomposition
threshold of the solid solution, the electron from anion vacancy gives a very
stable configuration with surrounding Mn®" ions, and the only possible recombi-
nation mechanism proceeds through the return of removed fluorine, effectively
carrying hole. The fluorine returns to its' own place through intermediate hops,
and also, there could be some distribution of Mn clusters in size. These are the
basic reasons for the TL peak to be non-elementary and show transformations at
intermediate annealing [III]. What concerns the detailed mechanism of energy
storage, it could go through simultaneous F-centre (anion vacancy) and Vg
centre formation inside the Mn®" cluster [III]. This process is most probably
connected with excitons produced or stopped near Mn** clusters [IV]. The most
essential point is the relaxation of lattice stress through configurational
transformation. This transformation should be fast enough to occur at the time
of exciton decay, preventing from immediate energy transformation into the
luminescence or heat (quenching). Then, the Vi centre should be further
transformed into some defect which is yet more stable, for example, two of
interstitial fluorines could combine together into interstitial neutral molecule.
The next interesting point concerns the return of fluorine back — the
configuration produced at the moment of return should be capable of energy
transfer to Mn”>". As we can see, this should be true for CaF,:Mn with a high Mn
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concentration. Thermoluminophors with actual concentration of manganese
about 2.4 at.% are shown to be most suitable for TLD production. However, the
single TL peak suitable for dosimetry is situated at very high temperature. The
position of TL maximum at about 600 K means that the TLD should be
annealed at still higher temperature before re-using in order to clean up the
previous dose information. However, high-temperature annealing can cause
either oxidation of Mn®" to higher charge states or decomposition of solid
solution, thus making TLD unsuitable for repeated using.

Optically stimulated luminescence (OSL) readout [II] can solve the problem,
giving the possibility to employ TLD with as high as possible concentration of
Mn yet being below the decomposition threshold of solid solution.

OSL has some advantages for indicating absorbed dose compared with TL.
The repeated readout of the information is the most important one. Most
conventional TL and OSL dosimeters have relatively low luminescence yield
under stimulation. This means that the measuring technique based on
simultaneous stimulation and registration of output light has limited possibilities
because the spectral separation of luminescence and stimulating light cannot be
very effective. Thus, only the quanta of lower energies than luminescence
output are commonly used for stimulation. The complete stimulation spectrum
can be measured using time-resolution instead of spectral separation. The
intensity of optically stimulated afterglow (OSA) versus time is measured after
a certain delay following the stimulating pulse of light [II]. This method is also
applicable for luminescence centres with forbidden transitions using the longer
delays, because the stimulating light can cause the direct excitation of
luminescence centres. This is the case for Mn>" in CaF,. The OSA measure-
ments for Mn>" in TLD CaF,:Mn required the delay time of 150 ms. Measure-
ments have been carried out at room temperature. The OSA stimulation spectra
have been corrected with regard to the light intensity spectral distribution of the
excitation radiation source (Xe lamp + SPM monochromator). The integrated
emission value is acquired by PMT with a quartz window. Irradiation dose was
given with X-rays. The heating rate was about 1 K/s when glow curves and
thermo-optical bleaching (TOB) were measured. TOB is measured using
intermittent heating. The OSA stimulation spectrum for CaF,:Mn is shown in
Fig. 6.
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Fig. 6. The OSA stimulation spectrum (curve 1) and X-ray excited luminescence (curve
2) of CaF,:Mn. The delay time is 150 ms.

3.2. CaF;:Eu

The luminescence of CaF,:Eu was studied using luminescence spectrophoto-
meter Hitachi 650—60. It consists of two similar monochromators (200-850 nm
scan, 1.5 nm resolution). The installation is equipped with a 150 W Xe-arc
lamp. The data acquisition system transferred data to computer, data discreti-
zation was better than 12 bit. The spectra were measured at room temperature.
Intra-centre excitation was used, 350 nm for Eu*" and 392 nm for Eu**. The
luminescence spectra with a better resolution were measured with MDR-6
monochromator (LOMO) equipped with PMT FEU-100. The samples were
excited with a direct-current high-pressure Hg-arc lamp SVD-305-3. The ultra-
violet Hg emission line at 365 nm was selected with filter UFS-6. To decrease
the scattered exciting light, ZhS-18 filter was put in front of the entrance slit of
the monochromator. The used setup provided spectral resolution of about
0.7 nm.

The luminescence of the samples prepared by mechanical mixing (see
previous Chapter) shows the only band of Eu*" which have the excitation
maximum at 350 nm. The luminescence band maximum is shifted slightly but
steadily with the increase of Eu concentration towards the longer wavelengths,
from 423 to 427.5nm (a shift of about 0.03 V). The Eu’" luminescence
intensity increases with the increase of Eu concentration. What concerns the
samples obtained by co-precipitation, they demonstrate quite another behaviour
of Eu”" luminescence [V]. The Eu*" luminescence intensity decreases with the
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increase of the total europium amount, and the decrease is most pronounced for
the samples where europium was added both to CaCl, solution and to the
mother liquor, despite of the total added amount of europium being twice
greater. The Eu”" luminescence band maximum is shifted only slightly with the
Eu concentration increase being located at about 425426 nm. The scene is
changed when luminescence is excited near 392 nm. All the samples prepared
by co-precipitation method demonstrate the line spectrum of Eu’" at this excita-
tion, and the broad band of Eu*" is also observable. This is useful to observe the
simultaneous Eu”" portion decrease and Eu’* portion increase with the increase
of total Eu amount in the luminophor. Eu’" is produced most effectively when
the dopant is added both into CaCl, solution and into the mother liquor. The
luminescence spectra for samples NeNel—5 are shown in Fig. 7.
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Fig. 7. The luminescence spectra of CaF,:Eu NeNel-5. Excitation wavelength 392 nm,
T=300 K. The spectral part above 550 nm is multiplied by a factor of 1.5. The insertion
shows the luminescence of the sample Ne5 recorded at 300 K with better resolution
(0.7 nm).

The sample NelO also demonstrated a very weak line spectrum of Eu’", not
shown, however, in this figure. The presence of Eu’" luminescence in one of the
samples prepared by mechanical mixing, namely, in the sample with a maximal
Eu concentration among the other mechanically mixed samples, shows a
tendency for Eu to become Eu’" by the increase of total concentration. How-
ever, the synthesis conditions also influence the Eu®" to Eu’" ratio in CaF,:Eu.
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The forbidden transitions of rare earth triple charged ions are very sensitive
to the site symmetry. Thus, the structure of emission and excitation spectra of
Eu’" helps to understand the structure and symmetry of luminescence centres.
The Eu’" ion is most sensitive to the presence or absence of inversion symmetry
at the site. The most common approach was formulated by G. Blasse [83]: when
the inversion symmetry is present, the magnetic-quadrupole transition Dy — 'F;
prevails, giving a group of lines around 590 nm; when the inversion symmetry
is absent, the electric-dipole transitions Dy — 'F; with J=2,4,6, are dominating,
giving groups of lines in the red and infrared region. The first of dipole
transitions, "Dy — 'F,, is hypersensitive to the site symmetry and will prevail
absolutely when the deviation from the inversion symmetry is very small.

One can conclude from the first glance that the centres with inversion
symmetry are prevailing, while the centres with deviations from inversion
symmetry are present too, and these deviations are quite essential, because the
transitions *Dy — 'F, and "Dy — 'F4 show almost the same intensity. The ratio of
the intensities of red and infrared electric dipole transitions to the intensity of
the magnetic-quadrupole transition are given in Table 5.

Table 5. The ratio of the Eu’" spectral line intensities representing different radiative
transitions. The samples were prepared by a co-precipitation method.

samples
transitions: Nr5 Nr4 Nr3 Nr2 Nrl
°Dy - 'F, 1.00 1.00 1.00 1.00 1.00
Dy - 'F, 0.34 0.42 0.35 0.37 0.36
°Dy — 'F4 0.38 0.42 0.38 0.35 0.36

Only the sample Ne4 falls slightly out of set of the spectral line ratios. The
deviation can be explained, however, by the weakness of the luminescence and
uncertainty caused by a background subtraction.

The structure of various Eu’" luminescence centres and the mechanisms of
their formation were thoroughly studied by laser spectroscopy and subsequent
annealings [8,9,79]. The model of luminescence centres could be suggested on
the basis of comparison of our spectra with the data given in papers [8,9]. We
can say that there should be the centres of R and Q type, namely, dimers,
trimers, or probably more complex Eu’" clusters [V]. The insufficient resolution
of the luminescence spectra given in Fig. 7 makes it reasonable both to check
the excitation spectra and to measure the luminescence with a better resolution
(see the insertion in Fig. 7). The excitation spectrum for the sample Ne5 (having
the maximal Eu’" content) is shown in Fig. 8. The luminescence was registered
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for the transition Dy — 'F; near 590 nm. The spectral region shown in Fig. 8
demonstrates three groups of excitation lines characteristic only of clusters
containing two, three or more of Eu’" ions with proper charge compensators
(interstitial F7) [8,9,79]. The luminescence spectrum of the same sample taken
with a better resolution is shown in the insertion of Fig. 7. The Eu’" lines are not
resolved as nicely as one could expect, however, the reason of this could be
revealed: the lines are inhomogeniously broadened by some natural reason.
Also, the structure of spectrum is more complicated than one could expect from
the simple superposition of luminescence of dimers (R) and trimers (Q). The
inhomogenious broadening and complex structure of spectrum allows one to
suppose that Eu’” is not uniformly dissolved in CaF, producing large clusters
containing large amount of Eu®" ions.
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Fig. 8. The excitation spectrum of the sample Ne5 for the transition °D, —'F,
(luminescence in the vicinity of 590 nm) measured at T=300 K

It is possible that the structure of these clusters is close to the structure of a
calcium-europium fluoride single crystal CaggsEugssFy3s which was grown
recently [11]. The luminescence spectra of both our samples and Cay ¢sEug 35F2 35
single crystal are quite similar.

The non-uniformity of the CaF,:Eu solid solution strongly affects its' mag-
netic properties. The Curie-Weiss law is valid only in the range of temperatures
4-70 K, while there are strong deviations at temperatures above 100 K [V].
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There is a magnetic transition about 170 K where the effective Curie constant
decreases by several times (Fig. 9).
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Fig. 9. The inverse magnetic susceptibility versus temperature for the sample Ne3. The
insertion shows a low-temperature region where the Curie-Weiss law is valid.

One could suppose that there is a strong exchange interaction between Eu®" ions
at low temperatures. A very large paramagnetic Curie temperature ® (about
150 K or still larger) indicates that there should be very big Eu clusters where
Eu®" ions are ordered. The strong exchange interaction could affect the
luminescence band position. Actually, there could be two reasons for the
observed Eu”" luminescence band shift: changes in the crystal lattice constant
and lattice field, and also exchange interactions capable of direct displacement
of the ground level of Eu®’. To decide which reason is more essential, one needs
to study the temperature dependences of luminescence in CaF,:Eu with
anomalous magnetic properties. It is interesting to note that the deviations from
Curie-Weiss law and also the exchange interactions are stronger in samples with
the higher Eu®" concentration. This fact supports the idea of how the large
ordered Eu®" clusters are formed.

The co-precipitated precursor contains only Eu’" and demonstrates only
orange Eu’" line at 580 nm.
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After high-temperature annealing, some part of Eu’" is reduced to Eu*". The
matter is that Eu’" extra positive charge is compensated by the interstitial
flouride anion. Most of Eu’* pairs and more complex centres contain an extra
interstitial fluoride, one per each Eu’" complex. So, there is a mechanism of
extra flourine scavenging with the simultaneous increasing of cluster
complexity and number of involved Eu’" ions [9,79]. When the extra fluorine
goes out of balance, Eu’ is easily reduced to Eu®". The ionic radius of Eu
increases, and its' motion away from cluster becomes difficult. So, Eu*" remains
in the ordered cluster where it can be involved into a strong exchange
interaction. This is the way large ordered magnetic clusters formation in
CaF,:Eu. The excess of fluorine, however, may act quite differently. Only a
small excess acts as an oxidizer, while the large excess reduces Eu. An
analogous effect of halogens was observed in CaS:Eu [84]. This usefull feature
allows to control the charge state of Eu in CaF,.

EPR of Eu’" in CaF, was studied both for single crystals and powder
samples, however, different researchers give very different results on g-tensor
and show different spectra [13,14]. The differences are mostly caused by the
very strong exchange interaction distorting EPR spectrum of Eu*’. When the
concentration of Eu is about 0.1 at.%, there are no single Eu*" ions even in the
samples prepared by mechanical mixing. When Eu®" appears as the result of
reduction of Eu’®, the situation becomes still more complex, because of the
powerfull self-ordering mechanism of Eu®".

Let us compare the EPR spectra of samples Nel0 and Ne3 shown in Fig. 10.
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Fig. 10. EPR spectra of CaF,:Eu Nel10 and Ne3 measured at 300 K. The signal of Cr’"
in MgO single crystal was used for magnetic field calibration.
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First, the spectra are spread over the very wide range of magnetic fields. What
concerns the structure, some residual smoothed structure still persists in the
spectrum of sample Nel0. The EPR spectrum of sample Ne3 is much smoother
and does not show any structure. The deviations of magnetic susceptibility from
Curie-Weiss law are also stronger in case of the sample Ne3 obtained by co-
precipitation method. The Eu®" is prevailing in this sample, and this is Eu’"
which provokes the ordered clustering and provides after reduction the Eu**
involved into strong exchange interactions.
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SUMMARY

. Our experimental research succeeded in developing very stable against oxi-
dation of Mn thermoluminophor CaF,:Mn working in air without essential
changes of its' properties up to a hundred of exposure-readout cycles. The
new stable thermoluminescent material has a single TL peak and a lower
detection threshold compared with that of previously known TLD based on
CaF,:Mn. This material is foreseen for detection of high (extreme) doses in
radiation accidents due to an extraordinary wide range of linearity of dose
response (up to 4x10° Gy).

. Manganese ions are non-uniformly distributed in CaF, lattice, however, this
is an essential point for TLD material. TL curve structure and main dosi-
metry peak position is shown to depend on Mn concentration. The TL peak
is shifted towards higher temperatures and becomes narrower at higher Mn
concentrations when the clusters containing several Mn ions are created. The
most suitable TL properties are obtained with Mn concentrations being close
to the decomposition threshold of the solid solution, about 2.3-2.4 at.%. The
developed co-precipitation procedure provides the reproducible synthesis of
TLD material with required properties.

