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ABSTRACT

In the context of radioactive waste disposal related to the back end of the nuclear
fuel cycle, we studied the diffusion of lanthanide ions in hydroxyapatite, a mate-
rial considered as a possible migration barrier in the nuclear waste storage process.
Lanthanum and europium have been chosen here as a representative element of the
group of fission products and of actinides elements. They were introduced in ap-
atite targets using ion implantation. Annealing in air for different times within the
400°C-600°C range was performed. The diffusion coefficients obtained by Rutherford
Backscattering Spectroscopy analysis are low. A possible explanation is that lan-
thanide ions substitute the calcium ions in the apatite structure and diffuse through
these positions. Time Resolved Laser Induced Fluorescence measurements show
that the europium ions substitute the calcium ions in both hydroxyapatite sites Cal
and Ca’l. Occupancy ratio between the two sites have been obtain using Extended
X-ray absorption fine structure (EXAFS) measurements.

1 Introduction

Apatites are potentially valuable materials to be used as migration barriers for
nuclear wastes disposal in deep geological sites [1][2]. They could be introduced
either in containers acting as a second migration barrier in high level waste storage
or in concrete structures surrounding these containers (third migration barrier). In
this context, data obtained from migration studies of uranium fission in core samples
surrounding the Oklo fossil reactor are of primary importance. The measured yield
of rare earth proved that the lanthanide ions remain bounded not only in uranyl
grains, in clays, but also in newly crystallized minerals such as hydrothermal apatites
[3][4]. The aim of this work is to obtain thermodynamical data and to understand the



mechanisms involved in thermal diffusion of lanthanide in apatites. In this paper,
lanthanum and europium have been chosen as representative of fission products
(A~140uma) and of actinide as the chemical properties of La*" and Eu®" are very
similar to those of trivalent actinides. The choice of Eu®** was dictated because
of its luminescence properties. Its diffusion thermodynamical data were compared
to the lanthanum ones, which mass (A=139) is very close to one of the maximum
fission product yield. The general formula for apatite is Mo(PO4)sXs2 , M being an
alkaline rare earth element and X being an halogen or hydroxyl ion. These minerals
display a very good thermal and chemical stability as well as a very small solubility
in water (pK;=57.5 at 25°C)[5]. In addition, after irradiation, defects are known to
recover very quickly at a temperature as low as 60°C [6]. Moreover, the high sorption
capacity for a number of heavy elements such as actinides and lanthanides makes
this material suitable for the retention of radioactive wastes. The first part of this
paper is devoted to the diffusion study of both lanthanum and europium ions in the
apatite structure using Rutherford Backscattering Spectroscopy. Single crystals of
fluorapatite were chosen as reference samples to study the migration in the apatite
lattice, while hydroxyapatite is representative of polycrystalline apatite found in
sedimentary area. In the second part laser, induced luminescence Spectroscopy and
EXAFS measurements have been performed in order to grab structural information
around europium atoms after implantation and as function of annealing conditions.

2 Experimental

2.1 Sample preparation

Two types of apatite were studied : i) Natural mineral centimetric-size single
crystals from Durango (Mexico). They were cut perpendicular to the ¢ axis, pol-
ished and annealed in air to remove polishing damage. ii) Synthetic microcrystalline
hydroxyapatite (referenced as DNA grade Bio-gel HTP) stacked into pellets at 0.4
GPa. MEB investigations showed that the grain size is about 50 ym and the grain
boundary width 2 pm.

The two lanthanide ions were implanted in both apatites : lanthanum in fluora-
patite and hydroxyapatite, europium in hydroxyapatite.

