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a b s t r a c t

We have studied the damage induced in fluorapatite (Ca10(PO4)6F2) sinters after 70-MeV Kr, 120 MeV I
and 163-MeV Au ion irradiations at room temperature. On the basis of X-ray powder diffraction data
we conclude that fluorapatite is not completely amorphized due to ion-induced recrystallization. This
recrystallization of the amorphous phase is greatly enhanced for Au ions with a high electronic stopping
power. We also have used the 3He(d, p) 4He nuclear reaction to study the migration of implanted 3-MeV
3He ions after swift heavy ion irradiations. The proton yield curves versus deuteron energy for irradiated
samples exhibit two bumps for high fluences. These excitation curves are deconvoluted by using a com-
puter code based on a two-diffusion equation model of helium atoms in two accumulation zones. Opti-
mizations of the model parameters give access to the diffusion coefficients and helium depth profiles in
the two zones. This yields two broad peaks in the helium depth profiles, the first one is near the end-of-
range region and the second one is shifted at about half way between the surface and the first peak. This
shift is interpreted as a Radiation-Enhanced Diffusion (RED) effect which is found to increase with fluence
for Kr ions, and with electronic stopping power from Kr to Au ions.

� 2012 Published by Elsevier B.V.
1. Introduction

Among the various matrices (apatite, monazite, hollandite, zir-
conolite, iodosodalite, titanite) investigated for nuclear waste stor-
age purposes, apatites were considered long ago since their
structure allows to incorporate many radionuclides like 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 chemical formula Me10(X-
O4)6A2 which crystallize in the hexagonal system with space group
P63/m [1]. The Me atoms (Ca2+, Ba2+, etc.) and the XO4 group (PO3�

4 ,
VO3�

4 , etc.) stand for divalent cations and trivalent anions respec-
tively. The charge is balanced by monovalent anions A (F�, I�, etc.).

During storage, the helium content generated in matrices by a-
emitters could reach large values (>1 at.%) [2]. Since the solution
energy of helium in solids is generally large, [3] helium atoms will
tend to coalesce and form bubbles inducing detrimental modifica-
tions of the material’s structure and mechanical properties (e.g.
embrittlement) [4]. Radiation damage may either inhibit or en-
hance helium diffusion, depending on the type of defects that are
Elsevier B.V.
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produced [5]. Actually, point defects induced by alpha recoils can
trap helium atoms whereas extended ones may promote pipe dif-
fusion. It is thus of utmost importance to understand helium ther-
mal diffusion, but also the Radiation-Enhanced Diffusion (RED) of
helium induced by ion bombardment, in relation to the radiation
damage.

In our previous studies, we showed the influence of the chemi-
cal composition on the helium thermal diffusion process [6] and on
the RED effect induced by swift Au ion irradiation, [7] by using
Nuclear Reaction Analysis (NRA). During a thermal diffusion pro-
cess, [6] diffusion is easier in a completely silicated apatite
Ca4Nd6(SiO4)6F2 than in a completely phosphated apatite Ca10

(PO4)6F2, i.e., when the tunnel size increases. No significant differ-
ence was found between single crystals and sintered samples of
the completely phosphated apatite. On the contrary, during the
RED effect, [7] diffusion is enhanced when the damage created
by irradiation is larger, i.e. in Ca10(PO4)6F2 rather than in Ca4Nd6

(SiO4)6F2 [6]. We have also previously found that amorphous tracks
are produced by swift heavy ion irradiations, but no complete
amorphization is achieved [8,9].

The purpose of the present paper is to study the damage and the
RED effect induced by heavy ion irradiation in the fluorapatite
(Ca10(PO4)6F2) in relation to the material’s modifications.

http://dx.doi.org/10.1016/j.jnucmat.2012.01.021
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http://dx.doi.org/10.1016/j.jnucmat.2012.01.021
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Fig. 1. Experimental and simulated excitation curves obtained with the 3He(d,
p)4He nuclear reaction: at different fluences for Kr ion irradiation (a), and different
electronic stopping powers for Kr and Au ion irradiations at the same fluence
(1012 cm�2) (b).
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Moreover, we give details of the diffusion model, developed to take
into account the RED effect which was briefly sketched in a previ-
ous paper [7].