. The thermoluminescence mechanism in CaF,:Mn thermoluminophor is
connected with the partial relaxation of lattice stress induced by smaller
Mn*" ion substituting Ca*" in regular sites. Radiation dose storage produces
interstitial fluorine. The remained in anion vacancy electron is redistributed
among Mn ions and turns into a new stable covalent electronic configu-
ration. When fluorine returns to own place by annealing, the TL takes place.
The higher is Mn concentration, the more stressed is lattice, and the deeper
relaxation occurs at dose storage yielding a shift of TL peak towards higher
temperatures.

. CaF,:Eu luminophors can be synthesized both by through mechanical
mixing of CaF, with a dopant and through the co-precipitation procedure.
Mechanical mixing gives more Eu®" versus Eu’’, while co-precipitation
method increases the portion of Eu’". However, there is a general tendency
of Eu transformation into Eu’" at increasing total concentration of Eu,
regardless the synthesis method. Eu’" portion becomes prevailing when Eu is
introduced at co-precipitation both into CaCl, solution and into mother
liquor. Fine control of Eu*'/Eu®" ratio can be performed through the exact
balance of fluorine excess, because the interstitial fluoride compensates Eu**
extra positive charge in oxygen-free CaF,:Eu.

. The luminescence of Eu”" is slightly shifted towards a longer wavelength at
increasing Eu amount. The luminescence of Eu’* demonstrates essential
clustering of Eu’" according to the known mechanism of fluorine excess
scavenging (fluorine balance in large clusters is better). The clusters of Eu®"
could be large enough to speak about formation of mixed calcium-europium
fluoride inclusions. The luminescence spectra of our samples are very
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similar to those in recently grown single crystals Cagg¢sEug3sFa3s [11]. This
fact encourages to propose the new scintillating material based on sintered
CaF,:Eu ceramics which is essentially more cost-effective.

. The changes in fluorine balance at the final annealing cause some part of
Eu’' to be transformed into Eu?’, however, it remains included in large
ordered clusters. This causes Eu”" to be involved in very strong exchange
interaction yielding to anomalous magnetic behaviour of CaF,:Eu solid
solutions.
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SUMMARY IN ESTONIAN

Aktivaatorite laenguolek ja korrapirastatud klastrite moodustumine
CaF,:Mn ja CaF,:Eu luminofoorides

1. Kéesoleva t60 raames tootati vélja silinteesi metoodika, mis garanteeris
oksiidatsioonile vastupidava termoluminofoori CaF,:Mn saamise. Termo-
luminofoori omadused ei muutu praktilisel kasutamisel isegi saja tsiikli
korral. Termoluminofoori CaF,:Mn termoviélja kiirguskdveral esineb vaid
iiks kdrgetemperatuurne maksimum ja tal on madalam detekteerimise lavi
kui varem tuntul. CaF,:Mn termoluminofoor on sobiv korgete dooside
modtmiseks tinu kiirgusdoosi lineaarsele vastusele laias doosi piirkonnas
(kuni 4x10° Gy).

2. Mangaani ioonid jaotuvad CaF, kristallvores ebaiihtlaselt, mis on véga
oluline TLD materjalide puhul. TL kdvera struktuur ja dosimeetrilise maksi-
mumi positsioon sdltub Mn kontsentratsioonist. Mangaani kontsentratsiooni
toustes nihkub maksimum korgemate temperatuuride poole, muutudes
kitsamaks Mn suuremate klastrite moodustumise tottu. Kodige sobivamad
omadused on proovidel, kus Mn kontsentratsioon on minimaalselt viiksem
Mn konsentratsioonist, mille juures tahke lahus laguneb (2.3-2.4 at.%).
Viljatootatud kaasasadestamismeetod vGimaldab silinteesida noutavate
omadustega TLD materjale. Meetod on histi reprodutseeritav.

3. CaF,:Mn termoluminofoori TL mehhanism on seotud vore pinge osalise
relaksatsiooniga. Vore pinget pdhjustab Ca*" iooni asendumine viiksema
ioonraadiusega Mn”>" iooniga. Radioaktiivse kiirguse toimel nihkub fluori
ioon vorevahelisele positsioonile. Anioonvakantsile jadnud elektron jaotub
mitme Mn*" iooni vahel, tekitades uue stabiilse kovalentse elektroonilise
konfiguratsiooni. Kuumutamisel p6drdub fluor tagasi oma kohale, millega
kaasneb termoluminestsents. Mida suurem on Mn kontsentratsioon, seda
rohkem pingestunud on kristallvére ja seda suurem on ka relaksatsioon doosi
salvestamisel, mistdttu nihkub TL maksimum korgemate temperatuuride
poole.

4. CaF,:Eu luminofoore voib siinteesida kas aktivaatori mehhaanilisel sega-
misel pohiainega voi aktivaatori kaasasadestamisel pdhiainega. Mehhaa-
nilisel segamisel liheb euroopium kristallvéresse peamiselt Eu*'-na, kaasa-
sadestamisel aga suureneb Eu’" hulk kristallvores. Siiski ilmneb tendents, et
euroopiumi iildise kontsentratsiooni tdustes suureneb ka Eu’" hulk kristall-
vores, olenemata siinteesi meetodist. Eu’™ hulk on iilekaalus, kui kaasa-
sadestamisel viia euroopiumi ithend nii CaCl,- kui emalahusesse. Eu®*/Eu*"
suhet saab suunata fluori liia tipse doseerimisega, kuna vdrevaheline
fluoriidioon kompenseerib Eu’" iileliigse positiivse laengu hapnikuvabades
CaF,:Eu proovides.
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5. Eu”" sisalduse suurenemisel on tema luminestsents vihesel méral nihutatud
pikemate lainepikkuste poole. Eu’" luminestsents niitab, et Eu’" ioonid moo-
dustavad suuri klastreid vastavalt fluori liia eemaldamise tuntud mehhanis-
mile (suurematel klastritel on parem fluori bilanss). Eu’" klastrid vdivad olla
nii suured, et CaF, kristallvores moodustub juba uus aine (kaltsium-euroo-
piumfluoriid). Meie poolt siinteesitud proovide luminestsentsspektrid on
viga sarnased hiljuti kasvatatud monokristallide CaggsEug3sF, 35 spektritega
[11]. See tdhendab, et kuumpressimisega on vdimalik valmistada CaF,:Eu
keraamika, mis on oluliselt odavam.

6. Fluori tasakaalu muutused algsegu kuumutamisel pdhjustavad Eu’" osalise
taandumise Eu*'-ks, siiski viimase jiides suurte korrapirastatud klastrite
koostisse. See tingib Eu®* ioonide tugeva vahetusinteraktsiooni, mis oma-
korda pdhjustab CaF,:Eu tahke lahuse anomaalse magneetilise kditumise.
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Abstract. The content of manganese in the mixed fluorides CaF,;: MnF, and CaF,: Mn
thermoluminophors was determined by inductively coupled plasma atomic emission spectrometry
(ICP-AES) and spectrophotometry. The various Mn emission lines were compared and the
manganese emission line at 257.610 nm was used for ICP-AES analysis. For the spectrophoto-
metric determination the manganese(I) ions were oxidized to intensively coloured permanganate
ions using potassium periodate. No statistically significant differences were found between the
results of ICP-AES and spectrophotometric methods of analysis. The thermoluminophors were
synthesized by coprecipitation of manganese with CaF,, varying the concentration of manganese in
the initial solutions in the range of 0.01-2.0% (m/m). The coprecipitated mixed fluorides
CaF,: MnF, were heated at 1423 K. The glow curves of synthesized CaF,: Mn thermoluminophors
were measured.

Key words: manganese  determination, ICP-AES  spectrophotometry, thermoluminophors
CaF,: Mn, glow curves.

INTRODUCTION

Chemical characterization of advanced materials such as thermoluminophors,
semiconductors, and conducting materials requires highly accurate methods for
the determination of main and trace elements [1-3]. The large acceptance of

* Corresponding author, lilli@chem.ut.ee
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inductively coupled plasma atomic emission spectrometry (ICP-AES) can be
explained by some excellent characteristics such as high precision, high
sensitivity as well as low limit of detection, a large linear dynamic range, and
low matrix effects {4-6].

The thermoluminophor CaF,: Mn is used in environmental dosimetry [7-11].
It is applied in accident dosimetry because of the linear response of the
thermoluminescence intensity in the large range of the radiation dose (0.5 mGy
to 10° Gy) [12-14]. The fading of these thermoluminophors is low due to the
relatively deep electron traps of CaF,: Mn, and the luminophors are not sensitive
to daylight [15, 16]. The thermoluminescence properties of CaF,: Mn thermo-
luminophor depend mainly on the concentration of manganese.

The content of manganese in the semimagnetic semiconductors, bulk crystals,
and epitaxially grown layers was examined by X-ray spectrometry [17]. A simple
and fast analytical procedure was proposed for simultaneous spectrophotometric
determination of manganese, lanthanum, and holmium in synthetic ceramics by
using 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (5-Br-PADAP) [18]. Small
quantities of manganese are readily determined photometrically by the oxidation of
Mn(Il) to the coloured permanganate ion. Potassium periodate is an effective
oxidizing reagent for this purpose and permanganate solutions that contain excess
of periodate are quite stable.

In earlier reports we discussed photoluminescence of CaF,: Mn phosphors
excited by vacuum ultraviolet (VUV) radiation. Spectra of emission, excitation
of steady-state luminescence, and phosphorescence of samples excited by
monochromatic VUV radiation with quantum energies up to 14 eV at 293 K and
up to 12 eV at 85 K were measured [19]. The conditions of coprecipitation of
manganese with CaF, and the synthesis of CaF,: Mn thermoluminophor at high
temperature were worked out earlier [20, 21].

In the present study the content of the activator (manganese) was determined
spectrophotometrically and using the ICP-AES method. The aim of the study
reported here was to develop spectrochemical and spectrophotometric methods
for the analyses of different powders of CaF,: MnF, and CaF,: Mn thermo-
luminophors and to find suitable concentrations of the activator.

EXPERIMENTAL

Instrumentation and operating technique

A sequential PU 7000 Philips (Unicam Analytical Systems, Cambridge, UK)
inductive plasma atomic emission spectrometer was used for the measurements.
The design of this spectrometer includes a 40.68-MHz free-running oscillator for
driving the plasma, an echelle grating for wavelength separation, and a grid
nebulizer for sample introduction. The system is equipped with a Gilson 221
autosampler and is controlled by a Philips P3230 computer. The ICP-AES
instrumental parameters are summarized in Table 1.
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Table 1. Instrumental parameters of ICP-AES

Injector tube (quartz) 1.50 mm i.d.
Plasma power 1.OkW
Coolant argon flow 13.0 L/min
Nebulizer argon pressure 280 kPa (40 psi)
Sample uptake 1.0 mL/min
Sample read delay 405
Autosampler wash delay 20s
Integration time 3s
Number of integrations 3
Mn(11)* 257.610 nm
*ion line

A spectrometer Lambda 2S Perkin Elmer UV/Vis was used for spectrophoto-
metric measurements.

The glow curves of thermoluminophors were measured by a thermolumi-
nescence reader (TLD reader) UPF-02 (Moscow, Russia).

Reagents and standards

All reagents were of analytical grade (Merck). The sulphuric, nitric, and
hydrochloric acids were ultrapure (Merck). Deionized water (18 MQ/cm) was
used for the preparation of the solutions for ICP-AES analysis.

The stock solution, containing 1000 mg/L of manganese, was prepared from
MnSO4- 5H,0 (anal. gr., Merck). The working standard solutions for ICP-AES
were obtained by serial dilution of stock solution with deionized water
(18 MQ/cm). The concentrated HNO; (5% v/v) and concentrated H,SO4 (2% v/v)
were added to the working standard solutions.

The calibration standards for spectrophotometric determination were
prepared by serial dilution of the stock solution with deionized water. Six
standard solutions in the range of 0.01-0.25 mg manganese in 50 mL were
prepared for spectrophotometric measurements.

Samples, their decomposition and procedures

The powders of CaF,: MnF, were synthesized by coprecipitation using CaCl,,
HF, and MnCl, solutions. The MnCl, was added into solution of CaCl, and the
excess of fluoride ions was used. The heating of powders was carried out at
1323 K during 30 min in special quartz apparatus in the argon atmosphere [20, 21].

The samples (0.05-0.06+0.0002 g) were weighed into a fluoroplastic crucible
and 5 mL concentrated H,SO,4 (Suprapur, Merck) was added. The samples were
heated until HF vapours separated. For ICP-AES analysis 5 mL HNO; (65% v/v,
Suprapur, Merck) was added. The solution was allowed to cool and then
transferred into a 100 mL calibrated flask and coupled to volume with deionized
water.
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For spectrophotometric analysis the samples (after heating with concentrated
H,SO, on a hot plate) were transferred into a 100 mL baker. Then 14 mL of
concentrated H,SO, was added, diluted to 70 mL, and heated to dissolve the
precipitate. After cooling the solution was transferred into a 100 mL calibrated
flask and coupled to volume 100 mL with deionized water. For oxidation of
manganese(I) to permanganate ions 25 mL aliquot part of sample solution was
transferred into a 100 mL baker, 25 mL H3PO, (85% v/v) and 1 g KJO, were
added. The solution was heated to boiling and kept at 95°C during 15 min. The
solution was allowed to cool and transferred into a 50 mL calibrated flask and
coupled to volume with deionized water. The absorbance of the solutions was
measured at 545 nm to blank solution.