Fluoro and hydroxyapatite were implanted with 100 keV La™ ions using the iso-
tope separator of the ’Institut de Physique Nucléaire de Lyon’ (IPNL). In case of
fluorapatite single crystals a tilt of few degrees of the target was applied in order
to avoid channeling of La ions. For this energy the mean range R is about 40 nm.
The nominal dose was 5x10® ions.cm ™2 corresponding to a maximum La concen-
tration of 2.5 at%. The beam current during implantation was typically 5uA.cm 2.
Hydroxyapatite was implanted with 200 keV Eu™ ions. For this energy the mean
range R is about 60 nm. The nominal dose was 5x10'® ions.cm 2 corresponding to
a maximum Eu concentration of 3.5 at%. The beam current during implantation

was 5 pA.cm™2,



2.2 Characterization techniques
2.2.1 Rutherford Backscattering Spectroscopy (RBS) and diffusion

The RBS analysis was performed at the Van de Graaff accelerator (VDG) of the
IPNL, using 1.5 MeV alpha particles. The beam current was kept equal to 3 nA in
order to minimize charging and pulse pile-up effects.

2.2.2 Luminescence

The luminescence spectra were investigated under nitrogen UV laser (337 nm)
excitations which delivers pulses of 10 ns duration and 0.1 cm~! spectral width. The
pulse energy has been maintained to about 10 mJ. The luminescence observed at the
geometry of 90° was analyzed by INSTASPEC equipment enabling time-resolving
spectra acquisition: delay times and strobe pulse duration between 20 ns and 9
ms, spectral detection range 350 - 900 nm (1200 channels, spectral resolution 0.5-
1 nm, gratings with 300 and 600 lines/mm), detector by intensified CCD matrix.
The system was combined with optical microscope enabling spectra acquisition at
micrometer scale.

2.2.3 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS spectra were recorded at the DCI high energy ring of the LURE
facility (Laboratoire pour I’Utilisation du Rayonnement Electromagntique, Orsay,
France), operating at 1.86 GeV with an average beam current of 300 mA. Energy
calibration was performed at the Fe K edge at 7131.3 eV. Si (111) double crystal
monochromator and air filled ionization chamber detector (Iy) were used. Higher
harmonics reflections were rejected by detuning the monochromator crystals by 20-
30 %. As the europium implanted profile corresponds to about 600 nanometers
depth, electron total yield detection [7] was performed in order to emphasize the
surface observation compared to the bulk.

2.3 Data Treatments
2.3.1 Lanthanide diffusion

The evolution of the concentration profile of implanted species are deduced from
RBS measurements [8] as a function of annealing time. The initial profiles of the as
implanted samples are Gaussian distributions:

N. _ 2
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Here C(x,t=0) is the initial ion concentration, x the distance from the implanted
surface, Nj,,,; the implanted ion dose, R the mean range of the La or Eu ions and
AR the range straggling. In case of as implanted hydroxyapatite samples, the R
(36nm) and AR (9nm) values deduced from RBS spectra fits are in good agreement



with the values given by the TRIM code [9]. While in fluorapatite, due to remain-
ing channeling effect, the R measured was equal to 50 nm. Further annealing were
performed in air at temperatures between 400-600°C and 800- 1000°C for hydroxya-
patite and fluorapatite, respectively. An upper annealing limit was set at 600°C for
hyroxyapatite since chemical decomposition occur at higher temperature. In case
of fluorapatite no migration phenomena could be observed under 800°C which is
there the lower limit. The annealing times were in the range from 15 minutes to
3 hours. A broadening of the distributions occurs with increasing annealing time.
Experimental data are interpreted on the basis of models derived from Ficks second
law:
2
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where C is the concentration of the diffusing species, D is the diffusion coefficient
and f a driving force which can induce a shift of the whole distribution of diffusing
species. It’s important to notice that force don’t modify the value of D. The Ficks law
is a parabolic partial differential equation with one space variable. This equation is
applied to a semi-infinite medium so the concentration far from the surface remains
constant, i.e., C(oc,t)=0. In previous works Cherniak et al. [10][11] used analytical
solutions to fit their experimental results. We have used a numerical procedure,
based on the NAG FORTRAN library routine [12] to solve the Ficks second law.
The input parameters are the initial distributions (C(x,t=0), 0 < x < oc) and the
final distributions after diffusion (C(x,t), 0 < x < oc). The boundary conditions
assumed in our case are : At the sample surface : C(0,t) = Cy, Cy being the
experimental values given by the RBS simulation; C(oc,t)=0 because the medium is
semi-infinite. Evolution of energy distribution with annealing conditions is presented
in figure 1a and 1b in case of fluoro and hydroxy apatites respectively.
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Figure 1la and 1b : Evolution of lanthanum profiles obtained by RBS (1a) in
hydroxyapatite at 500°C, and (1b) in fluorapatite at 900°C versus annealing time.
The diffusion fits are represnted by lines.

