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Abstract

In the context of nuclear waste disposal, the knowledge of the diffusion of helium produced by a-decays is an important
issue, in order to assess the long-term behavior of the containment matrices. Apatite is one of these potential hosts, which
can incorporate many radionuclides as trivalent minor actinides and fission products. In order to determine the influence of
the double (cationic/anionic) substitution on helium diffusion, we have studied two different apatite compositions
(Ca10(PO4)6F2 and Ca4Nd6(SiO4)6F2). For that purpose, the helium bulk diffusion constants were derived from non-
destructive 3He depth profiling using the 3He(d,p)4He nuclear reaction. Results have been obtained on sintered ceramics
implanted with 3-MeV 3He+ ions at a depth around 9 lm with a fluence of 1016 ions cm�2 then annealed in air at temper-
atures between 250 and 400 �C. We show that the activation energy for helium diffusion determined by two different mod-
els decreases with substitution, i.e., 1.27 eV for Ca10(PO4)6F2 and 0.89 eV for Ca4Nd6(SiO4)6F2. Moreover, the activation
energy in sintered Ca10(PO4)6F2 ceramics is similar to that determined by other authors on a single crystal of the same
composition. It leads us to think that the diffusion mechanism involves the tunnels of the structure, the size of which
increases with substitution.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Apatites are of great interest as waste contain-
ment matrices for separated radionuclides. Their
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structure can indeed incorporate many radionuc-
lides as trivalent minor actinides (Am3+, Cm3+)
and fission products (I�, Cs+) of 235U. Apatite, in
its most common high-symmetry representation
[1], is the generic name of a family of calcium phos-
phates with formula Me10(XO4)6Y2 which crystal-
lizes in the hexagonal system P63/m (Fig. 1). Me is
a divalent cation (Ca2+, Ba2+, etc.) which can be
replaced by a monovalent (Na+, Cs+, etc.) or
.
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Fig. 1. Projection on the [001] plane of the apatitic structure
Me10(XO4)6Y2.
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trivalent cation (Nd3+, Am3+, Cm3+, etc.), XO4 a
trivalent anion (PO3�

4 , VO3�
4 , etc.) which can be

substituted by a tetravalent (SiO4�
4 , GeO4�

4 , etc.) or
bivalent grouping (SO2�

4 , CO2�
3 , etc.) and Y a mono-

valent (F�, I�, etc.) and sometimes bivalent anion
(O�2 , CO2�

3 , etc.). The quasi-compact arrangement
of XO4 ions constitutes the skeleton of the apat-
itic structure [2] and reveals two types of tunnels.
The first tunnel consists of four cations per
cell, noted MeI, located on the 4f sites of the struc-
ture and surrounded by nine oxygen atoms. The
second tunnel consists of six cations per cell,
noted MeII, located on the 6 h sites of the struc-
ture and surrounded by six oxygen atoms and one
anion Y.

After their production, most of these radionuc-
lides transform following a complex scheme of
spontaneous decays characterized in particular by
the emission of a particles. For long-term ageing,
the helium content in containment matrices could
reach large values (>1 at.%) [3]. Since the solution
energy of helium in solids is generally large [4],
helium atoms will tend to coalesce and form bub-
bles inducing detrimental modifications of the
material’s structure and mechanical properties
(e.g., embrittlement) [5]. Therefore, it is very
important to know how helium diffuses in these
matrices.

First studies of helium diffusion in apatites were
carried out by Zeitler et al. [6] and Lippolt et al.
[7]. These authors, with the aim of dating minerals,
by degassing helium have determined activation
energies and the relative diffusion coefficients in
various apatites coming from different geological
media. Zeitler, by studying a Durango fluoroapatite
of approximate general formula Ca10(PO4)6F2, has
determined an activation energy of 1.67 eV. Lippolt,
for various compositions of apatite, has given acti-
vation energies ranging from 0.73 to 1.97 eV and
extrapolated diffusion coefficients at 25 �C (D25 �C)
ranging from 10�27 to 10�17 cm2 s�1. Another deter-
mination was carried out by Ouchani et al. [8] by
ERDA (Elastic Recoil Detection Analysis) on a
Durango fluoroapatite and two sinters
(Ca9.99Na0.01Nd0.01(PO4)6F2 and Ca9.80Na0.20Nd0.20-
(PO4)6F2). The thermal diffusion of 4He was
measured in a temperature range 120–250 �C with
activation energy of 1.25 ± 0.02 eV and D25 �C of
10�23 cm2 s�1 for the three samples. These results
are in agreement with those of Zeitler and Lippolt.
Lastly, by using the 3He(d,p)4He nuclear reaction
on monosilicated sinter (Ca9Nd(PO4)5(SiO4)F2),
Costantini et al. [9] have also studied the 3He ther-
mal diffusion process on a temperature range
200–400 �C with an activation energy of 1.08 eV
and D25 �C of 5.10�23 cm2 s�1.