RESULTS AND DISCUSSION

Spectral lines for ICP-AES measurements were selected on the basis of
minimum spectral line interferences and maximum sensitivity. Three emission
lines Mn(II) at 257.610 nm, Mn(II) at 259.373 nm, and Mn(Il) at 293.306 nm
were compared. The Mn emission line Mn(II) at 257.610 nm was found to be the
most suitable for source peaking (to find an optimum viewing position in the ICP
discharge) and the detection limits (3 s of the blank prepared as samples) were
all in the 0.007-0.01 mg/L range (Table 2). The concentration of Ca in the
analysed solution can affect the determination of Mn by ICP-AES. The matrix
effects due to calcium were tested by measuring analyte intensities of 1.0 mg/L
of manganese in solutions containing 500 mg/L of calcium. The actual
concentration of Ca in the decomposed samples was about 200-300 mg/L. The
influence of calcium matrix on the Mn emission signal at 257.610 nm was <1%.
The precision of determination (RSD) ranged from 0.5% to 0.9% (Table 2). On
the basis of optimized experimental conditions the Mn(II) emission line at
257.610 nm was selected for the spectrochemical determination of manganese in
the samples of thermoluminescence materials. The following five manganese
calibration standards were used: 0.05, 0.1, 1.0, 5.0, 10.0 mg/L. A scan of the

Table 2. Wavelength, excitation potentials (EP), ionization potential (IP), and detection limits
(DL) of determination of Mn in solutions containing 1.0 mg/L manganese and 500 mg/L calcium

Manganese | Wavelength, EP, 1P* + EP, DL, Found®, mg/L

line nm eV eV mg/L ks | RSD, %
Mn(11)* 257.610 4.813 12.248 0.007 0.994 +0.0054 0.54
MndI) 259.373 4.784 12.222 0.009 0.983 +0.0076 0.77
Mn(II) 293.306 4228 11.663 0.010 1.052£0.0096 0.92

*IP Mn(Il) = 7.435
® four replicates
“jon line
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measurement lines showed neither background shifts nor sloped background, and
therefore it was not necessary to introduce background correction (Fig. 1).

The results of analysis of laboratory synthesized powders of CaF,: MnF, and
CaF,: Mn thermoluminophors by ICP-AES and spectrophotometry are shown in
Table 3. Statistical tests applied (s-test, F-test) showed no significant differences
between the results of ICP-AES and spectrophotometric analysis [22]. The RSD
ranged from 0.63% to 1.0% for ICP-AES and from 0.96% to 2.3% for the
spectrophotometric method.

Luminescence properties of thermoluminophors are determined by their glow
curves. The glow curves measured by a TLD reader UPF-02 with rising the
temperature 2°C/s are shown in Fig. 2. The shape of the glow curves, the
temperature, and the intensity of the thermoluminescence peak depend mainly on
the concentration of manganese in luminophors and the heating conditions. The
increasing of the concentration of manganese reduces the intensity of the low-
temperature thermoluminescence peak and increases the intensity of the high-
temperature thermoluminescence peak. The most suitable concentration of the
activator in the thermoluminophors seems to be in the range of 1.5-2.0% m/m.
These thermoluminophors and detectors have only one thermoluminescence peak
at 290°C. A higher concentration than 2.0% m/m is not recommended because of
oxidation of Mn(Il) in the case of reuse of detectors. These detectors are not
sensitive to visible light and the fading is also very low because no low-
temperature thermoluminescence peaks occur and the maximum of the high-

197110 ¢ - blank
ggig o - 500 mg/L Ca
- 1.0 mg/L Mn and
2179 4 Soom e
2170 - o - 1.0 mg/L Mn
m - sample CaFy:Mn
=
7]
[ =
2 .
£
c
ke
[723
@2
E
L
257.576 257.610 257.647

Cursor at; 257.610

Fig. 1. Scan of manganese line Mn(II) at 257.610 nm.
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Table 3. Results of ICP-AES and spectrophotometric analyses of powder of CaF,: MnF, and
CaF,: Mn thermoluminophor (four replicates) with precision of determination (RSD)

Mn, % (m/m)
Sample In initial ICP-AES Spectrophotometry
solutions Tts [ RSD, % T+s | RSD, %
CaFZ: MﬂFz
1 0.01 0.12+£0.0012 1.00 0.10+0.0018 1.8
2 0.05 0.27 £0.0026 0.98 0.28+£0.0027 0.96
3 0.1 0.51+0.0049 0.96 0.49£0.0098 2.0
4 0.2 0.62+0.0055 0.88 0.59+0.012 2.0
5 04 1.49+£0.0044 0.90 1.54£0.028 1.8
6 0.8 2.20+0.0094 0.63 2.12+0.044 2.1
7 1.0 2.53+0.017 0.69 2.50+£0,048 1.92
8 1.2 2.39+0.019 0.80 2.46+0.042 1.71
9 1.6 1.63+0.011 0.65 1.55+0.029 1.87
10 20 1.78+£0.016 0.65 1.73 £0.04 2.3
CaF,;: Mn
1 0.1 0.58 £0.0042 0.72 0.62+0.014 2.2
2 0.2 0.68+0.0051 0.76 0.73x0.013 1.7
3 0.4 1.46+0.010 0.68 1.44%0.028 1.9
4 0.8 1.66+0.012 0.70 1.56+0.031 2.0
100 T T L T
£ (A)-0.12%
(B) - 0.27%
(©)-051%
75 Py (D) - 1.49% _
(E) - 1.66%

Intensity
(3]
o

25

(F)-2.53%

Fig. 2. Effects of the concentration of manganese on the intensity of glow curves. A-F,
concentration of Mn (% m/m) in synthesized powders CaF,: MnF,.

temperature thermoluminescence peak is at quite a high temperature (290°C).
The response of thermoluminescence intensity is linear up to 10° Gy and the
sensitivity of the detectors does not change after radiation with high doses.
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Therefore they are suitable as extreme detectors. These detectors may be reused
many times (up to 50) and all measurements may be carried out in air.

CONCLUSIONS

The ICP-AES method is rapid and simple when compared to the spectro-
photometric method, which is more complicated and time consuming. The
manganese content has significant effects on the thermoluminescence properties
of CaF;: Mn thermoluminophors. Thermoluminophors containing 1.7-2.0%
(m/m) of manganese are the most suitable materials for the preparation of
thermoluminescence detectors.
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Mangaani méairamine termoluminestsentsmaterjalides
induktiivse plasma aatomiemissioonspektromeetrilisel ja
spektrofotomeetrilisel meetodil

Aime Lust, Lilli Paama, Mihkel Kerikmée, Mare Must ja Paavo Perdmaiki

Mangaani sisaldus fluoriidide CaF,: MnF, segus ja CaF,: Mn termolumino-
foorides madrati induktiivse plasma aatomiemissioonspektromeetria (ICP-AES)
ja spektrofotomeetria meetodil. Vorreldi erinevaid mangaani emissioonijooni ja
ICP-AES analiitis tehti kasutades emissioonijoont 257,610 nm juures. Spektro~
fotomeetrilise analiiiisi puhul oksiideeriti Mn(II)-ioonid permanganaatioonideks
kaaliumperjodaadi abil. Olulisi erinevusi kahel meetodil saadud tulemuste vahel
ei tiheldatud. Termoluminofoorid siinteesiti mangaani kaasasadestamisel CaF,-
ga, varieerides Mn kontsentratsiooni vahemikus 0,01-2,0% (m/m). Kaasasades-
tatud fluoriidide segu kuumutati 1423 K juures inertse gaasi atmosfiiris.
Siinteesitud termoluminofooridel mdadeti ka termovilja kiirguskdverad.
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OPTICALLY STIMULATED LUMINESCENCE OF SOME
THERMOLUMINESCENT DETECTORS AS AN INDICATOR OF

ABSORBED RADIATION DOSE

1. Jaek, M. Kerikmie and A. Lust
Department of Physics and Chemistry
University of Tartu

Téhe 4, Tartu 51010, Estonia

Abstract — Stimulation spectra of several TLD materials in the short-wave spectral region are measured using the optically
stimulated afterglow (OSA) method for determination of absorbed dose. Optical stimulation spectra are studied in the region of
wavelengths lower than those of emission spectra. The effective optical stimulation bands have been found for examined materials
in the regions of wavelengths which overlap with fluorescence excitation bands. Application of short-wave OSA bands for

determination of absorbed dose is analysed.

INTRODUCTION

Optically stimulated luminescence (OSL) has some
advantages for indicating absorbed dose compared with
thermoluminescence (TL). The repeated readout of the
information is the most important one. Most conven-
tional TL and OSL dosemeters have relatively low lumi-
nescence yield under stimulation. This means that the
measuring technique based on simultaneous stimulation
and registration of output light has limited possibilities
because the spectral separation of luminescence and sti-
mulating light cannot be very effective. Thus, only the
quanta of lower energies than luminescence output are
commonly used for stimulation. The complete stimu-
lation spectrum can be measured using time-resolution
instead of spectral separation. The intensity of optically
stimulated afterglow (OSA) is measured relative to the
time after the stimulating pulse of light. This method
was used to measure complete stimulation spectra of
quartz and alkali feldspars used in palacodosimetry”.
McKeever and others studied Al,O;:C afterglow
between laser impulses®. Miller® has measured optical
stimulation of the low-temperature TL peak of
CaF,:Mn, which gives the possibility of using organic
binders. However, the stimulation in the region of
shorter wavelengths was not used in these studies,
despite the potential advantage of the time-resolution
method.

EXPERIMENTAL

The studied samples are listed in Table 1. CaSO,:Dy
and CaF,:Mn were synthesised at the University of
Tartu by co-precipitating activators (Dy*" and Mn**)
with CaSO, and CaF,, respectively, followed by high-
temperature heating. LiF (TLD-100) and Al,O;:C were
commercial products. The measuring apparatus is

Contact author E-mail: galinap@physic.ut.ee

described elsewhere”. The delay time was 50 ms
except for CaF,:Mn, where At was 150 ms. Measure-
ments have been carried out at room temperature. The
OSA stimulation spectra have been corrected with
regard for the light intensity spectral distribution of the
excitation radiation source (Xe lamp + SPM
monochromator). The integrated emission value is
acquired by PMT with a quartz window. Samples were
dosed by X ray excitation. The heating rate was about
1°C.s~! when glow curves and thermo-optical bleaching
(TOB) were measured. TOB is measured using intermit-
tent heating.

RESULTS AND DISCUSSION

OSA spectra

The OSA spectra of some TL materials were meas-
ured using the equipment with a short-wave limit of 250
nm. Both OSA spectra and luminescence output spectra
are shown in Figure 1. As a rule, these materials have
short-wave stimulation bands which effectively induce
luminescence. In Table 1 the locations of the maxima
of OSA bands N\osa, the maxima of emission spectra
Aem and the ratio I,/1, of the OSA signal values recorded
at Nosa(l}) and at the wavelength of the stimulation cor-
responding to A.,(I,) are presented.

These data demonstrate that the studied materials may
be tried as OSL dosemeters using the OSA method in
the short-wave region of the stimulating light.

OSA method for determination of absorbed dose

The following conditions should be fulfilled to apply
this method in practice:

(1) The stimulation bands should be connected with
emptying of the proper ‘dosemetric’ traps revealed
in TL. The thermo-optical bleaching curves (TOB)
were measured to check this condition. TOB of
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Al,O;:C at several stimulation wavelengths is deep traps which could be very important in practice
shown in Figure 2. The decrease of intensity of (e.g. F-centres in LiF).

dosemetric TL peaks at corresponding stimulating (2) The stimulating light should not excite recombi-
bands permits both to connect with the same traps nation luminescence including thermoluminescence,
(TL and OSL). The OSA method is useful to study i.e. should not increase the population of traps. The

LiF
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Figure 1. The OSA stimulation spectra (curves 1) and X ray luminescence (curves 2) of LiF, CaSO,:Dy, Al,O;:C and CaF,:Mn.
Delay time At = 50 ms except CaF,:Mn where At = 150 ms.
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OSA OF TL DETECTORS

problem appears to be not easy because the require-
ment of quanta energy not to exceed the band gap
is insufficient. The photoionisation of luminescence
centres can also yield to the phosphorescence. So,
one should check all the possible thermoluminesc-
ence excitation bands before using the OSA method,
and restrict the stimulating light to prevent it from
overlapping with TL excitation bands. The materials
used here were checked against excitation by stimu-
lating light and it was discovered that Al,O5:C only
possesses a TL excitation band in the region of 300
nm (Figure 1, N = 300 nm). This fact corresponds
also to incomplete quenching of the OSA signal at
the peak of the glow curve by short-wavelength sti-
mulating light (Figure 2). The excitation of thermol-
uminescence by stimulating light in the region of
400 nm also occurs for some alkali feldspars used
as palaecodosemeters.

(3) The general requirement for application of OSA
methods in the region of short wavelength is the fol-
lowing:

At > At

where At is the intrinsic decay time of fluorescence, and
At is the delay-time, or dead-time between stimulating
light pulse and measuring of luminescence. This is a
basic principle of separation of fluorescence and second-
ary phosphorescence (OSA signal). While the decay
time of induced phosphorescence at room temperature
is several tenths of a second, the dead-time before
measurement  should not be less than 107 s
(milliseconds). This time seems to be long enough for
most of conventional luminophors where At < 107 s.

To achieve the maximum sensitivity, one uses short
(= 1.5 ms) delay times, but this is a problem in the case
of luminescence impurities (centres) with forbidden

Table 1. Samples studied.

No. TL detector Aosa (nm) Nem (NmM) I,/1, Notes

1 LiF(TLD-100) 290 460/420 >130 I, value at 420 nm

2 CaSO,:Dy 350 510 80 Line emission spectrum
3 ALO;:C 380 435 15

4 CaF,:Mn 270 520 >200

Luminescence intensity (arb. units)
(&

Al203:C

100

Temperature (°C)

Figure 2. Al,O5:C after X ray excitation at room temperature: Curves: (1) TL glow curve; (2) thermo-optical bleaching (TOB)
by stimulation at 300 (O), 400 (¥), 500 (O), 600 (), 700 (A) nm. Heating rate about 1°C.s”. TOB is measured using

intermittent
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transitions, which give long-time afterglow™. The
materials with slow intrinsic decay times are difficult
for distinguishing OSA signal from excited fluor-
escence. These difficulties could be illustrated by Mn**
in CaF,:Mn. It gives typical afterglow of about 40 ms
or longer when excited by light in the region 550-300
nm. So, one must exclude these bands of excitation from
the stimulating light, e.g. filter out the excitation band
of the 280 nm region from the stimulating light. This
gives a possibility of decreasing a delay-time up to 150
ms. Without light filtering one has to prolong the delay-
time up to 1 s or more. The lost phosphorescence inte-
gral can be compensated in this case by the sensitivity
of the measuring equipment.