One can notice that in fluorapatite an annealing temperature up to 800°C is neces-
sary to obtain similar broadening as those observed in hydroxyapatite at 500°C.

The diffusion coefficients were determined by using a least square method to fit
the calculated distribution and the experimental one.

2.3.2 EXAFS
2.3.2.1 Data extraction

EXAFS oscillations are described by genera formula (3).

N g2 2,2 —2I
x(k) = Z k—;]?Nﬂfi(@, k,r)|sin(2.kr; + @i (k) + 2.6,(k)).e 25* e (3)
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Where k is the momentum of the photoelectron defined by equation (4) :

k= \/ I o — By (4)

Electronic parameters S2, f;(Jk,r), (¢;i(k) + 2.5.(k)) and (k) are related re-
spectively to the electronic intrinsic losses, the backscattering amplitude of the i
contribution, the backscattering phase of the i contribution and the electron mean
free path. Structural parameters (N;, r;, 0;) are respectively related to the numbers
of neighbors, the absorbing atom to neighbor distance and the Deby-Waller factor
for each i contribution. The oscillations were extracted using EXAFS power code
from A. Mikalowitch [13]. Linear extrapolation was used to remove background con-
tribution and five order polynomial function was used to model atomic absorption
before Lengeler-Eisenberger normalization. Fourier transformation (FT) in k was




performed between 0.14 and 1.03 nm with Kaiser apodization window (7 = 2.5).
Inverse Fourier transformation was carried out between 0.14 and 0.4 nm.

2.3.2.2 Fitting procedure

Phase shift, amplitude of the Backscattering wave function and | were calculated
using the FEFF702 simulation code [14] from S.I. Zabinsky et al. using apatite
structure [15] at the Eu L;;; edge, as fully described elsewhere [16]. Least square
fitting of the experimental EXAFS oscillations were performed with ”"Round Mid-
night” code from A. Mikalowitch [13] in the single scattering approximation. For all
fits, S3 was set to 1 and E, was set to 6983 eV.

3 Results

3.1 Diffusion

The diffusion coefficient values obtained for lanthanum and europium in fluora-
patite are 1.6x107*° at 1000°C and 1.1x107'% cm?.s7! at 800°C. These results are
in good agreement with the data obtained for lanthanum, samarium and lutetium
in ref [17]. In hydroxyapatite similar diffusion coefficient values for europium and
lanthanum are obtained and they are equal to 6x10~% and 2.3x107!" cm?.s~! at
600°C and 400°C respectively. The activation energies and preexponential factors
deduced from the Arrhenius plot (figure 2) are 1.3 eV.at™! and 1.3x10~7 ¢cm2.s7! for
hydroxyapatite and 2.1 eV.at™! and 5.1x10~7 cm?.s~! for fluorapatite for lanthanide
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Figure 2 : Arrhenius diagram corresponding to hydroxyapatite and fluorapatite.
Preexponential factors and activation energies are deduced from extrapolation
(dashed and full lines)

A more rapid lanthanide ions diffusion in hydroxyapatite compared to the single
crystal is observed (for example at 500°C 4.4x107'6 cm?.s™! to be compared with



6.2x1072! cm?.s7!). This is very likely due to the presence of grain boundaries which
facilitate the diffusion process. Meanwhile, diffusion coefficients are found to be low
compared to those obtained in other materials. It might be explain the remarkable
immobilization of lanthanide in the apatite lattice