Although these studies seem numerous, no study
took into account the influence of the double (cat-
ionic/anionic) substitution on the helium thermal
diffusion process. We have thus studied the ther-
mally-activated migration of 3He atoms in various
fluoroapatites using the 3He(d,p)4He nuclear reac-
tion, where 3He acts as a tracer for 4He diffusion
with an isotopic mass factor correction. Although
the depth resolution and sensitivity of this technique
are known to be low [10–12], diffusion constants can
be so-obtained from 3He depth profiling. We show
that helium diffusion depends on the silicate/phos-
phate substitution.

2. Experiments

We studied two fluoroapatites sintered ceramics:
i.e., one fully phosphated Ca10(PO4)6F2 and one
fully silicated Ca4Nd6(SiO4)6F2. These ceramics
were synthesized by reactive sintering of precursors
CaF2, CaO, Ca2P2O7, Nd2O3 and SiO4 in stoechio-
metric amounts. After being crushed, precursors
were compacted in a pellet (diameter of 11 mm
and thickness of 1 mm) by pressing at 200 MPa. A
heat treatment was thus applied at 1500 �C during
6 h under nitrogen flow [13]. Ceramics were then
polished with five discs covered with silicon carbide
of granulometry varying from 26 to 5 lm, then with
four diamond discs of granulometry varying from 3
to 0.1 lm. They were then heated again at 500 �C
during 6 h, as mentioned in Ref. [14]. This thermal
annealing induces stress relaxation of the layers,
perturbed by polishing, and desorption of the sur-
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Fig. 2. Particle energies versus 3He depth in Ca10(PO4)6F2

fluoroapatite calculated by Pyrole code [20].
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face atomic layers. Sintered ceramics were charac-
terized by various techniques to check the absence
of impurities: EDS (energy dispersive spectrometry),
SEM (scanning electron microscopy) and XRD (X-
ray diffraction). SEM enabled us to observe a mean
grain size of about 20 lm. These grains are acicular
crystals for the Ca10(PO4)6F2 composition. On the
other hand, the Ca4Nd6(SiO4)6F2 composition does
not present any more acicular crystals and the pores
density decreases. These observations result from
partial fusion of crystals, the melting temperature
decreasing with the double (cationic/anionic) substi-
tution. Moreover, XRD allowed us to determine the
cell parameters (a = 9.38(1) Å, c = 6.89(1) Å for
Ca10(PO4)6F2 and a = 9.53(1) Å, c = 7.01(1) Å for
Ca4Nd6(SiO4)6F2) and the theoretical density
(3.195(3) g cm�3 for Ca10(PO4)6F2 and 4.869(3)g
cm�3 for Ca4Nd6(SiO4)6F2). Helium pycnometry
yielded the skeletal density (2.838(9) g cm�3 for
Ca10(PO4)6F2 and 4.728(9) g cm�3 for Ca4Nd6-
(SiO4)6F2). The deduced porosity values are
11.2(4)% for Ca10(PO4)6F2 and 2.9(3)% for Ca4Nd6-
(SiO4)6F2. This difference is in agreement with the
SEM observations showing a denser compound in
the case of Ca4Nd6(SiO4)6F2 than in the case of
Ca10(PO4)6F2, and thus a more significant partial
fusion during the heat treatment.

Samples were implanted with 3-MeV 3He ions at
a fluence of 1016 cm�2 by using the Van de Graaff
accelerator of the InESS laboratory (Strasbourg).
The projected range and longitudinal straggling of
3He calculated using SRIM2000 code [15] are,
respectively, Rp = 10.40 lm and DRp = 0.23 lm in
Ca10(PO4)6F2, Rp = 8.62 lm and DRp = 0.30 lm in
Ca4Nd6(SiO4)6F2. The SRIM He maximum concen-
tration values at this fluence is 1.85 · 1020 cm�3 for
the Ca10(PO4)6F2 composition and 1.40 · 1020 cm�3

for the Ca4Nd6(SiO4)6F2 composition. The SRIM
maximum displacements per atom value at this flu-
ence is 0.012 for the Ca10(PO4)6F2 composition and
0.016 for the Ca4Nd6(SiO4)6F2 composition. Sam-
ples were then annealed, with positive and negative
slopes of about 100 �C min�1, at three different tem-
peratures during various times: 250 �C during 48 h,
325 �C during 1 h and 400 �C during 1 h as per-
formed in Ref. [9].