2. Experiments

The Ca10(PO4)6F2 ceramics were synthesized by a reactive sin-
tering of precursors CaF2, CaO and Ca2P2O7 in stoichiometric
amounts. After being crushed, precursors were compacted in a pel-
let (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 [6–10]. Acicular grains are formed in these
sinters with sizes about 5 � 100 lm2. Implantations at room tem-
perature (RT) with 3-MeV 3He ions at a fluence of 1016 cm�2 were
carried out at the Van de Graaff accelerator of the InESS Laboratory
(Strasbourg). The projected range (Rp) and longitudinal straggling
(DRp) of 3He ions calculated with the SRIM2010 code [11] are
respectively 10.40 lm and 0.23 lm (Table 1). Helium peak concen-
trations were estimated to about 0.26 at.% (1.85 � 1020 cm�3) by
using SRIM2010 data [11] (Table 1). Samples were subsequently
irradiated at RT with 70-MeV Kr ions (at fluences of 1012 cm�2

and 1013 cm�2) at the IRRSUD beam line of the GANIL facility
(Caen), or with 163-MeV Au ions (at a fluence of 1012 cm�2) at
the VIVITRON facility (Strasbourg). Low ion fluxes were used
(u � 108 cm�2 s�1) in order to prevent beam-induced sample heat-
ing. All SRIM2010-code parameters for the He ion implantation
and heavy ion irradiations are displayed in Table 1.

The 3He depth profiles were determined by NRA with the 3He(d,
p)4He reaction using the milli-probe of Van de Graaff accelerator at
the INSTN (CEA, Saclay) using a deuteron beam with a diameter of
0.5 mm at an incidence angle of 0�. For a given deuteron energy,
emitted protons were recorded with a surface barrier detector at
an angle of 150�. The detector solid angle and energy resolution
were 2.35 mSr and 17 keV, respectively, and was masked with a
29 lm mylar foil to stop the backscattered deuterons. The broad
‘resonance’ cross-section of this nuclear reaction is not adequate
to obtain a good depth resolution for the 3He depth profile [6].
Our solution was to sweep the deuteron beam energy gradually
from 0.3 to 1.8 MeV, in order to shift the maximum of the cross-
section inside the material. The proton yield is plotted on an exci-
tation curve versus deuteron energy (Fig. 1) which is a convolution
of the 3He depth profile with the cross-section. Thus, helium depth
profiles can be extracted from the excitation curves of the as-im-
planted and annealed samples.

The computer code, used to extract the helium depth profiles, is
a new version of the (AGEING) computer code, developed to take
into account of the RED effect, observed upon Au ion irradiation
in a previous paper [7]. The first version of this computer code
was successfully used to study the thermal diffusion of 3He in flu-
orapatites [6,8,12] and zirconia [13].

X-ray diffraction (XRD) was operated on a four-circle diffrac-
tometer equipped with a curved position sensitive detector (INEL
CPS 120), using the Copper Ka radiation, [14] directly on the
ceramics. The use of the CPS enables the acquisition of the full dia-
gram within 0� 6 2h 6 120� range in a single step. The incidence
Table 1
Irradiation parameters for helium, krypton, iodine and gold ions: projected range (Rp),
longitudinal straggling (DRp), and electronic stopping power (�dE/dx)e at the incident
energy (E) calculated with SRIM2010 code [11] (skeletal density: 2.838 g cm�3).