SUMMARY

When the above mentioned conditions are fulfilled,
the OSA response can be measured without any filters
or spectral device, under stimulation of a halogen incan-
descent lamp. One of the suitable materials is
CaS0O,:Dy, and probably also natural quartz. The OSA
signal relative to the dose for CaSO,:Dy is shown in
Figure 3. The afterglow was stimulated by a complete
unfiltered spectrum of a halogen incandescent lamp. As
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Abstract

Concentration of manganese in CaF,:Mn (TLD-400) is shown to exert the most essential influence on thermoluminescent (TL) properties.
The TL curve demonstrates a single high-temperature peak only when CaF; is doped with a high manganese concentration, being close but
still below the decomposition threshold of a solid solution. In case of lower manganese concentrations, the TL curve shows several peaks
overlapping with each other. The optimum manganese concentration in thermoluminophor is found to be about 2.1-2.5mol%. The influence
of different factors on the actual Mn concentration in CaF,:Mn is reported for the case where the material is prepared by the co-precipitation
method. The CaF crystal lattice stress due to the Mn incorporation is studied by means of the X-ray diffraction technique. The solid solution
decomposition threshold is estimated. The EPR studies of both y-irradiated and non-irradiated samples have demonstrated that the amount of
Mn2* does not change as a result of the irradiation. The model of energy storage is suggested. It is based on a pair of Vg and F centres,
induced by radiation near Mn2*, which immediately turns into an exciton-like state with a partial relaxation of the lattice stress caused by the

Mn impurity. Partial relaxation of the lattice stress increases the thermal stability of the stored excitation.

© 2006 Elsevier Ltd. All rights reserved.

PACS: 29.40.Wk; 78.60.Kn; 78.55.Hx
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1. Introduction

Calcium fluoride doped with manganese is an important
material for thermoluminescent (TL) dosimetry. It is suitable
mostly for environmental dosimetry (Zarate-Morales and Buen-
til, 1996; Kalchgruber et al., 2002) rather than personal dosime-
try, because it absorbs radiation like bones, not like tissue. This
thermoluminophor linearly responds to the radiation dose in an
extremely wide range of doses, from 0.5 mGy to about 10> Gy
(Schulman et al., 1960; Vehl et al., 1994). CaF,:Mn has a single
TL peak well above the room temperature (570-580 K). There
are no losses from this peak at room temperature, and dose
information can be stored for years. However, the TL curve

* Corresponding author. Tel.: +3727375253; fax: +3727376520.
E-mail address: danilkin@ut.ee (M. Danilkin).

1350-4487/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radmeas.2006.04.020

depends substantially on the actual concentration and distribu-
tion of the doping agent (Mn>*).

The lattice of CaF, could be represented as two cubic lattices
inserted one into another: a cubic lattice composed of F~ ions
and a face-centred cubic lattice composed of Ca?* jons. Man-
ganese substitutes for calcium at regular sites of CaF, lattice,
and only divalent Mn?* is suitable to substitute Ca>* and to
give luminescence. The smaller ionic radius of Mn>* compared
to Ca2* (jonic radii of 8-coordinate Mn2* and Ca2* are 0.110
and 0.126 nm, respectively, see http://www.webelements.com)
causes lattice strains in doped with Mn CaF,. This makes the
solid solution sensitive to the Mn concentration and compli-
cates doping technologies. So, one needs to introduce Mn into
CaF lattice as uniformly as possible and to avoid oxidation of
Mn?* to higher oxidation states at annealing. Once oxidised,
manganese becomes unstable in the lattice and falls out of the
solid solution. This causes TL dosimeters to degrade during
cycled annealing while they are practically used, due to further
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oxidation and losses of Mn>*. Mechanical mixing of the dopant
with CaF, followed by annealing produces non-uniform and
unstable solid solutions due to the low diffusion rate of Mn>*
at the temperature of final annealing. The dopant is distributed
more uniformly only when the starting material is obtained by
co-precipitation of MnF, together with CaF, from the initial
solution.

The aim of our study was to work out a technique of
co-precipitation to obtain a thermoluminophor with required
characteristics, and also to get around the problem of Mn>*
oxidation both at the final annealing and during the practical
operation. Our research has succeeded in developing the pro-
cess of synthesis of a TL material CaF,:Mn>*, free of oxygen
traces and very stable against oxidation: it can be used in air
up to a hundred cycles without essential change in its proper-
ties (Lust, 1997; Kerikmée, 2004; Allsalu et al., 1980). Here,
we report the basic approaches that helped us to develop the
technology of this TL material.

Many attempts have been made during the last 40 years to
understand the TL mechanism of CaFy:Mn?*. Very different
approaches have been used and different models were suggested
(Alonso and Alcala, 1981; Mathur et al., 1986; McMasters
et al., 1987; Allen and McKeever, 1990). Nevertheless, the is-
sue is still open for investigations. We report here our experi-
mental results and ideas concerning the mechanism of energy
storage and release in thermoluminophor Can:Mn“.

2. Experimental

The co-precipitation of the host material CaF, together with
MnF; was carried out in a specially designed apparatus made
of fluoroplast-4. Dilute solutions of CaCl,, MnCl, and HF were
added simultaneously at a regulated rate into the reaction ves-
sel using peristaltic pumps. The reaction vessel was kept at
an elevated temperature by means of a vapour bath, and the
incoming solutions were agitated with a fluoroplast-made stir-
ring rod. The precipitate was aged in the mother solution for
2-3 h. Then the precipitate was decanted and washed carefully,
dried, and pre-annealed in air at 673K for 2h to remove the
traces of water and fluoric acid. Traces of water cause oxida-
tion of Mn?* as well as oxygen traces. To prevent Mn* from
oxidising, the starting materials should be also free of oxygen
(Ca(NOs3), cannot be used instead of CaCl,). Pre-annealed pre-
cipitate was then placed in carbon-glass crucible and fired for
1/2h at 1423 K in a quartz atmospheric tube under a protective
flow of high-purity (99.999%) argon or nitrogen. When nec-
essary, the finished thermoluminophor was pressed into tablets
and fired in a protective atmosphere once again.

The resulting concentration of manganese in the finished
thermoluminophor depends on the precipitation conditions and
on the presence of additional dopants. The amount of man-
ganese was varied in the starting materials from 0.01% to 2%.
The actual concentration of Mn was assessed by spectropho-
tometrical analysis (the details are given in a previous work
by Lust et al., 2002). The resulting accuracy and convergence
of the technique used were high enough to give the stan-
dard deviation of about 1-2%. The eligibility of this analysis

technique has been checked previously by comparing the results
of the spectrophotometrical analysis with the data obtained by
inductively coupled plasma atomic emission spectroscopy (Lust
et al., 2002).

X-ray powder diftraction (XRPD) method was used for crys-
tal phase analysis and cell parameter determination. XRPD data
were collected using a computer-controlled Bragg—Brentano
©®-20 powder diffractometer (equipped with a goniometer
GUR-5 from diffractometer DRON-1). It has a 180 mm radius
and works at 40kV (20 mA) with CuKo (4= 1.5405981 /&) ra-
diation collimated with Soller slits (aperture 2.5°) and a 1 mm
divergence slit. Soller slits (aperture 1.5°) were also used in
the diffracted beam. A 0.03 mm Ni filter, a 0.25 mm receiving
slit and a scintillation detector were used in the step-scanning
mode (5s for each step of 0.02°2@) in the angular range of
8-160°20. A software system AXES (Mindar et al., 1999)
was used to treat raw data (peak detection, fitting with pseudo-
Voigt function and cell refinement). For cell refinement, an
independent zero angle correction was made and applied to the
diffraction angle. Rietveld analysis (computer program FULL-
PROF, by Rodriguez-Carvajal, 1997) was used to determine
the lattice stoichiometry.

The EPR spectra of Mn>* were studied with X-band EPR
spectrometers (8.87 GHz with a 100 kHz magnetic field modu-
lation and 9.1 GHz with a 975 kHz magnetic field modulation).
The spectra were measured at the room temperature.

The TL curves were measured with a semiautomatic TLD
reader based on a thermocontroller OMRON E5CK and a pho-
tomultiplier tube with a current—frequency converter. Both the
thermocontroller and the data acquisition system were con-
nected to a computer. The measurements were carried out at a
constant heating rate (0.5 K/s).

The TL materials were irradiated with a °Co y-radiation
source (doses 100, 200 and 400 Gy) to study the radiation ef-
fects, the TL curves and other manifestations of stored dose
information. The reference dose irradiator 6527B (Sweden)
equipped with a *°St/*%Y f-radiation source was used to give
lower doses (0.1-1.0 Gy).

3. Results and discussion

The TL curve appearance in CaF,:Mn (the number and
positions of the TL peaks) depends solely on the manganese
concentration and distribution. The TL curves for different Mn
concentrations (actually determined in finished luminophors
concentrations) are shown in Fig. 1. The results demonstrate
a good reproducibility since our previous study (Lust et al.,
2002). The TL curve is composed of several peaks overlapping
each other if the Mn concentration is low. At higher Mn concen-
trations, the TL peaks are shifted towards higher temperatures,
and a single strong TL peak appears near 570 K. Fractional an-
nealing shows, however, that the TL peak is not elementary and
still consists of several close overlapping peaks. Nevertheless,
the distribution of the activation energies of the traps becomes
obviously narrower at higher Mn concentrations. This fact
assumes probably that the disorder caused by an Mn impurity
in CaF, lattice (Barkyoumb and Mansour, 1992) turns into
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Fig. 1. TL curves after 0.25 Gy irradiation for different concentrations of Mn
in CaF,.
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Fig. 2. Crystal lattice constant of CaF,:Mn versus Mn concentration.

some ordered clusters when the concentration of Mn increases.
This could be a preliminary stage of manganese falling out of
a solid solution. X-ray diffraction analysis has not revealed
separate phases of Mn-containing substances. However, the
lattice constant decreases slightly but systematically when the
concentration of Mn>* jons increases (see Fig. 2). This can
be explained by substituting Ca®* ions by smaller Mn* ions
(the ionic radii of 8-coordinate Mn?* and Ca®" are 0.110
and 0.126 nm, respectively, see http://www.webelements.com).
The stoichiometry analysis has not revealed any changes in the
occupancies of Ca and F atoms in the lattice, the only excep-
tion being the sample with the highest concentration of Mn?*
(2.76 mol%). The best fit between the observed and calculated
diffraction pattern has been obtained for this sample with the
occupancy of Ca equal to 0.88(£0.05) and the occupancy of
F equal to 0.85(£0.05). This sample demonstrates also a TL
peak of a lower intensity with the maximum situated at a lower
temperature when compared with the sample with 2.39 mol%
of Mn. This indicates that the Mn concentration of 2.76 mol%

0.38 mol%——=-:
2.05 mol%—

B———

Fig. 3. EPR spectra of Mn2* for different concentrations of Mn in CaF,.

lies close to the threshold of the solid solution decomposi-
tion. Mn?t—F~ distances in different fluoride compounds with
hexahedral coordination of Mn were studied by Barriuso and
Moreno, 1984. The distances Mn?t-F~ are usually smaller
than Ca2t-F~ distance in CaF,, hence, the Mn?* substitution
for Ca?t causes stress and distortions in the CaF, lattice:
Ca?t—F~ distances are decreased and Mn?+—F~ distances are
increased against their usual values. These lattice deformations
terminate the amount of manganese in the CaF;:Mn solid so-
lution. Also, the lattice stress affects the activation energies of
the traps involved in TL.

The increasing displacement of F~ ions caused by Mn>*
also affects the EPR spectrum of Mn?*. The EPR stud-
ies of CaF2:Mn have a long history (Lay and Nolle, 1967;
Garifullina and Stepanov, 1973; Gehlhoff and Ulrici, 1980;
Kuroda et al., 2001). The superhyperfine structure (SHFS)
caused by eight closest to Mn®t '°F nuclei can be only re-
solved in single crystals. In our powder samples, the hyperfine
structure from >Mn is observed, while a SHFS of '°F nuclei
is averaged through different orientations of the microscopic
crystals, and thereby causes a uniform broadening of the EPR
lines. Due to the displacement of Mn>* and F~ ions at increas-
ing Mn concentrations, the average distance between Mn>*
and F~ decreases, and the interaction with '°F nuclei becomes
stronger. This makes SHFS stronger and causes extra broaden-
ing of the averaged EPR lines compared with the broadening
raised by the dipole—dipole interaction. The broadening of the
EPR lines of Mn?" is illustrated in Fig. 3 for three different
concentrations of manganese.

‘We have studied the EPR spectra of the samples irradiated
with different radiation doses, up to 400 Gy. Radiation has
been proved to produce no effect on the amount of Mn2* in
CaF,:Mn. This means that the energy storage cannot be ex-
plained by charge transformations of Mn*. Moreover, we have
studied the effect of well-known quenching impurities (Co, Ni,
Fe) on the storage characteristics of CaF,:Mn. These impurities
have not demonstrated any quenching effect on either energy
storage or release. The only influence they exert on the ther-
moluminophor is the reduction of the manganese concentration
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due to concurrent co-precipitation. This causes the TL curve to
become wider towards low temperatures and to show peaks typ-
ical for lower concentrations of Mn. The absence of non-linear
quenching effects as well as the absence of charge transfor-
mations of Mn?>* makes recombination models for the energy
storage and transfer untenable. Hence, the process of energy
storage should be explained with some intracentre mechanism.

The study of the optical absorption and excitation spectra
of y-irradiated CaF,:Mn single crystals (Mathur et al., 1986)
has revealed radiation-induced absorption bands. F-centre for-
mation near Mn?* was suggested to explain the observed data
(Mathur et al., 1986; Allen and McKeever, 1990). We suppose
that an F-centre and a Vk-centre appear together near man-
ganese due to the displacement of an F-anion into the intersti-
tial position. These complex defects would disappear rapidly
at room temperature when they occur in regions of CaF, lat-
tice free of impurities. However, when these defects are formed
in a pair near Mn?*, the lattice strains induced by the impu-
rity exert a partial relaxation. Then, the electron-hole inter-
action causes an exciton-like state to be formed near Mn>+.
Both electron-hole coupling energy and lattice stress relax-
ation increase the thermal stability of the radiation-induced
complex defect. So, after a partial relaxation, the energy stored
near manganese freezes. This energy can be transferred to
manganese only after a thermal activation or under UV stim-
ulation. Optically stimulated luminescence for CaF>:Mn has
been studied and reported earlier (Allen and McKeever, 1990;
Jaek et al., 2002).

The suggested model explains most of the observed experi-
mental data. The highest thermal stability of defects and highest
temperature of TL peak maximum occur at a highest possible
concentration of manganese, which lies still below the thresh-
old of decomposition of the solid solution. This concentration
corresponds to a maximal possible extent of the lattice stress
induced by Mn?+.