The 3He depth profiles were determined by the
3He(d,p)4He nuclear reaction with the milli-probe
of the Van De Graaff accelerator of the INSTN
(CEA/Saclay) with a beam diameter of 0.5 mm,
an incidence angle of 0� and detection angle of
90 �. The detector solid angle is 2.35 msr and its
energy resolution 17 keV. The detector is masked
by a 29 lm mylar foil to stop the backscattered
deuterons. To minimize charge effects, a thin
(10 nm) gold layer is deposited on the sample ana-
lyzed surface.

The 3He(d,p)4He reaction exhibits a maximum
cross-section value at 430 keV and a full width at
half maximum of 350 keV [9]. This broad cross-sec-
tion is not adequate to obtain good depth resolution
on the 3He depth profile. At the primary energy of
1.8 MeV, we calculate by using the PYROLE code
the energy of protons created at the depth x, the
energy of outgoing protons emitted in the accep-
tance angle of the detector and the detected energy
after their transmission through the mylar filter
(Fig. 2). As function of depth x, these simple calcu-
lations show that the detected energy is almost con-
stant as function as depth. At different primary
energies, this conclusion remains unchanged. In
our analysis conditions, the 3He depth profile can-
not be measured by the energy spectrometry of the
emitted protons. Our solution is to sweep the deu-
teron beam energy gradually from 1.6 to 0.8 MeV,
by steps of 0.2–0.05 MeV. Each step required an
acquisition time of 15 min to obtain a spectrum with
sufficient good statistics. This energy scan shifts the
maximum of the cross section inside the material.
For each deuteron energy, the proton yield is plot-
ted on an excitation curve versus deuteron energy
(Fig. 3(a) and (b)) which is the convolution of the
3He depth profile with the cross section. Thus,
helium depth profiles can be extracted from the exci-
tation curves of the as-implanted and annealed
samples.
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Fig. 3. Experimental and simulated excitation curves of
3He(d,p)4He reaction at various annealing temperatures for
Ca10(PO4)6F2 (a) and Ca4Nd6(SiO4)6F2 (b): as-implanted (full
stars); 325 �C, 1 h (full circles); 400 �C, 1 h (open diamonds).
Lines are least-squares fitted curves to model 1: as-implanted
(solid); 325 �C, 1 h (dashed); 400 �C, 1 h (dotted).
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3. Data analysis

Excitation curves were analyzed with two differ-
ent approaches.

3.1. First model

This first model was already used to extract the
3He depth profile in britholite [9]. In this model,
the detected proton yield I0(E0) at a given incident
deuteron energy E0 is the convolution of the 3He
depth profile with the cross section of the nuclear
reaction 3He(d,p)4He [16]:

I0ðE0Þ ¼
Z x0

0

rðEðxÞÞqðxÞdx; ð1Þ

where x0 is the deuteron projected range, r, the
cross section, E(x), the deuteron energy at depth x
(data given by the SRIM 2000 code [15]) and q(x),
the 3He depth profile. r depends weakly on the
angle of emission h (for high angular values) at
one given energy [17], so that it is possible to neglect
the angular dependence in Eq. (1).

To extract the depth profile, it was assumed that
the as-implanted 3He profile is Gaussian. This
assumption is frequently used in the case of implan-
tation profiles where the third-order (‘skewness’)
and fourth-order (‘kurtosis’) moments of the distri-
bution are neglected [18]:

qðxÞ ¼ A exp �ðx� xcÞ2=2s2
h i

ð2Þ

withZ þ1

0

qðxÞdx ¼ As
ffiffiffiffiffiffi
2p
p

; ð3Þ

where A is the amplitude, xc, the distribution cen-
troid, and s, the standard deviation.

The analysis consists in fitting the three parame-
ters (A, xc and s) defining the Gaussian profile q(x)
by using a trial-and-error method. This method,
integrated in the AGEING computer code, is based
on minimization of an error function between the
experimental and the calculated curves [9]. This
computer code was elaborated in FORTRAN-90,
and transcribed in process control PV-WAVE
language.