3.1.1 Microluminescence

It has been known for a long time that natural and synthetic apatite are flu-
orescent. By steady-state spectroscopy it was discovered that its luminescence is
determined by characteristic bands of rare earth elements [18]. Trivalent europium
ions are widely used as luminescent probes in the investigation of the crystallographic
structure of the activator centers [18]. The "Fy — 5Dy transition is particularly
informative ; as a matter of fact each Eu®*t center induces a specific emission line for
this transition while the relative intensity is characteristic of the local symmetry [19].
The apatite structure, Cayo(PO4)s(OH)2, with symmetry group P63/m presents two
types of Ca site : Ca(I) with C3 symmetry surrounded by 9 oxygen and Ca(II) with
C,s symmetry surrounded by 6 oxygens and 1 (OH™) ion [18][20]. The emission
spectrum of the non heated implanted pellet show very weak luminescent bands

(fig. 3).
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Figure 3 : Luminescence spectra (A.zc 337nm, delay : 500ns, gate width : 5ms)
of as implanted apatite



Cal

5Dy F,

400°C, 1 howr 400°C, 2 hours

5Dy 7Fy

(Call)

Intensity

- &7 ERO EZS S50 &TS EE EES
400°C, 3 hours cal Call 500 °C, 2 hours
i Call : 5Dy 7F, Call
Call 51, >7F,

Intensity

£ e & -

s krgh fem § Wame krgh frm )

Figure 4 : Luminescence spectra ( A.xc 337nm, delay : 500ns, gate width
:5ms)of thermally treated apatite (biorad) implanted with europium (5.10%
atoms.cm 2 at 200 keV) .

The samples heated during 1 hour at 400°C present an emission spectra with
specific transitions of Eu®* in Ca(I) site corresponding to lines at 621.5, 595 and 579
nm (Fig. 4). For longer annealing times, new bands appear at 630, 626 and 573.5
nm. Their intensity increases with time (2 and 3 hours fig 4) while previous line
intensity decreases progressively. The same behavior is observed at 500°C and leads
to complete disappearance of the Ca(I) emission lines after only 2 hours annealing
(fig 4). The first set of emissions bands with the main one at 621 nm corresponds
to the Dy —"F, transitions of Eu®* in high C3 symmetry Ca(I) position while
the second set with the main line at 573 nm corresponds to the same transitions of
Eu* but in the low C, symmetry Ca(II) position [21]. The weakness of the emission
before any thermal induced diffusion indicates that the majority of the europium
ions is adsorbed on the surface of the apatite crystallites target. However the energy
of implantation allows the partial fixation of the europium ions inside the apatite
lattice by substitution of Ca?* in Ca(I) position. It is only in such crystallographic
environment that the radiative transitions can occur. Providing thermal energy
induces as a function of time the diffusion of the europium ions and the substitution
in Ca(I) sites. The oxidizing environment allows the charge compensation between
eu®" and Ca?". At 400°C, the diffusion of Eu from Ca(I) to Ca(Il) sites occurs and
over 500°C the complete migration to Ca(Il) position is achieved.



3.2 EXAFS

3.2.1 Analysis of EXAFS spectrum of pure hydroxyapatite at the Ca K
edge.

Hydroxyapatite has a rather complex crystal structure in which the unit cell
contains 2 Cajq(PO,)(OH)y units. Furthermore 4 calcium ions occupy the Ca(I)
site and 6 occupy the Ca(II) site. Such a structure corresponds to a wide range of
distances between the calcium and the oxygen atoms and leads to an extremely com-
plex averaged EXAFS spectrum. In order to simplify, we consider average distances
of oxygen shells.

To valid the fitting parameters to be used when the Eu ions substitute the calcium
ions in both Ca(I) and Ca(II) sites, the EXAFS spectrum of free hydroxyapatite has
been fitted. Fourier transform of the experimental spectrum at the Ca K edge is
given in figure 5 and exhibits two regions (1 and 2) that were fitted using FEFF7.02
phases and amplitudes from the apatite crystallographic structure [15].