Ion 3He+ 86Kr21+ 127I10+ 197Au11+

E (MeV) 3 70 120 163
Rp (lm) 10.4 11.0 14.3 15.4
DRp (lm) 0.23 0.46 0.59 0.74
(�dE/dx)e (keV nm�1) 0.21 10.9 15.1 20
angle of the X-ray beam was 5� relative to the sample plane in or-
der to probe the near surface of the sintered pellets. Under this
condition, 97% of the diffracted signal comes from the first 9 lm
of the sample, which is smaller than the ion projected ranges (Ta-
ble 1), ensuring that X-ray information only comes from the ion-
irradiated depth. Collimating slits of 200 lm were used in order
to decrease as much as possible the instrumental contributions
to the peak broadening, and fulfilling a X-ray beam imprint smaller
that the sample area. In order to quantitatively determine the
amorphous volume fraction of the perturbed layer, a quantitative
phase analysis was operated through the X-ray combined approach
[15,16]. The measured crystalline phase corresponds to fluorapa-
tite with various crystallite sizes and unit-cell dimensions (a and
c) depending on the irradiation conditions (Table 2). The amor-
phous phase was modeled using the fluorapatite structure with
elongated cell parameters and very small crystal sizes, typically
from 40 Å to smaller than the crystal unit-cell. All the refinements
were operated using the software package MAUD [17].

3. Results

The excitation curves (Fig. 1) exhibit two bumps after Kr ion
irradiation at high fluence, like after Au ion irradiation [7]. The first
one is always centered around a deuteron energy (�1.3 MeV) cor-
responding to the 3He end-of-range (EOR) region (like the as-im-
planted sample excitation curve), called zone (1), and the second
one corresponds to a zone closer to the surface, for lower deuteron



Table 2
Amorphous fractions (Fa), unit-cell parameters (a and c), and cell volumes (V), deduced from the XRD data with the corresponding reliability factors (Rw, RB) for the various ion
irradiations (the 0 subscript denotes the virgin sample values, brackets are r.m.s. standard deviations obtained from the fit, on the last digit).

Fluence (cm�2) Fa (%) a (Å) c (Å) Da/a0 (%) Dc/c0 (%) DV/V0 (%) Rw (%) RB (%)

0 0 9.3365(3) 6.8560(5) – – – 14.3 8.7

Kr
1011 0 – – – – – – –
1012 0 – – – – – – –
5 � 1012 51(1) 9.3775(9) 6.8912(8) 0.44(1) 0.51(1) 1.40(4) 24.2 15.1
1013 80(1) 9.4236(5) 6.9105(5) 0.93(1) 0.79(1) 2.68(3) 9.9 6.0
5 � 1013 86(1) 9.3160(4) 6.8402(5) �0.22(1) �0.23(1) �0.67(3) 10.5 5.9

I
5 � 1011 14(2) 9.3603(3) 6.8790(5) 0.25(1) 0.34(1) 0.85(3) 23.9 15.1
3 � 1012 53(2) 9.3645(3) 6.8840(5) 0.30(1) 0.41(1) 1.01(3) 13.3 9.0
5 � 1012 71(5) 9.3765(5) 6.8881(6) 0.43(1) 0.47(2) 1.33(3) 10.4 7.3
1013 87(2) 9.3719(4) 6.8857(6) 0.38(1) 0.43(2) 1.2(3) 6.7 4.9

Au
2 � 1011 27(8) 9.3530(1) 6.877(1) 0.18(1) 0.31(2) 0.66(5) 14.0 12.4
2.5 � 1011 30(6) 9.3685(4) 6.8833(4) 0.34(1) 0.40(1) 1.09(3) 13.9 9.4
3 � 1011 34(6) 9.3736(4) 6.8875(4) 0.40(1) 0.46(1) 1.26(3) 12.3 8.3
5 � 1011 35(5) 9.3843(5) 6.8940(40) 0.51(1) 0.55(1) 1.59(3) 12.8 8.7
6 � 1011 26(5) 9.3681(9) 6.8773(9) 0.34(1) 0.31(2) 0.99(5) 9.4 6.7
1012 27(5) 9.3304(7) 6.8514(7) �0.07(1) �0.07(2) �0.20(4) 13.8 9.6
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energies, called zone (2). It is seen that the shape of the excitation
curve depends on the fluence and ion species (Fig. 1). For Kr ion
irradiation, at a fluence of 1012 cm�2, the excitation curve actually
flattens in an asymmetric way, thereby indicating that 3He mi-
grated towards the surface (Fig. 1a). At a larger fluence of
1013 cm�2, the two bumps mentioned above are clearly seen.
When increasing the electronic stopping power (Fig. 1b) for the
same fluence (1012 cm�2), the bump development is accentuated.