The optimization of the three parameters (A, xc

and s) is carried out by calling the NLINLSQ
(Non LINear Least SQuare) function of PV-WAVE
with an optimization algorithm of Levenberg–Mar-
quard type. Options and key words of this function
permit to define the initial values of the variables to
be optimized, limiting values on these variables (i.e.,
minimal and maximum values), and several criteria
of calculation end (a maximum number of itera-
tions, relative or absolute tolerances). After each
optimization, the simulated curve (Fig. 3(a) and
(b)) is graphically compared with the experimental
points. The error bars on these experimental points
are given by

ffiffiffiffi
I0

p
(Fig. 3(a) and (b)). The quality of

the fitted parameters is estimated by an error term
(Err), which represents the normalized relative error
per point between experimental and simulated data:

Err ¼
PNpoints

n¼1 I exp
0 ðnÞ � I sim

0 ðnÞ
�� ��

maxðIexp
0 Þ � N points

; ð4Þ

where Npoints is the number of measurements, Iexp
0

the experimental and I sim
0 the simulated data points.

The NLINLSQ function allows to minimize the
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error function, in order to obtain the three optimal
parameters (A, xc and s), and plot the 3He depth
profile (shown for Ca10(PO4)6F2 in Fig. 4(a)).

Another program functionality allows us one to
study the error function near the found solution.
It is particularly useful to visualize the error surface
around the optimum given by the NLINLSQ func-
tion, this error surface comprising several local
minima due to the experimental errors. It consists
in evaluating the error term Err at different points
of a 3D squaring (A, xc and s) centered on the opti-
mized values. This functionality will be called ‘sur-
face’. A good agreement is found between the
results given by the two functionalities. The ‘sur-
face’ functionality yields results characterized by a
lower error per point (Err). Only the results
obtained with this functionality are presented in
Tables 1 and 2.

To determine the thermal diffusion coefficients
relative to each composition, we have assumed that
diffusion follows second Fick’s law [19]:
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Fig. 4. Gaussian 3He depth profiles in as-implanted and annealed
Ca10(PO4)6F2, obtained with model 1 (a) and model 2 (b) (see
optimized parameters in Table 1).
oqðx; tÞ
ot

¼ DðT Þ o
2qðx; tÞ
ox2

: ð5Þ

The diffusion coefficient (D) for a given tempera-
ture (T) is then deduced from the relation [19]:

D ¼ ðs2 � s2
0Þ=ð2tÞ; ð6Þ

where s is the standard deviation after annealing, s0,
the standard deviation of the as-implanted samples,
and t, the annealing time. Such an assumption cor-
responds to a diffusion process inducing a broaden-
ing of the as-implanted Gaussian distribution far
from surface sinks (infinite medium conditions) [19].

Diffusion coefficients (D) and optimized parame-
ters (A, xc and s) obtained for both compositions
(Ca10(PO4)6F2 and Ca4Nd6(SiO4)6F2), are displayed
in Tables 1 and 2. To estimate the maximum relative
error on the optimized parameters, we fitted both
experimental excitation curves with I0 + DI0 and
I0 � DI0, with DI0 ¼

ffiffiffiffi
I0

p
. The maximum relative

errors as well as the maximum relative variations of
parameters for both compositions are displayed in
Table 3. It is clearly seen that A decreases, s increases
and thus D increases versus annealing temperature.
By contrast, the integral of the profile, which is pro-
portional to As (Eq. (3)), and xc do not vary within
experimental errors. In spite of an important relative
error in the estimation of s parameter, the 3He peak
broadening is sufficiently large to determine signifi-
cant diffusion coefficient values.

Moreover, diffusion processes classically follow
an Arrhenius law:

D ¼ D0 exp �DE=ðkBT Þð Þ; ð7Þ
where DE is the activation energy of the diffusion
process, D0, the pre-exponential factor, kB, the
Boltzmann constant and T, the annealing tempera-
ture. D0 and DE are deduced from the plots of
Log D versus 1/T (Fig. 5 and Table 4). The maxi-
mum relative error on DE deduced from this Arrhe-
nius plot is estimated to 4%.

This gives an extrapolated value of D25 �C for the
two compositions (Table 4). Our results are com-
pared with those obtained by ERDA on a Durango
fluoroapatite single crystal [8] and those obtained by
NRA on a sintered monosilicated sample of chemi-
cal formula Ca9Nd(PO4)5(SiO4)F2 [9] (Fig. 5 and
Table 4). In order to compare our results obtained
on 3He diffusion with those obtained on 4He diffu-
sion [8], we multiplied the 3He diffusion coefficients

by an isotope mass factor of
ffiffi
4
3

q
[19]. The activation

energy is the same for a Durango fluoroapatite



Table 1
3He diffusion parameters for the Ca10(PO4)6F2 composition at annealing temperature T and annealing time t

Ca10(PO4)6F2 Model 1 Model 2

T (�C) t (h) Data Err

(%)

A

(arb. u.)

xc

(lm)

s

(lm)

As

(arb. u.)