4. Conclusive remarks

Our aim was to find the optimal concentration of the doping
agent (Mn) in CaF,. This concentration should be low enough
to keep a solid solution far from the decomposition thresh-
old, and also, should be high enough to obtain a single high-
temperature TL peak of sufficiently high intensity. The actual
amount of manganese in CaF2:Mn is influenced by the con-
centration of manganese in the initial solution as well as by the
conditions of co-precipitation. So, the amount of manganese
in the co-precipitate is affected by the factors like the rate of
adding the solutions into the reaction vessel, the ratio of cal-
cium and fluoride ions, and also the ageing time. The amount
of manganese in the precipitate versus the ratio of Ca2+:F~ is
shown in Table 1.

The excess of F~ ions and a longer ageing time increase the
amount of co-precipitated manganese. In order to obtain a co-
precipitate of CaF,—MnF; in the form of fine microscopic crys-
tals, one should add the solutions into the reaction vessel very
slowly. The most suitable rates of adding solutions were the
following: CaCl,—2.5 ml/min, HF—2.8 ml/min. Ageing time

Table 1
Dependence of co-precipitated Mn on the Ca®* to F~ ratio®

Conc. of Mn** Ratio of Concentration of Mn>*
in the initial concentrations, in the co-precipitate
solution (mol%) [Cu”]:[F’] (mol%)

0.262 125 232

0.262 122 1.59

0.262 1:1.9 1.07

0.262 1:1.7 0.49

Solutions were added at a rate of 2.4cm>/min, ageing time was 3 h.

of 2 h appears to be sufficient, as the amount of manganese in
the co-precipitate does not increase when the ageing time is
increased above 2h. The optimum concentration of the man-
ganese in the co-precipitated precursor is found to be about
2.1-2.5mol%. It decreases only slightly after the final firing of
the precursor.

The manganese content in commercial CaF:Mn (TLD
400) is about 4.3 mol%. TLD materials with still higher con-
centration of manganese were also used, however, in routine
applications they are closed in glass ampoules or covered with
protective enamels. In our opinion, extra-high concentration of
manganese complicates routine work with this material mak-
ing it unstable due to the oxidation of manganese in the air
and due to the decomposition of a solid solution during cycled
readouts.
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Abstract

Magnetic susceptibility as a function of temperature (4-250K) and EPR spectra at room temperature were studied for thermoluminescence
detectors (TLD) CaF,:Mn with either stored dose information or cleaned dose by annealing. No essential variations of MnZt number in detectors
were found due to dose storage; however, the exchange interactions between manganese ions are observed as deviations from Curie—Weiss
law. These deviations are removed when samples are irradiated with high doses (250-500Gy) and appear again after dose annealing. The
effect is regarded as indirect evidence of trapped exciton formation in the close vicinity of Mn?* impurity, with the exchange interaction being
destroyed by fluorine displacement from regular lattice position. The unusually high stability of trapped at impurity excitons is explained by

partial relaxation of lattice distortion caused by substitution of Ca%t with a smaller M2+,

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

TLD material CaF,:Mn is important for measuring extreme
doses, due to its linear responsibility in very wide range of
doses. However, the mechanism of energy storage and release
in this material is not still clear in detail. The dependence of
the thermoluminescence (TL) curve for CaF,:Mn on the man-
ganese concentration has been discussed in our previous paper
(Danilkin et al., 2006). The substitution of calcium in CaF; with
smaller divalent manganese, which has more covalent chemi-
cal bonds, causes both local distortions of crystal lattice around
manganese and also small but detectable decrease in lattice
constant. The higher the concentration of Mn, the larger are
the displacements of fluoride ions around Mn. We have sup-
posed that the displacement of fluorine towards Mn?* causes
extra broadening of Mn>* EPR lines due to increased unre-
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E-mail address: danilkin@ut.ee (M. Danilkin).

1350-4487/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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solved super hyperfine structure from '°F nuclei. The TL curve
becomes more uniform with increasing manganese concentra-
tion up to solid solution decomposition, and also the main TL
curve maximum occurs at higher temperature. Summarising
these facts, and also the fact of Mn%t concentration being un-
changed after irradiation of samples with high doses, we have
suggested that the energy is stored in the vicinity of Mn”* in
a form of exciton. Radiation-induced displacement of one of
fluorine in the vicinity of Mn causes a pair of Vg centre and
F centre to appear. The pair of defects keeping both electron
and hole is immediately transformed into exciton. This model
was developed for self-trapped excitons (STE) (e.g., Lindner
et al., 2001). However, STE have very short lifetimes in pure
CaF, and cannot explain the energy storage effects. The un-
usually increased stability of trapped excitons in our case can
be explained by partial relaxation of the distorted lattice in the
vicinity of Mn?*. The higher the concentration of Mn, the larger
are local distortions of crystal lattice, and hence, the deeper re-
laxation occurs when a metastable state with stored energy is
formed through a trapped exciton.
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To verify the model by EPR, one should observe the disturbed
Mn?* centres which appear after storing dose information. It
is difficult to characterise these low-symmetry centres without
single crystals so essential for effective EPR studies. However,
the crystal growth of CaF, with large Mn concentration would
be a heavy task, regarding noticeable lattice distortions caused
by Mn impurity. We have obtained another indirect evidence of
this model by studying the deviations of magnetic susceptibility
from Curie—Weiss law.

2. Experimental

The samples were prepared by co-precipitating MnF; to-
gether with CaF, and subsequent firings of luminophor in air at
673 K, and then in protecting inert gas atmosphere at 1423 K,
as described in our previous work (Danilkin et al., 2006).
The tablets were cold-pressed from powder, with precautions
against pressing-out manganese impurity (the effect is known
at high Mn concentrations and high pressure applied). The ac-
tual concentrations of Mn both in tablets and powder samples
were checked by spectrophotometric analysis (the details are
presented by Lust et al., 2002).

EPR studies were performed at room temperature with X-
band EPR spectrometer (8.87 GHz, 100kHz magnetic field
modulation).

The samples were irradiated with a ®*Co gamma-radiation
source (doses from 10 to 500 Gy), and also with X-ray tube

+

CaF,:Mn 2.39 m%, 250Gy,

annealed at 400°C 30min
—fit by function 1/x, = (T-€)/C,
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(45kV, 16 mA, W-anode, doses above 2000 Gy). Smaller doses
(0.1-1.0Gy) were given using reference irradiator 6527B
(Sweden), equipped with 2°Sr/*0Y source.

Magnetic susceptibility of TLD tablets was measured using
quantum magnetometer equipped with superconductive magnet
and superconductive screen (device is assembled and operat-
ing at Physics Chair of D. Mendeleev University of Chemical
Technology of Russia). The thermal insulation of sample from
liquid He environment makes the measurements possible in a
wide range of temperatures (2-350 K).

3. Results and discussion

There were no variations of EPR signal of Mn?* detected
when the samples were irradiated with doses 10-500 Gy. The
small degradation of Mn* spectrum intensity occurs after ir-
radiation with doses above 2500 Gy. This degradation is ac-
companied with increase in the intensity of somewhat weak
additional spectrum of low-symmetry centres observed around
the main six lines of Mn2*. Probably, these are low-symmetry
Mn>+ centres one would expect to see after dose storage, how-
ever, it is very difficult to say something about these centres,
because the observed spectrum is too weak and composed of
broad orientation-averaged lines in powder samples. One needs
single crystals for effective studies of the nature of the observed
object.

+

CaF,:Mn 2.39 m%, 250Gy
fit by function 1/x, = (T-©)/C,
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Fig. 1. Inverse magnetic susceptibility versus temperature. Deviations from Curie-Weiss law are observable at low temperatures when sample is annealed after
irradiation, while there are practically no deviations in the sample irradiated with a dose of 250 Gy.
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Fig. 2. A schematic model of relative positions of two Mn2+ and exciton
trapped near Mn?* impurity ions.

On the other hand, magnetic susceptibility studies demon-
strated an interesting radiation effect: the exchange interactions
between Mn>* ions observed as deviations from Curie-Weiss
law could be removed by irradiation with dose of 250-500 Gy
and restored back by dose annealing (see Fig. 1). To explain the
observed effect, one could suppose that fluoride ions are trans-
ferring magnetic exchange interaction between Mn>* ions. The
exchange between Mn>* is destroyed when irradiation of sam-
ples causes the displacement of fluorine from its regular sites.
The displacement of fluorine into interstitial position is the first
step of exciton formation (Lindner et al., 2001). While STE
has very short lifetime in a perfect lattice, the exciton trapped
near Mn impurity would be stabilised due to partial relaxation
of lattice distortions caused by Mn impurity. The higher the
Mn concentration, the more stable are trapped in the vicinity
of Mn excitons due to increased relaxation of distorted lattice.
This model could explain the increase of shift of TL peak po-
sition towards the higher temperatures with the increase of Mn
concentration up to a threshold of solid solution decomposition
(Danilkin et al., 2006). Actually, there are two superimposed
effects. Mn?* is distributed in CaF, lattice non-uniformly. It
is clustered into certain configurations, depending on the solid

solution proportions. Transition from one cluster configuration
to another is accompanied with very abrupt changes in TL curve
structure, while accretion of the same type clusters causes only
smooth changes in existing trapping energies. The observed de-
viations from Curie—Weiss law are also different in the case of
different cluster configurations. However, the details of mag-
netic interactions will be reported later.

The model of trapped near Mn>* exciton is represented
schematically in Fig 2. Chosen positions of two Mn* jons sub-
stituting for Ca>*+ have to show as the contiguous to both Mn2*
fluoride-ion (and thus capable to transfer magnetic exchange)
has been removed at excitation. The relative positions of two
Mn?* ions and exciton shown in Fig. 2 represent not the only
but one of possible configurations. Both two Mn2+ and trapped
exciton will occupy rather different positions depending on Mn
concentration, with trapping energy being determined by those
relative positions of defects. The closer Mn?* impurities are
one to another, the stronger are lattice distortions, and hence,
the excited lattice exerts more relaxation when exciton is cre-
ated. So, one would expect an increase of exciton bound en-
ergy at the expense of lattice relaxation when the concentration
of Mn increases. This model explains both abrupt changes in
the TL curve (transition from one configuration to another) and
relatively small shifts of existing TL maxima (accumulation of
the lattice strains).
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HUccnenoranock Biusiaue MetonoB cuHte3a CaF,:Eu momMuHOGOPOB Ha 3apsa0Boe COCTOSIHUE
esponus. [Tokasano, uro Eu’* npeo6nanaer vag Eu** B 06pasiiax, MOMy4eHHBIX MyTeM
COOCAKIEHHS eBPOIHS cO GTOPUIOM KalbIus, IpudeM otHomenue Eu®'/Eu*’ pacrer ¢
YBEJIUYCHUEM 06mer0 KOJIM4YECTBA €BPOIHUIL. Yactuunas nepesapsaaKa €Bporus npoucxoguT BO
BpeMs IPOKATUBAHUsS 00pa3IOB U3-3a U3MEHEHHUs OaaHca u30bITouHoro ¢propa. [IpoBeneHs
HCCCIIEI0BaHNS IIOMHHECICHIIMN, MATHUTHOW BOCTIPUUMYHBOCTH U DIIP CHHTE3MpOBaHHBIX
06pasioB. [TokazaHo, 4TO eBpoIHii 00pa3yeT B TBEPOM PACTBOPE KPYIIHBIE YIIOPSI0YCHHbIC
KJIaCTEPBI, ONPECIIIONINE KaK JIIOMAHECIICHTHBIC, TAK U MArHUTHBIE CBOMCTBA MaTepHaa.
Kirouesbie ciioa: @Topu KanbLus, €BPONUHN, JIOMUHECLIEHIIUS, MATHUTHASI BOCIIPUUMYHBOCTD,

OITP, 0OMeHHBIE B3aUMOIEHCTBHS.
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The influence of synthesis methods on the charge state of europium in CaF,:Eu luminophors has
been studied. Eu*" is shown to prevail over Eu”" in the samples obtained by co-precipitaion of
europium together with calcium fluoride, the Eu*'/Eu*" ratio increasing at the increase of total
europium amount. Partial charge transformation of europium takes place at annealing of samples
due to the changes of extra fluorine balance. Luminescence, magnetic susceptibility and EPR
studies of the synthesized samples were carried out. Europium is shown to constitute large orderd

clusters in the solid solution affecting both luminescent and magnetic properties of the material.

Key words: Calcium fluoride, europium, luminescence, magnetic susceptibility, EPR, excange

interactions.

BBEOEHME

HUcropus uccnenosanust CaF,:Eu momunohopos HacunTeIBaeT ysxxe MHoro JieT. [Tornomenue n
momuHectenus Eu®' B kpucramnax CaF, uccnenosanuch erme ®deodunoeM [1], a B Hamm aHU
MPOMBIILIEHHbIE MOHOKPUCTATMYECKUE CUMHTHILIATOPB CaF,:Bu*" npumensioTes faxke B TaKuX
9K30THYECKUX 00JIACTAX, KaK MOUCK TeMHOit MaTepun [2]. Tem He MeHee, Hanboee feTaabHBIE I
JKE€ CaMble HEIaBHUE UCCIICIOBAHUS MOCBSIICHBI CBOWCTBAM JINOO IBYX3apsaaHoro [3,4], mibo
TpPeX3apsaHOTO [5,6] eBPOIHS IO OTACIBHOCTH, a TaKKe ABYX(OTOHHBIM IIpolieccaM Ha
nByx3apsaHoM esponuu B CaF, [7]. 3apsnossie npeBpamienus espomus B CaF, uccienosanuch
TOJBKO B CBSI3H C MOMBITKAMH OOBICHEHUSI MEXaHU3Ma TEPMOTIOMUHECIICHINH [8], a TakxkKe B CBA3H
C U3YYCHUEM POJIM KHCIOPOJa KaK KOMIIEHCATOpa 3apsja Tpex3apsIHbIX npuMeceil. B To xe
BpEMsI, COBCEM HEJaBHO IOSIBHINCH COOOMIECHUS O BBIPAIICHHOM MOHOKPHCTAIIE CMEIIAHHOTO
¢dropuza kansuus 1 eBponus [9], rae cogepxkutcst 35% eBponus, IPUIeM TOIBKO B COCTOSHUH
Eu™. DTu MOHOKpHUCTAITEI HE COMIEPKAT KUCIIOPO/a B KAYECTBE KOMIIEHCATOPA 3apsijia, U
MPEJUTaraloTcsl B Ka4eCTBE HOBOTO CIMHTHIUIAIIOHHOTO MaTepHaa Juis IETeKTOPOB
PEHTT€HOBCKOTO U3JIYYCHHS B CHCTEMaX 0e301acHOCTH H, BO3MOXKHO, JUISI METUIIMHCKIX
npuMeHeHui. Beicokoe copepkaHue eBponus U JOBOJIBHO CJIOXKHAsI IPOIeypa BIPALIUBAHUSL
0eCKHCIOPOTHBIX MOHOKPHCTAILIOB CYIIECTBEHHO YAOPOXKAIOT 3TOT MaTepHai. Kepamudecknit
MaTtepual ¢ MOXO0XXUMU CBOMCTBAMH U FOPa3l0 MEHBIINM COJICP>KaHUEM €BPOIHS MOXKET OKa3aThCs
HEJ0pOroi anbTepHATHBOH ¢ OOIBIINMH IAHCAMH HA MPaKTHYeCKoe MpuMeHeHne. [losTomy
yIpaBJIeHHe 3apsIOBBIM cocTostHIEM eBponust npu cunTese CaF,:Eu momunodopos npencrasiser
npakTHdeckuii nHTepec. Hacrosmas paboTta NocBsIIeHa He TOJIBKO BOIPOCY CHHTE3a
JTIOMHHO(OPOB € 33JaHHBIM COCTOSHHEM €BPOITHS M CTPYKTYPOH IIEHTPOB JIFOMHHECIICHI[UN, HO

TAKXEC np06neMaM 1 METOJlaM HCCJIIEN0BAaHUs €BPOIINSA B PAa3HBIX 3apA/IOBBIX COCTOAHUSX,



MOCKOJIBKY MBI CTOJIKHYJIUCH C HHTEPECHBIMH (DYHIAMCHTAIIbHBIMHU ACTIEKTAMH MOBEICHUS CBPOIHUS
BO (propune Kanmplus. B paboTe COOCTaBISIOTCS pe3yIbTaThl, IOJyYSHHbIC METOIAMH N3MEPEHHS

nmromuHecueHuny, DI1P 1 MarauTHON BocipuuMynuBocTH 00pa3uoB CaF,:Eu.