From XRD analysis, we have deduced the relative and absolute
variations of the unit-cell parameters, for various fluences (Fig. 2
and Table 2). The evolution of the amorphous fraction (Fa) is also
plotted as a function of fluence (Fig. 3). For the 163-MeV Au ion
irradiation, the amorphous phase is detected at low fluence
(Fa = 27% at 2 � 1011 cm�2) (Table 2 and Fig. 3). This value is signif-
icantly larger than in our previous study with Kr and I ion irradia-
tions [9]. For Kr ion irradiation, Fa is null up to a fluence of
5 � 1012 cm�2 and, for I ion irradiation, it is only equal to 14% for
a fluence of 5 � 1011 cm�2 (Table 2 and Fig. 3) [9]. On the one hand,
in the low-fluence range, Fa increases with the electronic stopping
power. On the other hand, Fa increases up to a value about 35%, and
exhibits a small decrease for Au ion irradiation, whereas it satu-
rates at �85–90% for I and Kr ion irradiations (Table 2 and Fig. 3)
[9]. This increase of Fa is accompanied by an increase of unit-cell
parameters and unit-cell volume of the crystalline phase (Fig. 2,
Table 2) up to a fluence of 1013, 5 � 1012 and 5 � 1011 cm�2 after
Kr, I and Au ion irradiations respectively. This expansion of the
unit-cell occurs equally along the two parameters. This seems
consistent with the gradual increase of the cell volume previously
observed on single crystals [9]. After this strong increase of the
unit-cell with irradiation, for the highest fluences (up to 5 � 1013,
1013 and 6 � 1011 cm�2 after Kr, I and Au ion irradiations respec-
tively), the unit-cell parameters of the crystalline phase relax to-
wards the pristine sample values (Table 2 and Fig. 2).

4. Data analysis

4.1. NRA data

The detected proton yield I0(E0) at a given incident deuteron en-
ergy E0 is considered as the convolution of the 3He depth profile
with the cross-section of the nuclear reaction 3He(d, p)4He
[5,9,12,13]:
I0ðE0Þ ¼
Z x0

0
rðEðxÞÞqðxÞdx; ð1Þ

where x0 is the deuteron projected range, r is the cross-section, E(x)
is the deuteron energy at depth x (data given by the SRIM2010 code
[11]), and q(x) is the 3He depth profile. The cross-section r depends
weakly on the angle of emission h (for high angular values) at a gi-
ven energy, [18] so that it is possible to neglect the angular depen-
dence in Eq. (1). Moreover, we fixed a boundary condition for the
distribution which must take a zero value at x = 0, because helium
cannot accumulate at the surface.

To account for the existence of two accumulation zones, two
diffusion equations are written. The first one relates to the accu-
mulation zone (1) in the EOR region. In this zone, a part of 3He
atoms (with concentration q1) could diffuse and be transported:

@q1

@t
¼ D1

@2q1

@x2 � v1
@q1

@x
� g12 � q1; ð2Þ

where t is the irradiation time, D1 is the diffusion coefficient, v1 is
the transport velocity and g12 is a detrapping coefficient from zone
(1) to zone (2) that remains constant in time, until the maximum
detrapped helium fraction (1 � TP1) is reached, then becomes null.
This condition on g12 means that a fraction of helium (TP1) remains
trapped probably on defects produced by elastic collisions in the
EOR region. The coefficient TP1 is equal to one if all helium atoms
are trapped in the accumulation zone (1) and to zero if all atoms
are detrapped.

Another part of 3He atoms (with concentration q2) coming from
the initial as-implanted depth distribution (q0) were shifted during
the irradiation in the accumulation zone (2) where it could diffuse:

@q2

@t
¼ D2

@2q2

@x2 � v2
@q2

@x
þ g12 � q1 � F2 � q2; ð3Þ

in which D2 is the diffusion coefficient, and v2 is the transport
velocity. The coefficient F2 corresponds to the volume of helium
which was out-gassed from the sample. Applying this model thus
consists of fitting seven free parameters (D1, v1, g12, D2, v2, F2 and
TP1) by using a trial-and-error method, based on the minimization
of an error function between the experimental and calculated
curves (Fig. 1). The quality of the fitted parameters is estimated
by an error term, (noted as Err) displayed along with the optimized
parameter values (Table 3). The 3He depth profiles deduced from



Fig. 2. Relative variations of unit-cell parameters (a and c) and cell volumes (V) for (a) Kr, (b) I and (c) Au ion irradiations.