D

(cm2 s�1)

D1

(cm2 s�1)

v

(lm h�1)

F

(%)

Err

(%)

A

(arb. u.)

xc

(lm)

s

(lm)

As

(arb. u.)

v2

As-implanted I0 �
ffiffiffiffiffi
I0

p
2.03 1.77 8.51 0.97 · 10�1 1.72 · 10�1 –

I0 1.83 1.30 8.50 1.41 · 10�1 1.83 · 10�1 – – – – – – – – –

I0 þ
ffiffiffiffiffi
I0

p
1.64 0.99 8.49 1.97 · 10�1 1.95 · 10�1

250 48 I0 �
ffiffiffiffiffi
I0

p
2.33 6.98 · 10�1 8.54 2.69 · 10�1 1.65 · 10�1 1.52 · 10�15

I0 2.05 5.56 · 10�1 8.53 3.16 · 10�1 1.76 · 10�1 2.31 · 10�15 2.12 · 10�15 �5.48 · 10�4 4 2.23 6.02 · 10�1 8.52 2.95 · 10�1 1.77 · 10�1 6.17 · 10�11

I0 þ
ffiffiffiffiffi
I0

p
2.01 5.75 · 10�1 8.52 3.24 · 10�1 1.86 · 10�1 2.46 · 10�15

325 1 I0 �
ffiffiffiffiffi
I0

p
1.81 5.59 · 10�1 8.53 2.91 · 10�1 1.63 · 10�1 0.90 · 10�13

I0 1.52 4.58 · 10�1 8.54 3.77 · 10�1 1.73 · 10�1 1.70 · 10�13 2.09 · 10�13 �5.51 · 10�2 1 2.85 4.35 · 10�1 8.53 4.17 · 10�1 1.81 · 10�1 1.20 · 10�5

I0 þ
ffiffiffiffiffi
I0

p
1.45 4.58 · 10�1 8.53 3.99 · 10�1 1.83 · 10�1 1.94 · 10�13

400 1 I0 �
ffiffiffiffiffi
I0

p
0.86 1.99 · 10�1 8.50 8.45 · 10�1 1.68 · 10�1 0.96 · 10�12

I0 1.02 2.04 · 10�1 8.45 8.87 · 10�1 1.81 · 10�1 1.07 · 10�12 1.06 · 10�12 0 0 1.71 2.09 · 10�1 8.49 8.76 · 10�1 1.83 · 10�1 1.46 · 10�10

I0 þ
ffiffiffiffiffi
I0

p
1.06 2.12 · 10�1 8.45 9.07 · 10�1 1.92 · 10�1 1.11 · 10�12

Model 1: Gaussian 3He profile parameters (A, xc and s) with the corresponding errors (Err) given by the AGEING computer code and diffusion coefficients (D) deduced from Eq. (6). Model 2: diffusion

coefficient (D1), transport velocity (v), leakage coefficient (F) with the corresponding errors (Err) given by the AGEING2 computer code and parameters (A, xc, s) deduced from Gaussian fit with the v2 factor.

Table 2
3He diffusion parameters for the Ca4Nd6(SiO4)6F2 composition at annealing temperature T and annealing time t

Ca4Nd6(SiO4)6F2 Model 1 Model 2

T (�C) t (h) Data Err

(%)

A

(arb. u.)

xc

(lm)

s

(lm)

As

(arb. u.)

D

(cm2 s�1)

D1

(cm2 s�1)

v

(lm h�1)

F

(%)

Err

(%)

A

(arb. u.)

xc

(lm)

s

(lm)

As

(arb. u.)

v2

As-implanted I0 �
ffiffiffiffiffi
I0

p
1.74 5.73 · 10�1 7.22 3.04 · 10�1 1.74 · 10�1

I0 1.66 4.89 · 10�1 7.21 3.85 · 10�1 1.88 · 10�1 – – – – – – – – – –

I0 þ
ffiffiffiffiffi
I0

p
1.77 4.90 · 10�1 7.21 4.12 · 10�1 2.02 · 10�1

250 48 I0 �
ffiffiffiffiffi
I0

p
1.65 2.90 · 10�1 7.11 6.53 · 10�1 1.92 · 10�1 8.05 · 10�15

I0 1.66 2.88 · 10�1 7.09 6.61 · 10�1 1.90 · 10�1 8.35 · 10�15 7.19 · 10�15 1.797 · 10�3 1 1.81 2.99 · 10�1 7.12 6.30 · 10�1 1.86 · 10�1 7.19 · 10�15