TEXHUKA OKCNEPUMEHTA

HccenenoBaHHbIe 00pa3iibl OAPA3AEIAIOTCA HA B TPYIIIBI 10 criocoOy npurotoBieHus. OnHa
rpyIlIa H3rOTOBJICHA ITyTeM MexaHudeckoro cMemmBanus CaF, (o.c.4. 6-2) u Euy(COs)s ¢
MOCIIEAYIOIUM TIPOKaNIUBaHUEeM MMXTHI IpH Temmeparype 1173 K mu6o 1373 K B atmocdepe
0c000 grcroro azora (99.999%) B Teuenue 45 MuHyT. B 3THX 00pa3nax KOHIEHTPALHS CBPOIHS
BapbupoBanack oT 0.0257 mo 0.1028 at.% (0.05-0.20 Bec.%). ConeprkaHue eBpOITHs B TOTOBBIX
JTFOMUHO(OpAxX 3TOH IPyMIIEl HE aHATU3UPOBAIIOChH, IOCKOJIbKY €BPONUil IPH MIPOKATUBAHUH HE
yneryanBaercs. Bropas rpymnma o6pa3ioB ObliIa IPUTOTOBIIEHA ITyTEM COOCAXKIESHHS OCHOBAHHS
JIIOMUHO(Opa BMECTE ¢ aKTUBATOPOM IIPU PeaKLUU B pacTBope. Peakiusa npoBoaunacs B
CHELUAILHO CKOHCTPYHUPOBAHHOM cocylie U3 (proporuiacta-4. MaTouHblil pacTBOP B cocyie ObLT
noxkucier HC, Bosa ncrnons3oBatach TPHOKABI JUCTUILINPOBAHHAS. B peakimoHHEI cocy
HETIPEPBIBHO U C 3aaHHON CKOPOCTHIO IOaBATHUCH C IIOMOIIBIO IEPUCTAIBTHYECKUX HACOCOB
pas6asnennsie pactBopsl NH4F u CaCl,, mpuuem B mocieanii 1o6assum Euy(COs); 1 Toxe
noaxucisimi HCI no pactBopenus kapboHara eBponust. B psine cirydaeB (00pasib! ¢ HEYETHBIMU
HOMepaMH) KapOOHAT eBPOIHS BBOAWIN TAKKE U B MATOYHBII PAcTBOP, I7Ie OH PacTBOPSIICS
Gmaronapst KMCIIOi cpezne. Bo Bpemst peakiuu pacTBOp B cocyzie IepeMennBaics hTopoIIacToBOi
MEIIAJIKOMH, a COCyJl OOrpeBacs BOASHBIM MapoM. [1o 3aBepiieHNH T01aul peareHToB 0Ca 0K
TIOABEpTalM CTAPEHNIO B MATOYHOM pacTBope B TedeHue 2 yacoB. [Tocie crapenns ocagok
OTAENSNU JIeKaHTUPOBAHUEM, IPOMBIBAIIM, CHOBA JICKAHTUPOBAIU U CYILIHIH, I0CIIE YeTo
MPOBOJIVIIN IIPEeIBAPUTEIBHBIN OTXKHUT Ha BO3IyXe NpH Temiepatype 673 K B Teuenue 2 gacos.
Temmneparypa npeaBapuTeIbHOTO OTXKHTA BEIOUPATach Tak, YTOOB! OHA OKa3bIBAIACh
HEJJOCTaTOYHOI 11 BHEPEHUS BO (PTOPUA KaJIbLIUS CIIEA0B KUCIOPO/a, HO JOCTaTOUHOM AT
HaJe)KHOTO yHAJICHHs BCEX CIIEIOB KUCITOT. 3aTeM, aHAIOTHYHO MEPBOH IpymIe 00pasIoB, IHXTa
noMelnianach B TUreNlb U3 CTEKIOyIepoa u npokanusanack npu 1373 K B reuenue 45 MUHyT B
aTMocdepe 0co00 yncToro azora. KoHneHTpamnus eBponus Bo BTOpoH rpymme o0pas3nos
BappHpoBanack B pactBopax ot 0.1028 at.% no 0.3084 at.% (0.2-0.6 Bec.%), npudeM B HEUETHBIX
o0pas3iax yka3aHHOE KOJINYECTBO €BPOINS BBOAWIOCH U B MATOUYHBIH, U B IIOAaBaeMbIil pacTBOp,
YTO y/IBaMBaJO BBEJCHHYIO KOHIEHTpanuio. PakTudeckas xe KOHIEHTPAIUs €BPOIHUS B INXTE U B
TOTOBOM JIOMUHO(OpE 0TINYaANACh OT BIOKCHHOH, IPOUCXOAUIIO 3HAUUTEIILHOE €€ YBEIMUCHHUE B

nporecce coocakaeHus. [loaToMy peanbHYyI0 KOHIIEHTPAIMIO €BPONHS B TOTOBBIX 00pasnax



OIIPEAEISUIA METOIOM aTOMHO-IMHUCCHOHHOTO aHaN3a ¢ HHIYKIIMOHHO-CBsA3aHHOU 1m1a3mMoit (ICP-
AES). Meroauka ananusa nojapo0Ho uznoxena B padote [10]. Huxke nana cBonHast tabnuna
HccleoBaHHbIX 00pasuoB (Tabnuma 1).

JIromMuHecueHIUs 00pa3IoB UCCIIEI0BAIACh C TIOMOMLIBIO JIIOMHHECIIEHTHOTO CIIEKTPO(QOTOMETpa
Hitachi 650-60, cocrosiiiero u3 AByX OJMHAKOBBIX MOHOXPOMATOPOB: OAMH — JIJIs KaHAJa
BO30YKICHU, Ipyroi — Ui KaHaia momMuHectneHud (200-850 uM, 1.5 HM paspemeHue).
HcTounuk cBera — 1yropasi KCEHOHOBasI Jamia MOIHocThi0 150 Br. [Ipubop compsiken ¢
KOMITBIOTEPOM /ISl HETIOCPEACTBEHHOTO IIPHEMa JIaHHBIX, C AUCKpeTn3anuei He xyxe 12-13
JIBOMYHBIX pa3psiioB. CHeKTpsl U3MEPSUTUCH IPU KOMHATHON TeMriepatype. Mcnonb30Banoch
BHYTPUIIEHTPOBOE Bo30yxkaenue, 350 uM ans Eu®' u 392 um ana Eu®'. [na momyuenus crexTpos
JIFOMUHECIIEHIINH ¢ 60Jiee BEICOKUM CIIEKTPAIBHBIM pa3perIeHIeM IPUMEHSUIICS MOHOXPOMATOP
M/P-6 (JIOMO) ¢ ®3VY-100, c Bo30yxaeHneM 00pa3LoB pTYTHOH JaMIION ITOCTOSIHHOTO TOKa
CBJI-305-3. KopoTkOBOJIHOBAs YacTh CHEKTPA JIAMIBI B OKPECTHOCTH JIMHUY PTYTH 365 HM
BhIIeIsUIach QuibTpoM YDPC-6. [l yMEHBIICHUS PaCCETHHOTO BO30YKIAIOLIECTO CBETa MEPe]t
MoHOXpomaropoM craBuiics puiabtp KC-18. IIpu ncnonb3yeMbIX B SKCIIEPUMEHTE LIEIISX
paspeuienue Opu10 He Xyxe 0.7 HM.

MarHuTHble U3MEPEHUs! IPOBOIMIINCH C TOMOIIBIO KBAHTOBOTO MarHUTOMETpa, COOpaHHOro Ha
kadeape puszuku PXTY [11]. OOpa3iisl 411 ©3MEPEHUIT 3al1auBaIkCh B KBAPLCBBIC aMITYJIbI,
HMEBILUE TOHKYIO [IEPEropoJIKy HIKe cpeiHel yacTi. HIDKHss 4acTh aMITyJibl BAKYYMHpOBajach U
OTIaKBaJIaCh, 3aTEM 00pa3el] OCTOPOXKHO HACHINAJICA HA IIEPErOpOAKY U TOXKE OTIAUBAJICA MOJ
BaKkyyMoM. Bkian meperopoaku B 0Tc4eT ObUT TMaMarHUTHEIM, HO H3-3a MaJIOi TONIINHEL
MIEPEropoJIKM 1 BEICOKOH YUCTOTHI KBapIia NpeHeOpeKUMO MaJIbIM, U TIOATOMY HE YUuThIBaiCs. J{ns
yIy4LIeHHs TeII000MeHa aMITyJIbl HAaChIIIAINCh TeIneM MyTeM Au(py3un 4epe3 KBapLeBble
CTeHKM IIpU KOMHaTHO! Temneparype. Bo3BpaTHo-nocTynaTenbHoe IBUKEHHE U3MEPSEMOTo
o0pasia Mex Iy IPUEMHBIMH IEeTJIIMU CBEPXIIPOBOAAILETO TPaHC(HOPMATOpa MarHUTHOTO IOTOKA
OCYIIECTBIIIOCH C MMOMOIIBIO THEBMO-THAPABINYecKoro npreona. O6pasern npu 3TOM HaXOIHICS B
aHTHU/IbIOAPE, YTO MO3BOJISIIO U3MEPATh MAarHUTHYIO BOCIIPUUMYUBOCTh B IIMPOKOM JHara3oHe
temneparyp, oT 4.2 K 1o 300 K. Mi3mMeperHns BEIMOIHAINCH IPH (HHKCHPOBAHHBIX 3HAUCHHUIX
MarHuTHOTO 1o uis o6pasia Ne3 — mpu 35.64 MTur; moast Ned — ipu 71.21 mTo; aiast o6pasuos
Ne7,8,10 — mpu 65.67 mTa. Maccel 00pa3ioB O0butu nopsiaka 70 Mr, 4To 00€CreYrBaI0 TOYHOCTh
H3MepeHH# BOCIPHIMYHBOCTH He Xyxke £5%10° en. CGS/T.

Cnextpsl OI1P usmepsiauch Ha ciekTpoMeTpe X-auana3oHa ¢ yactTorod 9.2 rl'm u Monymsanueit
MarautTHoro nosst 975 kl'u. Msmepenns DIIP npoBoauarch Kak Py KOMHATHOH TeMIepaType, Tak

U 1pH Temreparype xuakoro asota (77 K). st onpenenenus g-dakropa Eu2+ B kauecTBe pernepa
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ucnonb3oBaics curnan Cr3+ B kpucrayie MgO, KOTOpbIi MoMeniascs B pe30HaTOP BMECTE C

HCCIEAyEMbIM 06pa31.10M.