0.1 0.2 03 0.4 0.5
R (um)

Figure 5 : Fourier transformation of k3-weighted EXAFS spectrum for
hydroxyapatite sample. Radial distribution functions were not corrected for phase
shift. The two components are delimited by vertical dashed lines
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Figure 6a and 6b : Fourier-filtered first(a) and second (b) component to
EXAFS for fitted with FEFF7 code calculation.

17 R (nm) R (nm) o (nm)

EXAFS X-Ray[15]

Ca-0 | 6.6 | 0241200005 0.242 0.0099F 0.0005

Ca-0O | 18 | 0273100005 0.275 0.0100+ 0.0005

Regionl
Ca-P 24 | 0.320£0.0001 0.320 0.0136+ 0.0002
Ca-Ca | 0.8 | 0.34510.0001 0.344 0.0075E 0.0002
Region 2 Ca-P 3| 0360200001 0.360 0.0134+ 0.0002

Ca-Ca | & 04061 0.002 0.406 0.0137+ 0.0002

t factor = 2,42 107

Table 1 : Average calcium environment for hydroxyapatite as determined by
X-ray crystallography and EXAFS C ( N= number of neighbors, R= distance, s=
Debye-Waller factor).

Best fit parameters are given in table 1 and compare well with the crystallographic
data. Furthermore, these results are backed by those obtained by J.E. Harries et al.
[22]. The fitting procedure and parameters used here are thus valid to be used for
Europium implanted apatite.

3.2.2 Analysis of EXAFS spectrum of implanted hydroxyapatite at the
europium L;;; edge.

As the luminescence study emphasizes the high probability of substitution in
Ca(II) site after 2 hours annealing at 500°C, we performed EXAFS measurements
after the same annealing conditions to precise the Eu environment. Prior to any
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EXAFS data analysis we supposed that all the europium ions are in Ca(I) or Ca(II)
substitution sites. Such an approximation is backed by the relativity high annealing
temperature set point that ensures major migration of Eu?* into Ca(Il) sites, as
suggested by the fluorescence measurements. Furthermore, the atomic concentration
of implanted europium is strictly inferior to the doping limit of hydroxyapatite (5%)
[23]. In order to simulate the Ca(II)/Ca(I) substitution ratio we performed several
FEFF7.02 simulations at the Eu L;;; edge. Resulting Fourier transforms are given
in figure 7 and correspond to parameters evolution as shown in figure 8a and 8b.

4.5 4 Ca(IT)/Ca(I) substitution ratio
4+ —10%
—e— 30%
22T —o— 0%
P37 —— 80%
=
g2
=

R (nm)

Figure 7 : Fourier transform of EXAFS spectra obtained by FEFF7.02 as
function Ca2/Cal substitution ratio.
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Figure 8a and 8b : Fourier transform of EXAFS spectra obtained by FEFF7.02
as function Ca(II)/Ca(I) substitution ratio.

I E (nm) T (nin)
Eu-O |e 802008 0.241 200004 | 0.0099 200001
Ev-O |140+001| 027320001 001000003
Eu-P 220002 0319+ 0002 | 001360001

Table 2 :

t factor =4 80z 102

Best fit EXAFS parameters corresponding to four hours annealing at

500°C (N= number of neighbors, R= distance, s= Debye-Waller factor).

I E (nm) T (nin)
Eu-O | 6802009 |0.241 200004 0.00%9 % 0.0001
Ev-O | 1204001 | 0.273£0.001 | 0.0100+0.003
Euw-P | 2202002 | 03191 0002 | 0013620001

Table 3 :

t factor = 5. 70= 102

Best fit EXAFS parameters corresponding to three hours annealing at

500°C (N= number of neighbors, R= distance, s= Debye-Waller factor).

Best fit parameters given in tables 2 and 3 correspond to the adjustment of the
experimental EXAFS spectra corresponding for 500°C annealing for 4 and 3 hours.
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Fit is represented in figure 9. Comparison with figures 8a and 8b suggest that 80%
of Eu*t are substituted to Ca(II) sites after 3 hours and this percentage remains
the same after 4 hours. These values are very similar and no strong evolution after
3 hours annealing is observed.
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Figure 9 : Fourier-filtered to EXAFS for fitted with FEFF7 code calculation.