I0 þ
ffiffiffiffiffi
I0

p
1.70 2.83 · 10�1 7.09 7.12 · 10�1 2.01 · 10�1 10.38 · 10�15

325 1 I0 �
ffiffiffiffiffi
I0

p
3.72 2.68 · 10�1 7.27 6.04 · 10�1 1.62 · 10�1 3.01 · 10�13

I0 3.51 2.63 · 10�1 7.26 6.60 · 10�1 1.74 · 10�1 3.99 · 10�13 3.44 · 10�13 �5.03 · 10�2 9 3.67 2.73 · 10�1 7.26 6.30 · 10�1 1.71 · 10�1 3.44 · 10�13

I þ
ffiffiffiffiffi
I0

p
3.52 2.63 · 10�1 7.25 7.00 · 10�1 1.84 · 10�1 4.75 · 10�13

400 1 I0 �
ffiffiffiffiffi
I0

p
1.95 2.22 · 10�1 7.23 7.02 · 10�1 1.56 · 10�1 4.78 · 10�13

I0 0.38 2.31 · 10�1 7.19 7.44 · 10�1 1.72 · 10�1 5.63 · 10�13 4.74 · 10�13 0 9 1.90 2.40 · 10�1 7.21 7.00 · 10�1 1.72 · 10�1 4.74 · 10�13

I0 þ
ffiffiffiffiffi
I0

p
1.79 2.26 · 10�1 7.21 7.78 · 10�1 1.76 · 10�1 6.35 · 10�13

Model 1: Gaussian 3He profile parameters (A, xc and s) with the corresponding errors (Err) given by the AGEING computer code and diffusion coefficients (D) deduced from Eq. (6). Model 2: Diffusion

coefficient (D1), transport velocity (v), leakage coefficient (F) with the corresponding errors (Err) given by the AGEING2 computer code and parameters (A, xc, s) deduced from Gaussian fit with the v2 factor.
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Table 3
Maximum relative errors and maximum relative variations for 3He diffusion parameters, obtained for both compositions Ca10(PO4)6F2

and Ca4Nd6(SiO4)6F2, with model 1

Composition Max
variation
DA/A (%)

Max
error
DA/A
(%)

Max
variation
Dxc/xc

(%)

Max
error
Dxc/xc

(%)

Max
variation
Ds/s
(%)

Max
error
Ds/s
(%)

Max
variation
DAs/As

(%)

Max
error
DAs/As

(%)

Max
variation
DD/D
(%)

Max
error
DD/D
(%)

Ca10(PO4)6F2 84 36 1 1 529 40 5 7 46220 47
Ca4Nd6(SiO4)6F2 53 17 2 1 93 21 9 9 6643 25
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crystal of approximate formula Ca10(PO4)6F2 and a
sintered ceramics of the same chemical composi-
tion. Moreover, the activation energy decreases
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Fig. 5. Arrhenius plot of the 3He diffusion coefficient in
Ca10(PO4)6F2, Ca4Nd6(SiO4)6F2 with errors bars (present work)
and Ca9Nd1(PO4)5(SiO4)F2 [9]. Lines are least-squares linear
regressions.

Table 4
Activation energy (DE), pre-exponential factor (D�) and extrapolate
Ca10(PO4)6F2 and Ca4Nd6(SiO4)6F2, obtained with model 1 and model
a sintered Ca9Nd(PO4)5(SiO4)F2 ceramics, obtained with model 1 [9]

Composition Model Data

Single crystal Ca10(PO4)6F2 [8] – –

Polycrystal Ca10(PO4)6F2 1 I0 �
ffiffiffiffi
I0

p

I0

I0 þ
ffiffiffiffi
I0

p

2 I0

Polycrystal Ca9Nd1(PO4)5(SiO4)F2 [9] 1 I0

Polycrystal Ca4Nd6(SiO4)6F2 1 I0 �
ffiffiffiffi
I0

p

I0

I0 þ
ffiffiffiffi
I0

p

2 I0

Our results on 3He diffusion were multiplied by a isotopic factor of
ffiffi
4
3

q
et al. [8].
and the diffusion coefficient D increases when
the double (cationic/anionic) substitution inc-
reases.