PE3YJN1IbTATblI U OBCY)XXAEHUE

B cnexTpax JroMUHECHEHIIUH OOJIBIIMHCTBA 00pa3LoB, MOTYYEHHBIX MEXaHUYECKUM
CMeIIMBaHUEM, IPUCYTCTBYET TONBKO OHA IIMPOKas mojioca u3myderns Eu®’, Bo36yxnaemas mpu
350 HM. MakcMyM H3JTy4eHUs] HEMHOTO, HO CHCTEMaTHYECKH CABUTACTCS B CTOPOHY Ooliee
JUIMHHBIX BOJIH C POCTOM KOHUEHTPALUH eBponus, ¢ 423 10 427.5 HM, YTO COOTBETCTBYET
SHepreTHdeckoMy caBHTy Topsaka 0.03 3B. MHTeHCHBHOCTS MoOCH MoMuHecHenmun Eu?' pacter
C YBEJIMUEHHEM KOHLIEHTpaluuu eBponus. B oOpa3iax, moay4eHHBIX ITyTEM COOCAXKACHUS, CUTyalus
¢ momuHecuermei Eu®’ urass. IHTeHCHBHOCTD LIUPOKOM MTOJIOCHI Eu’' HaunHaeT yOBIBaTh C
pocToM o0mIel KOHIIEHTPAIMK €BPOIHUS, IPHYEM CUIIFHEE BCEr0 OHA YMEHBIIACTCS y 00pasIioB, TIe
€BPOINHIA BBOJMJICS OJTHOBPEMEHHO U B MAaTOYHBIH PacTBOP, U B [I0J]aBAEMBbIH paCTBOP XJIOpUIa
KanbIws. IHTeHCHBHOCTD OMHHeCIIeHIHH Eu’’ B Takux 06pa3nax Beerna HuKe, 4eM IpH
BBEJICHUU €BPOITUS TOJIBKO B MOaBaEMbIil pacTBOP, HECMOTPSI HA BIIBOE OOJIbIIEE KOJUYECTBO
BBOAMMOTO eBponus. [ooxkeHne MakCUMyMa U3JTy4eHHs ISl BCeX 00pa3IioB, MOJYYCHHBIX MyTEM
COOCaXK/IeHHUs, TpuxoauTcs Ha 425-426 um. [lpu nepexone K Bo30yxaeHHI0 392 HM BO BCEX ATUX
obpasuax HabroaeTes uHeHuaThii cniektp Bu’’. TIpu 3ToM BO30Y>KICHHH BUIHA TAK)Ke ITUPOKas
Tosoca MoMHHeCHeHIHH Eu?', 4To M03BOMIAeT HATIIANHO BHAETH, KAk C POCTOM KOHIIEHTPAIIHH
eBponus yMeHbIaeTcs nons Eu®' u Bospacraer gons Eu’. OcoGenno a¢dekTuBHO 06pasyercs
TpeX3apsAHbINA €BPONHUI MPH OJTHOBPEMEHHOM BBEJICHUM aKTHBATOPA M B MAaTOUHBIN pacTBOp, U B
no6asmsiembiid pactBop CaCl,. CeMeicTBO CIIEKTPOB JTFOMUHECIICHIIUH, 3aMUCAHHBIX MIPU
B030y)aeHuu 392 um i oopasuoB NeNel-5, npencrasneno Ha Puc.1. Ha pucyHke He nmoka3ana
TroMuHecHeHIus o6pasma Nel(, y KOToporo Taxke HaOJII0AAIICs OYeHb CIa0bli IMHEHYaThIi
ciextp Eu*’. O6Hapy:xenue momuHecteHInd Eu’’ B 0JHOM 13 IPUrOTOBIEHHBIX yTEM
MEXaHHUUYECKOTO CMEIIMBaHKs 00pa3IoB, IpU4eM B 00pasiie ¢ HanOOIBIINM OOIINM KOJTHMYESCTBOM
EBpOIHS, YKa3bIBACT HA TCHACHIIMIO YBEIMYCHHS JOJIH TPEX3apsIHOTO eBPONHs B JFIOMUHO(Opax ¢
pocToM 00I1Ie#H ero KOHICHTpAIMK BHE 3aBUCMMOCTH OT METOJIa U YCIIOBUH cuHTe3a. Brpouem,
YCIIOBHUSI CHHTE3a OKa3bIBAIOT CUJIBHOE JIOIIOJIHUTEIBHOE BIMSHUE HAa COOTHOILIEHHE KOHIEHTPALUH
Eu*'/Eu’*".

3anpenieHHbIe TePeX0Ibl TPEX3aPSIHBIX PEAKO3EMEIbHBIX HOHOB 00JIaIal0T BHICOKOM
YYBCTBHUTEIBHOCTBIO K CHMMETPHUHU OKpYxkeHus. 11oaToMy cTpyKTypa H3i1ydaTenbHbIX ePeXo10B B
CHEeKTpe MIOMHHECIEHINH Eu’ 103BONSET CyIUTh O CUMMETPHH ¥ CTPOSHUH [IEHTPOB M3TyUeHHs.

Hau6onee uyscTButenen Eu’' k HAMMYIMIO MM OTCYTCTBHIO HHBEPCHOM cuMMeTpuu. CaMblii o6mmit



nozaxon npuMenuTensHo K Eu'* 6b11 cdopmynuposan Bracce [12]: py HaIM4IUU MHBEPCHOM
CUMMeTpuH OyzeT npeodiaiaTb MarHUTHO-KBAAPYIOIbHBINA IIEpexo Dy — 'F, BOIm3u 590 HM, a
TIpY OTKJIOHEHHH OT 3TOH CUMMETPUH — 3JIeKTPHYECKUe TUTIONbHEIE mepexost Dy — 'F), e
J=2,4,6, pacnionoxeHHbIE B KpacHOW M WH(ppaKpacHOi obmactu. [Ipu 3TOM MepBbIil U3 AUMOIBHBIX
nepexos10B "Dy — "F, 0Ka3bIBAaETCS MHTEHCUBHEE BCEX IPOYUX TOJIBKO €CIIH OTKIOHEHHE OT
HWHBEPCHOHM CUMMETpUH He3HauuTenbHO. C nepBoro B3rJsia Ha crieKTpsl sroMuHecueHuuu (Puc. 1)
MOXKHO 3aKJIFOUUTh, YTO LIEHTPHI C HHBEPCHOU CUMMETpHUEH NpeolI1aiatoT, a y IEHTPOB ¢
OTKJIOHEHHEM OT HHBEPCHOH CHUMMETPUH 3TH OTKIOHEHHS 3HAYNTEIbHBIE, TIOCKOJIbKY IEPEXO0Ibl
Dy — "F, u °Dy — "F4 umerot MPAaKTUYECKH OIMHAKOBYIO HHTEHCUBHOCTh. Heckonbko yauBser
CXOXKECTh OTHOCUTENBHBIX HHTCHCUBHOCTEH JIMHUIT AJIsl BCEX 00Pas3IIoB, YTO MOXKET KOCBEHHO
yKa3bIBaTh Ha ()OPMHUPOBAHUE HEKOTOPOH OJJUHAKOBOI CTPYKTYPHI HE3aBUCUMO OT KOHLICHTPAIUI
eBpomus. B tabnune 2 mpuBoANTCS OTHOLIEHHE HHTEHCUBHOCTEH BCEX IEPEXOIOB K
MHTEHCUBHOCTH MAarHUTHO-KBAAPYIONBLHOTO Hepexona "Dy — 'Fy i KaXI0ro U3 IATH HEPBBIX
06pa3LoB. He6omnboe oTaudie 3aMeTHO Iullb y 06pasia Ned, rae cnextp Eu®’ camplii cnaGeiii, 1
[O3TOMY OTJINYHE MOXKET OBITh BBI3BAHO MOTPEIIHOCTAMH P BBIYUTAHHK TEMHOBOTO CUTHANA.
JleTanbHBIH aHANHM3 CTPYKTYPHI IIeHTpoB n3iydenns Eu®' B CaF, u mponeccos ux GopMHpoOBaHHS
MPOBOMICS B paboTax [5,6,13] MeTomamu J1a3epHOM CIIEKTPOCKOITUY U TTOCIIEIOBATEILHBIX
OT)KUTOB 00pa3LOB NPH pa3HbIX Temreparypax. CONoCTaBlIeHHE HAIUX CIIEKTPOB JIFOMHUHECIICHIIUH
C IIpUBEJICHHBIMU B paboTax [5,6] MOAeIsIMU O3BOJISIET OTHECTH LIGHTPHI JIIOMUHECLICHIINH K
tunam R u Q, To ecTh, k AUMepam, TpoiikaMm, WM Jaxe K 0oee KPyIMHBIM KIacTepaM, COACPIKaIIM
eme GosbIee KommaecTso HoHos Eu’'. B npuBeneHHbx Ha Puc. 1 CreKTpax oTIe/bHBIC THHHEH HE
pa3penrarTcs, MO3TOMY 1IeI1eco00pa3Ho 00PATUTHCS Kak K CIEKTpaM BO30YKICHHS
JIFOMHHECIIEHIUU (JIFOMUHECTICHITHS PETUCTPUPOBANIACK JUTs Tiepexofia “Dy-'F; okono 590 um), Tak u
K CIIEKTpaM JIIOMHUHECLEHIINH, CHATBIM ¢ 00Jiee BBICOKUM pa3perieHreM (Bkiaaka Ha Puc.1).
Crextp Bo30YkaeHHs 1 o0pasna Ne5 ¢ MaKCHMAaIbHBIM COAEPKAHMEM TPEX3apsAHOTO EBPOITHS
npuBezeH Ha Puc. 2. [loka3aHHBIN y4acTOK CIIEKTpa COAEPKUT TPU TPYIIIIbI IUHUMH,
OJTHOBPEMEHHOE IIPUCYTCTBHE KOTOPBIX BO3ZMOXKHO JIUIIb A7 NapHBIX, TPOHHBIX MM Oojee
CJIOKHBIX HEHTPOB [5,6,13]. CrieKTp JIOMHHECICHIIMH ITOTO ke 00pa3ia, CHATBIN ¢ 00siee BHICOKUM
paspelieHueM, TIPHBEICH Ha BKIaAKe pucyHka 1. Jlunun nanydenns Eu’' cHoBa He ynaercs
MIOJTHOCTBIO Pa3pelInTh, HO BUIHA NPUYNHA — UX 3HaYUTEeNbHOE yupenue. Kpome Toro, MoxxHo
BUIETh, YTO CTPYKTYpa CIIEKTPa HECKOJBKO CIIOJKHEE, YeM MOXKHO OBbLIO ObI 03KHJIATh IPU IPOCTOM
CYMMUPOBaHHHU CIEKTPOB MAPHBIX U TPOWHBIX LIEHTPOB. HeogHOpoaHOE ymupeHue TUHUH 1
CJIOXKHAS CTPYKTYpa CHEKTpPa IO3BOJISAET MPEATIOTI0KHUTE, YTO TPEX3APSIAHBIN eBpONUil BHEAPSIETCS

BO (PTOPHJ] KAIIBIUSI HEPAaBHOMEPHO 1 00pa3yeT KpyIHbIE KITacTephl U3 OOJBIIOro YMCiIa HOHOB.



Bo3MosxHO, CTPYKTYpa 3THX KIacTepoB OJIM3Ka K CTPYKTYpe HEAABHO MOJIYYCHHOTO KpHCTAIIa
CaysEugssFass [9], Ha 9TO MOXKET yKa3bIBaTh M 00IIee CXOACTBO CIEKTPOB JIFOMHHECICHIIH HAIINX
00pa310B U 3TOr0 KPUCTAILIA.

3HauuTeNbHAs HEOTHOPOAHOCTE pacipeneneHns esponus B CaF, mposBisercs 0COOCHHO CHIIBHO B
MarHUTHBIX CBOMCTBax 3THX JTIOMHHOGOPOB. 3akoH Kropu-Beiicca XOpoIo BBITOTHIETCS TOIBKO B
HHU3KOTeMIIepaTypHOM uHTepBaie, oT 4.2 1o 60 K (cM. Bxmanky Ha Puc. 3). CorylacHO BBIpa)KCHUIO
X(T) = Xo + C/(T-©) MOXHO BBIIECTIUTH HE3ABUCSIIYIO OT TEMIIEPATYPHI YaCTh BOCHPHUMYUBOCTH X,
1l IApaMarHeTH3M, CBA3aHHKIH ¢ noHaMu Eu* (monsl Eu’" HaxomaTcs mpu HM3KHX TeMIIEpaTypax B
HEMAaTHUTHOM cOCTOSHUH 'Fo). IIpy Goee BHICOKUX TeMIIEpaTypax KOJHUeCTBEHHbIH aHaAIH3
KPHUBBIX MarHUTHOW BOCHIPUUMUYHUBOCTH 3aTPyIHEH, TaK KaK OTIAEIUTh BOCHPUUMUYUBOCTh HOHOB
Eu®' ot 6BICTpO pacTymieii npu NpuOIMKEHAN K KOMHATHOH TeMIeparype BocnpuaMuusoctu Eu®’
JIOCTaTOYHO CJIOXHO. SICHO, OJTHAKO, YTO PacTyIasi BOCIPHUUMYHUBOCTD Eu’** nmomxua Gbuta ObI
IPUBOJUTE K OTKIOHEHHIO 3aBUcHMOCTel (X-Xo) "' (T) BHU3, MEKIY TeM B A€HCTBUTEIHLHOCTH
HaOJIIOIAI0TCS 3HAUUTENbHBIE OTKIOHEHUS BBepX (Puc. 3). BricokoTemmiepaTypHble y9acTKH
KPHBBIX XapaKTEePU3YIOTCs CYIIECTBEHHO MEHbIIMMU 3HaYeHUsIMH KoHcTaHThl Kiopu-Beiicca, uem
HU3KOTEMIIepaTypHble, U Oonbinumu, nopsaka 150 K u naxe Oosnplie, 3HaUSHUSIMHA TapaMarHUTHON
Temmneparypsl Kiopu @. DTo MoxkeT 6bITh 06BACHEHO TeM, 4To HOHBI Eu’' rpynmupyiorcs B
KPYITHBIE YIIOPSJOYCHHBIE 00pa30BaHusl, B COCTaBE KOTOPBIX OHU CBSI3aHbI CUIIbHBIM
(heppoMarHUTHEIM OOMEHHBIM B3auMoielicTBueM. OOMEHHOE B3anuMOICHCTBHE, HApsIIy C
U3MEHEHUEM MOCTOSHHON KPUCTANIMUECKON PEIEeTKH B KacTepax, MOKET ObITh IPUYHHON
3aMEUEHHOT0 HAMH CIABHUTa MaKCHMyMa MOJIOCH H3Iy4eHHs ABYX3apsiqHoro esponus. [IposcHuTh
9TOT BOIPOC MOTJIH OBl ICTaNTbHBIC HCCIICIOBAHUS TEMIIEPATyPHBIX 3aBUCUMOCTEH
JIOMUHECIIEHIUH. VIHTepecHO OTMETHUTh, YTO OTKIOHEHHUS OT 3akoHa Kropu-Beiicca
YBEJIMYMBAIOTCS U 0OMEHHOE B3aMMOJICHCTBUE YCHIIMBACTCS B 00pasax, CoAeprKamux
3HAYUTENIFHOE KOJIHYECTBO TPEX3aPSIHOTO €BPOMHUs. ITOT (HaKT MO3BOJISET NPEIIOKHUTH MEXAaHU3M
06pa30BaHUs KPYIHEIX KIacTepos, coaepkamux Eu®’. V3HauanpHO MIMXTA MOCTE COOCAKAEHHUS U
TIpeIBApHTEILHOTO IPOKAIMBAHNS 00JIaaeT IMIIb KpacHoi nmomuHectennueii Eu’'. Tlocie
MPOKAJIMBAHMS IIMXTHI PU BBICOKOH TEMIIEPAaType 4acTh €BPOIHS BOCCTaHABIMBaeTcs. Jleno B
TOM, YTO KOMIIGHCATOPOM 3apsia Ana Eu’' clysxut Mex10y3enbHbli (hTOpHI-aHHOH. BombIIHHCTBO
MAPHBIX U 00JIee CIOKHBIX LEHTPOB COACPKUT OJMH H30BITOUHBIH MEXKI0Y3ENbHbIH HTOPUI-aHHOH
Ha KOKIBIH TaKOH CIOXKHBIHM IIEHTP, IO3TOMY CYIIECTBYET MEXaHHU3M YIy4LICHHS 3apsAA0BOTO
OaxaHca C yJaleHHeM JHIIHETo (Topa 3a CUET YCIOKHEHHS CTPYKTYpPhI KlIacTepa M yBEJIIMUCHUS B

Hem uucia uonos Eu’' [6,13]. TIpu Hapyienun 6ananca (hTOpH-aHHOHOB €BPOIHUIl MOXKET JIETKO



BOCCTaHABJIMBAThCs 10 Eu®’. TIpu 5TOM HOHHBIN PaIMyC EBPONHS YBETUIHBACTCS, H €10
TiepeMelleHe BJalb OT KJacTepa OKa3sIBaeTcsl 3aTpyJHEeHO. TakoB MOXKET OBITh MyTh 00pa3oBaHHs
CIIOHBIX YTIOPSI0YEHHBIX MATHUTHBIX KiacTepoB Eu’’ B CaF,. IHTepecHO OTMETUTE, UTO U30BITOK
(hropa AeHCTBYEeT COBCEM HE OAHO3HAYHO. JIMIIh HEOOIBIIONH H30BITOK (PTOPUA-AaHHOHOB HUMEET
OKHUCJINTENBHOE JeHCTBHE Ha eBPOIHIA, TOTIa KaK 3HAYUTEIbHbINH H30BITOK (hTOpa, Ha00opOoT,
OKa3bIBAa€T BOCCTAHABJIMBAIOLIEE AeiiCTBUE. AHAIOTMYHOE JEHCTBUE IaJOr€HOB HA €BPOIHMH
HaOmoxanock panee B cynbduae kanpuus [14]. 3Ta 0cOOEHHOCTH MO3BOJISIET YIIPABISATH
3apsJOBBIM cocTosiHUEM eBponus B CaF,.