4 Discussion

Both luminescence and EXAFS data suggest that rate of lanthanide ions substi-
tuted to the calcium sites in the apatite structure increases with annealing times.
Furthermore, the substitution ratio Ca(II)/Ca(I) increases. After 3 hours at 500°C
for instance, about 80 % of europium ions are located in the Ca(II) site. These re-
sults are in agreement with the site occupation ratio Ca(II)/Ca(I)~4 determined by
Fleet and al [24]. in case of lanthanum doped synthetic fluorapatite crystals. In case
that case, charge compensation occur because of the divalent and trivalent states of
calcium and europium respectively. We propose here a simple substitution mecha-
nism that implies the contribution of other species. In our experimental conditions
(annealing under air), substitution of trivalent lanthanide ions in hydroxyapatite
could be compensated as follows:

o Mechanism 1 : substitution of OH™ by O,
Ev*t + 0% «+— Ca*t + OH- Cay9—p Fu,(PO4)s(OH )
It must be noted that the Ca(II) position is located near the OH- lattice columns,
and this could increase the probability of such a mechanism as far as oxygen diffu-
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sion through these columns is possible.

o Mechanism 2 : substitution of Ca?" by a vacancy (©)
2Eut + 6 +— 3Ca*t Calo_ngUwGw(PO4)6(OH)2

Let us now connect these results to diffusion data. In case of both single crystal
and polycrystalline apatite we can notice a slight shift of the lanthanide ions dis-
tribution toward the surface. In order to the modeling the evolution of lanthanide
atomic concentration profiles a driving force as to be introduced in the second Fick’s
Law. Such a driving force allows to take into account the slight shift of lanthanide
distribution. As specify previously application of a constant depth driving force in
the Fick’s second law do not modify the extracted diffusion coefficient values but
the challenge is to understand the physical meaning of this driving force.

The major annihilation process for defects is known to be their diffusion to the
sample surface [25]. One possible explanation to the lanthanide migration towards
the surface could be the influence of defects created by implantation process. How-
ever, such an assumption has to be precluded because at annealing temperature
larger than 400°C the defects recover very quickly (few seconds [6]). Moreover, a
defect enhanced diffusion presents a non Fickian profile evolution, this is not the
case here. Therefore, no influence on the diffusion process is to be attributed to the
defects. The alternative is to connect the lanthanide distribution shift to mechanism
1. In order to achieve charge compensation for all the lanthanide ions introduced
in the samples a large amount of oxygen is needed ( 4 % atomic). The only oxygen
supply is provided by oxygen diffusion from the surface. Oxygen diffusion in fluoara-
patite from the surface has been studied by Farver it et al. [26]. They determined
a diffusion coefficient at 800°C which stands between 3x107% cm?.s~! for a 200 bar
pressure and 1x107'* cm?.s™! for a 2000 bar pressure. Extrapolation of these data
to our experimental conditions leads to a diffusion coefficient value around 10~'7
cm?.s7! which corresponds to a slower process than the one we observed here. In
our system an oxygen concentration gradient appears from the surface to the bulk
and generates a chemical potential. This potential leads to the preferential flux of
lanthanide to the surface in order to obey charge compensation. This assesses that
mechanism 1 is the dominant process for diffusion under air. Meanwhile, mechanism
1 is also backed by the fact that in case of rare earth diffusion under vacuum only
substitution in Ca(I) is observed [21].

In this work, we conclude that the preferential mechanism in lanthanide divalent
ions migration under air lead to substitution to Ca(Il) site in apatite lattice. This
explain the very low diffusion coefficients that were observed (i.e. 3x107%° ¢cm?.s7!
for hydroxypatite at 100°C). Such results are speaking in favor of apatites as filling
materials in geological disposal. However, we must be aware that slight migration
of lanthanide toward the surface has been observed and this may potentially make
this material more easily damaged by water lixiviation.
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