3.2. Second model

In this model, the proton yield I0(E0) for an inci-
dent deuteron energy E0 is still written as the convo-
lution of the 3He depth profile with the cross section
as in Eq. (1). A Gaussian form was kept for the as-
implanted distribution as in Eq. (2). Yet no assump-
tion was made on the annealed 3He depth profile.
We also assumed that diffusion follows second
Fick’s law:

oq1ðx; tÞ
ot

¼ D1

o2q1ðx; tÞ
ox2

� v
oq1ðx; tÞ

ox
� F q1ðx; tÞ;

ð8Þ
where D1 is the diffusion coefficient, v a phenomeno-
logical transport velocity, and F a leakage coeffi-
cient of the distribution [19]. Fq1 corresponds to
the helium loss to the surface considered as a
d diffusion coefficient at 25 �C (D25 �C) for both compositions
2, compared with data on a natural Durango fluoroapatite [8] and

DE (eV) 4He diffusion

D0 (cm2 s�1) D25 �C (cm2 s�1)

1.25 1.4 · 10�2 0.87 · 10�23

1.32 12.30 · 10�3

1.27 6.1 · 10�3 0.29 · 10�23

1.27 6.25 · 10�3

1.29 9.7 · 10�3 0.14 · 10�23

1.08 3.0 · 10�4 17.3 · 10�23

0.86 2.71 · 10�6

0.89 5.8 · 10�6 486 · 10�23

0.87 4.57 · 10�6

0.89 4.5 · 10�6 380 · 10�23

to obtain data for 4He and compare them with those of Ouchani



8 S. Miro et al. / Journal of Nuclear Materials 355 (2006) 1–9
diffusion sink. These three parameters were
optimized by using a trial-and-error method, based
on minimization of an error function (Err), as in Eq.
(4), with the limiting conditions q1(0, t) = 0 and
oq1ð0;tÞ

ox ¼ 0, "t, expressing that helium cannot accu-
mulate at the surface.

This new model was integrated in the AGEING2
computer code in PV-WAVE programming lan-
guage. Calling the NLINLSQ function allows to
optimize the D1, v and F parameters. However,
the functionality solving local minima of error
surfaces was not implemented as yet.

The results obtained on thermally-annealed
Ca10(PO4)6F2 and Ca4Nd6(SiO4)6F2 samples with
this program are compared to the former results
obtained with AGEING computer code. AGE-
ING2 computer code will then directly give the
D1, v and F values for each annealing (Tables 1
and 2), with the same initial conditions as previ-
ously.

The optimized depth profiles of annealed samples
are shown for Ca10(PO4)6F2 in Fig. 4(b). To com-
pare both models, these depth profiles were least
squares fitted with a Gaussian distribution. The cor-
responding parameters (A, xc and s) are given in
Tables 1 and 2 for both compositions.

It is to be noted that the transport velocity is
practically null and independent of composition
(maxjvj = 5.51 · 10�2 lm h�1 for Ca10(PO4)6F2

and 5.03 · 10�2 lm h�1 for Ca4Nd6(SiO4)6F2), in
agreement with the fact that xc does not vary in
model 1. The low leakage term (F) values
(maxjFj = 4% for Ca10(PO4)6F2 and 9% for
Ca4Nd6(SiO4)6F2) are in agreement with the invari-
ability of the As parameter defined in model 1. The
helium loss to the surface seems to be negligible.
The D1 diffusion coefficient values are comparable
to results given by the first model within experimen-
tal errors. D1 increases with the annealing tempera-
ture according to Eq. (7) which also yields D0, D25 �C

and DE values in good agreement with model 1
(Fig. 5 and Table 4). This allows us to deal with
the thermal diffusion process without going through
the determination of 3He depth profiles. However,
only the first model permits to determine the initial
as-implanted profile.

4. Discussion

These results enable us to discuss on the validity
of the models and on the activation energy and
diffusion coefficient values. Excellent agreement is
found with Gaussian profiles in model 2 (v2 in
Tables 1 and 2). The assumption of the conservation
of a Gaussian profile after diffusion, taken in the
first model is thus completely justified within sight
of the results given by the second model. Moreover,
it is seen that optimized parameters (A, xc and s)
values given by both models are equivalent (Tables
1 and 2). Therefore, the two models can be used
indifferently to determine the diffusion coefficients
and activation energies.