IIpu HU3KUX TeMIepaTypax BEIMYMHA IIOCTOSIHHOW COCTABIISIONIEH MarHUTHOW BOCIIPUUMUNBOCTH
Xo MOXeT OBbITh oIlpefieieHa ¢ HeOOoIbIION NOrpeIHOCThIO0 nopsiaka 1-5%. Bkian B X garoT
JMaMarHUTHAs! BOCOPHUMYMBOCTH MAaTPHIIB! M TapaMaraeTn3M Ban-®nexa nonos Eu®'; ¢ pocrom
konuuectsa Eud Bennuuna X, Bo3pactaert. J{nis nonmyueHus «auctoro» Bknaaa Eu’’ B X, u3
3HAYEHUA Xo MBI BBIWIM JIMAMarHUTHYIO BOCHPHMMYUBOCTH OCHOBHOTO BelecTsa, CaF,. OqHako
pacuer koHueHTpanuu Bu’’, BoinonHennbiit no popmyIie s MarHUTHON BocnpuumunBocTd Bu’' B
KPHUCTAIUTMIECKOM I10JIe KyOn4ecKoil cuMmeTpui [15], maeT 3HaYMTEeIbHO 3aBBILICHHBIC 3HAUYCHUS
€ro KOHIIEHTPAIINH, NIPEeBhIIIAomue o0IIee KOINIECTBO eBPOIHs B 00pasiax. IT0 KOCBEHHO
noaTBepkaaeT, 9To Eu’’ BXOAUT B COCTAB CIIOXKHBIX KIACTEPOB, OCKOILKY H3BECTHO, 4TO
HU3KOCUMMETPHYHOE OKPY>KEHHE IIPUBOJUT K MOBBIIIEHUIO TapamMarueTusma Ban-®ieka [16,17].
MoskHO comocTaBuTh BKnax Eu’' B X, 1 miiomans S moj ero rpymnioi THHUH H3IydeHHs OKOJIO

590 HM 11 Tpex 0Opa3LoB:

Nel0: Xo(Eu“) =0.43x10"° en.CGS/r u S=31 yCII. el.;

Ned: Xo(Eu’") = 1.14x10° en.CGS/r m S=54 ycn. ex.;

Ne3: Xo(Eu“) =2.17x10"° en.CGS/r u S=176 yCIL. €]l

Bu/1HO, 4TO PACTYT U HHTEHCUBHOCTH JIOMUHECHeH MM Eu’*, u Xo, HO KOJIMYECTBEHHbIE POTIOPIIUH
He BBINONHSIOTCS. PacxoxkaeHne MoxkeT ObITh CBSI3aHO UMEHHO C TeM, YTO B YIIOPSJOUCHHBIX
KacTepax MoHbl Eu’" BHOCAT UHOM BKiIa B Xo, 4EM B CITydae BHICOKOCHMMETPUYHBIX
W30JIMPOBAHHBIX EHTPOB [16,17].

Cnexrpsl DITP Eu®* B CaF, HcclieoBaTich paHee U B MOHOKPHCTAIIAX, U B TIOPOIIKAX, HO HEPEIKO
pa3HbIE HCCIIeA0BaTEIH IIPUBOASAT COBEPIICHHO Pa3HbIe 3HAUCHHs g-(haKkTopa U MyONUKYIOT pasHbIe
crektpsl [18,19]. INonyuenHoe Hamu 3HaueHue 1.973+0.001 6mmxe Beex k 3HageHuto 1.971+0.001,
noxydeHHomy B padore [20]. 3HaueHHE g-(haKkTopa MONYyYeHO HAMH U3 MPEINOIOKEHHS, YTO
LIeHTpaIbHas HanOolee HHTEHCHBHAS M30TpOIHAas nuHus ciekrpa Eu®* (Puc. 4) o6ycinosiena

5JIEKTPOHHBIM TIEPEX00M Mg=+1/2 — mg=-1/2, MpIYeM CBEpXTOHKAs CTPYKTypa oT sizep " Eu u



'S*Eu He paspemaercs B MOPOIIKE H3-3a yCpeTHEHHS. PacXoxkIeHne 3HaYeHNH, TTOMydeHHEIX
Pa3HBIMHU aBTOpaMU, CBSI3aHO, BHIMMO, C CHIIHBIM OOMEHHOM B3aUMOJICHCTBHEM, KOTOPOE
3HaYuTeNbHO Uckaxaet criektp DIIP. [Tpu koHuenTpauuun oxosno 0.1 Mon% naxe B MEXaHUYECKU
CMEIIaHHBIX 06pa3Iax H30MMPOBAHHEIX HOHOB Eu”’ yike GOIbINE He CyIIECTBYET, a B CIIydae
MPEBPAILCHHUS YACTU TPEX3aPSTHOTO CBPOIMHUS U3 YIOPSAOUCHHBIX KIACTEPOB B IBYX3apsAHBII
cutyanus eile 6osee ycnoxusercs. Jloctarouno cpaBHuTh criekTpbl DI1P mi1st 06paszuos Nel0 u
Ne3, npuBenenusie Ha Puc.4. OOpaiaer Ha ceOsi BEUMaHHE TOT (AKT, YTO CIIEKTP MPOCTHPACTCS B
IIUPOKOM AUAITIa30HE MAarHUTHBIX HOHCI;’I, T1€ IOMHUMO YCPEAHECHHOI'O CIICKTPa U30JIMPOBAHHBIX
nonoB Eu®' HabmoaaroTes Takke CIEKTPHI M ACCOIMUPOBAHHBIX ¢ Ae(eKTaMI, H OXBAIEHHBIX
06MeHHBIMH B3auMojieiicTBuaMu nonos Eu*'. 3ameTum, uTo B criektpe obpasua Nel0 emre
MIPUCYTCTBYIOT OCTAaTKH CTJIQKEHHON CTPYKTYPHL, a y 0Opasia Ne3, moIy4eHHOI0 COOCaXICHUEM,
OHH YK€ MTOYTH HE BUAHBIL. Y 3TOro 00pasia U OTKJIOHEHHS MarHUTHON BOCIIPUMMYUBOCTH OT
3axona Kropu-Beiicca Toxe Gonee 3HauMTENbHEIE, U peobanaeT B HeM Eu’’. Takum o6pazom,
HMMEHHO TPeX3apsAHBIH €BPOINUi NPOBOLMPYET YIOPSIOUCHHYIO KIIACTEPH3ALIIO, OKa3bIBAsSCh

3aTEM B CJIy4a€ BOCCTAHOBJICHUSA 10 ELIZJr BOBJICUCHHBIM B CHJILHOC OOMEHHOE B3aUMO/ICHCTBHE.

BbIBO/Abl

C poctom koHIeHTpaiuu eBponus B CaF, HaunHaeT npeobiaanaTh Eu*". Ocobenno mano
JBYX3apsAHOTO eBpOoIHs o0pasyercst B 00pasuax, MoJIyYeHHBIX IIPH COOCAXKIEHUH aKTHBATOPA,
nobaBneHHOro ofHOBpeMeHHO B pacTtBop CaCl, u B MaTouHbIi pacTBop. bananc n30bITOYHOTO
(TOpa UrpaeT BaKHYIO POJIb, HOCKOJIBKY OCHOBHBIM KOMIIEHCATOPOM 3apsiia B OTCYTCTBHUE
KHCJIOPOJ1a OKa3bIBACTCSI MEX/I0Y3eIbHbIH GTopua-aHuoH. MexaHu3m Oananca U30bITOYHOTO
dTopa, OCHOBAHHKIH Ha yaaJeHHH M30bITKa GTOpa C yBenmdeHHeM KomudecTsa Eu’’ B coctase
CJIOKHOTO IIEHTPA, CIIOCOOCTBYET YBEIHUYEHHUIO pa3Mepa YHOPSJOYSHHBIX €BPOIMEBbIX KJIACTEPOB B
CaF,. YacTuuHOE BOCCTAHOBJIEHHE EBPOIHS JI0 cocTostHus Eu™ He COMpOBOKAAETCS €ro
yIAJICHAEM U3 YIIOPSIOYECHHBIX KJIACTEPHBIX 00pa30BaHUi, H TIO3TOMY IBYX3apsIHBIN €BPOINHil BO

@Topnue KaJIbLIUsI OKa3bIBACTCA OXBAYCH CUJIBHBIM 0OMEHHBIM B3aﬂMOﬂeﬁCTBHCM.

BJIAFTOAQAPHOCTHU
ABTOpBI BhIpaXkatoT OnarogapHocts H.A. MenbHHKOBOH 3a moMolIb B 00paboTKe JaHHBIX.
dunaHcoBas moMous IctoHckoro Hayunoro ®onpa (rpant 5779) Takke 3aciayKUBaeT

0Jaro1apHOCTH.
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IMoanucu Kk pucyHkam.

Puc. 1. Crnexrpsl momunectienmuu Eu”' u Bu’' B o6pasiax NeNel-5 (T=300 K), cusiteie 1ipu
B030OyxkaeHnH 392 M. CrekTpsl yMHOKEHBI Ha koad¢uuueHT 1.5 mpu A>550 am. Ha BcraBke —
crexTp JomuHectenuu Bu** o6pasia NS (T=300 K), cusTeiii ¢ paspemenuem nopsaka 0.7 HM
IpHU BO30YXICHUH PTYTHOU JamIiol (iuHMS 365 HM).

Puc. 2. Cnextp B0o30yxnenus (T=300 K) nns uznyuarensHoro nepexona Dy — 'F, B oOpasue Ne5
(rpynma nuHui 0ko1o 590 HM B CHIEKTpE JTIOMUHECLICHIIUN ).

Puc. 3. OGpaTHast MarHuTHas BOCIPUUMYHBOCTE oOpaszma Ne3 kak ¢(yHkims temmeparypsl. Ha
BKJIaJIKEe IIOKa3aHa HU3KOTEMIEpaTypHas 4acTh 3aBUCUMOCTH MAarHUTHOM BOCIPHUMYHUBOCTH OT
temmieparypbl. [lapamerpsr C, © u X,, onpezneneHsl TOAroHKoN 3akoHa Kropu-Belicca npu HU3KO#M
TeMIeparype.

Puc. 4. Criextpst OITP Eu®* B o6pasmax CaF,:Eu Nel0 u Ne3 (T=300 K).
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Tabauua 1. Ciucok ucciieoBaHHbIX 00pa3LoB

KonuenTpanus
Konuenrparyz €BpONHUs Temneparypa
KonuenTparus espomnus B eBponus, ’
Ne o o BBEJICHHASI IPH | MIPOKATUBAHUS
pactBopax, at.% HalCHHAS
anamzom. ar.% CMEIINBaHUH, T,K
i at.%
0.1028 B Bozie 1 0.1028 B
1 CaCl, 1,467 — 1373
2 0.1028 ToIBKO B BOZE 1,493 — 1373
0.2056 B Boge u 0.2056 B
3 CaCl, 2,727 — 1373
0.2056 TOJIBKO B BOJE 1,639 R — 1373
0.3084 B Bozie u 0.3084 B
5 CaCl, 4,351 — 1373
6 0.3084 TOJIBKO B BOJE 2,137 R — 1373
Euy(COs); ememmanu
7 mexanuuecku ¢ CaF, e — 0,0257 1373
Euy(COs); ememmanu
8 mexanuuecku ¢ CaF, e — 0,0514 1373
Eu,(COs); cmemanu
9 mexannuecku ¢ CaF, — 0,1028 1173
Euy(COs); ememanu
10 mexannuecku ¢ CaF, — 0,1028 1373
Tabnuma 2. OTHOIIEHHE UHTEHCUBHOCTEN
creKTpanpHbIX JuHuit Eu’ 11 06pasios,
MOJYYCHHBIX TTYTEM COOCAKICHHS.
O06pa3sibl
TIEPEXO/IbL: Nr5 Nr4 Nr3 Nr2 Nrl
Dy-"F; 1,00 | 1,00 | 1,00 | 1,00 | 1,00
Dy-'F, 0,34 | 042 | 035 | 0,37 | 0,36
Dy-"F4 0,38 | 042 | 0,38 | 0,35 | 0,36




In101y1 5D0'7F1 CaFyiEu N5 (4,351 a1% Eu)
L Eu2+: Do-'Fy
25454 - af’
F— N1 (1,467 aTt% Eu)
20k~ o N2 (1,493 aTt% Eu)
e N3 (2,727 at% Eu)
o e N4 (1,639 at% Eu)
15L i —— N5 (4,351 at% Eu)
: HM
10
5
Ok
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