We observe that the activation energies deter-
mined in all compositions are low (around 1 eV).
Furthermore, the activation energy determined on
Ca10(PO4)6F2 sintered ceramics and on the Durango
fluoroapatite single crystal with the same composi-
tion Ca10(PO4)6F2 [8], are practically equivalent in
regard of experimental error (4%). This confirms
conclusions on Ca9Nd1(PO4)5(SiO4)F2 [9] ruling
out a diffusion mechanism involving grain bound-
aries or pores of the ceramics. At last, the activation
energy decreases and the diffusion coefficient
increases with the double (cationic/anionic) substi-
tution. The activation energy difference between
both compositions is about 30%, i.e., much larger
than the maximum estimated relative error. This
evolution is consistent with previous measure-
ments on Ca9Nd1(PO4)5(SiO4)F2 [9] yielding DE =
1.08 eV. It means that DE decreases versus the sili-
cate/phosphate content.

Three different mechanisms of helium diffusion in
solids are known to occur: the interstitial, substitu-
tional and dissociative ones [4,5]. In metals, it is
fairly well established that the interstitial mecha-
nism occurs only at low temperatures (<100 K) with
small migration enthalpies (e.g., <0.5 eV in b.c.c.
transition metals) [4]: as temperature rises helium
atoms are rapidly trapped by the native or irradia-
tion-induced vacancies since the solution energy is
large (P3 eV) [4,5]. Helium diffusion at high tem-
peratures or under displacive irradiation proceeds
either through a substitutional mechanism involving
the vacancy-assisted migration or the dissociative
mechanism involving helium–vacancy (V) clusters
(Hen–Vm) in which helium atoms are trapped [12].
These clusters can act as nucleation centers of gas
bubbles at large concentrations. For the substitu-
tional mechanism, the migration activation energy
is above 3–4 eV [4]. It is to be noted that the latter
process requires a large vacancy concentration in
order to take place. For the dissociative mechanism,
the activation energies raise to about 4–5 eV in
metals [4,5].
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In oxides, very few data are available in the liter-
ature and mostly for close-packed cubic structures.
For instance in MgO, theoretical calculations of
the binding energies of a He atom in clusters yield
activation energies for the dissociative mechanism
of 3.9 eV for one vacancy (He–V) and 3.6 eV for
Hen–Vm clusters [21]. For the interstitial and substi-
tutional mechanisms, it would, respectively, yield
values of 0.71 and 5.4 eV [21].

In the case of apatites, we think that the activa-
tion energy about 1 eV could correspond to a
helium diffusion mechanism through the tunnels of
the apatitic structure, as previously suggested for
the monosilicated britholite [9]. Through the results
obtained on the Ca4Nd6(SiO4)6F2 material, the 3He
diffusion enhancement can be attributed to the dou-
ble (cationic/anionic) substitution and related to the
increasing after substitution of the cell parameters
values (a = 9.38(1), c = 6.89(1) for Ca10(PO4)6F2,
a = 9.41(1), c = 6.91(1) for Ca9Nd(PO4)5(SiO4)F2

and a = 9.53, c = 7.01 for Ca4Nd6(SiO4)6F2) and
then of the size of the tunnels.
5. Conclusions

We have determined the helium diffusion con-
stants in two different apatite compositions
(Ca10(PO4)6F2 and Ca4Nd6(SiO4)6F2), to determine
the influence of the substitution (cationic/anionic)
on helium diffusion. This study was performed
between 200 and 400 �C by a non-destructive 3He
depth profiling using the 3He(d,p)4He nuclear reac-
tion. For this purpose, 3-MeV 3He+ ions were
implanted at a depth around 9 lm with a fluence
of 1016 ions cm�2. The emission yield of 13-MeV
protons was measured versus the deuteron incident
energy for as-implanted and annealed samples. By
fitting calculated excitation curves to the experimen-
tal data with two different models: model 1 with a
Gaussian assumption on the annealed 3He depth
profile, and model 2 with no assumption on the
annealed 3He depth profile. The 3He depth profile
parameters were deduced before and after annealing
at various temperatures.

Diffusion constants are then derived from depth
profile broadening. Arrhenius plots of these data
yield activation energies of 1.27 eV (model 1) and
1.29 eV (model 2) for Ca10(PO4)6F2 and of 0.89 eV
(with both models) for Ca4Nd6(SiO4)6F2. More-
over, the activation energy determined in sintered
samples is the same as that determined on the Dur-
ango fluoroapatite single crystal with the same
composition.

We conclude that the Gaussian assumption of
model 1 is completely justified due to the good
agreement between both models. In addition, the
activation energy is the same in a single crystal
and a polycrystalline sample with the same compo-
sition, and decreases with substitution, i.e., when the
tunnel size increases. These results lead us to think
that the diffusion mechanism involves the tunnels
of the apatitic structure. The large helium diffusion
constant increasing with the double (cationic/anio-
nic) substitution is an asset for the use of apatites
as nuclear waste containment matrices.
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