Fig. 3. Amorphous fractions deduced from XRD data versus fluence for the various
ion irradiations. Lines are least-squares fits of the data to the (modified) single-
impact model (Eq. (4), solid), and double-impact model (Eq. (5), dashed),
respectively.
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these optimizations are shown (Fig. 4). No assumptions were made
on the shape of depth profiles except for the initial implantation
profile q0(x) which was given a Gaussian shape in agreement with
our previous results [6,12,13]. Finally, we have deduced (Table 4)
the relative concentrations (q1 and q2) of both accumulation zones
from these sets of optimized parameters.
4.2. XRD data

The amorphous fraction (Fa) data versus fluence (/ = ut) are
often fitted with the single-impact model of damage used to model
the kinetics of amorphization induced by ion track overlap
(so-called Poisson’s law) [19]. We previously applied [9,10] a mod-
ified single-impact model, with a saturation value (Fsat) lower than
100%, which fits I ion data well (Fig. 3):

Fa ¼ Fsatð1� e�A/Þ; ð4Þ

where A is a damage cross-section.
In the case of Kr ion data (Fig. 3), the best fit is obtained with a

modified double-impact model, also with a saturation value (Fsat)
lower than 100%, considering that at least two impacts are needed
to produce the amorphous phase [20]:

Fa ¼ Fsat ½1� ð1þ A/Þe�A/�: ð5Þ

The saturation amorphous fraction (Fsat) clearly decreases, and
the cross-sections increase (for both damage models), with
electronic stopping power from Kr to Au ions (Table 5).

However, the application of such simple approaches to the pres-
ent case with saturation values lower than 100% is not fully justi-
fied. There must be at least one effect competing with the
amorphization process to account for the limits of saturation
values.

In the case of the single-impact model, the rate equation may be
written as:

dFa=d/ ¼ A0ð1� FaÞ � SFa; ð6Þ



Fig. 4. 3He depth profiles obtained with the AGEING computer code: at different
fluences for Kr ion irradiation (a), and different electronic stopping powers for Kr
and Au ion irradiations at the same fluence (1012 cm�2) (b).

Table 4
Optimized 3He profile parameters obtained by the AGEING computer code for the
three different irradiation conditions: relative concentrations in zone (1) (q1) and
zone (2) (q2), and helium loss term (F2).

Ion Fluence (cm�2) q1 (%) q2 (%) F2 (%)

Kr 1012 36 64 0
Kr 1013 30 62 8
Au 1012 16 30 54

Table 5
Amorphization cross-sections (A and A0 = A Fsat), recovery cross-section (S), effective
track-core radius (Re = (A/p)1/2 and R0e = (A0/p) 1/2), saturation values of amorphous
fractions (Fsat) deduced from XRD data for the three ion irradiations with Eqs. (4), (5),
and (7), and reliability factor of least-squares fits (v).

Kr I Au

Single-impact model Eqs. (4) and (7)
A (10�13 cm2) 1.7 ± 0.4 3.3 ± 0.4 146 ± 124
Re (nm) 2.3 ± 0.3 3.2 ± 0.2 22 ± 9.3
A0 (10�13 cm2) 1.5 ± 0.6 3.0 ± 0.5 43.8 ± 40.1
S (10�13 cm2) 0.2 ± 1.1 0.3 ± 0.1 102.2 ± 100.3
R0e (nm) 2.2 ± 0.4 3.1 ± 0.3 12 ± 5.5
Fsat (%) 87 ± 9 90 ± 4 30 ± 2
v 0.025 0.003 0.007

Double-impact model Eq. (5)
A (10�13 cm2) 3.9 ± 0.3 9.5 ± 1.9 217 ± 119
Fsat (%) 85 ± 3 80 ± 7 30 ± 2
v 0.003 0.032 0.007

Table 3
Optimized 3He profile parameters with the corresponding errors (Err) obtained by the AGEING computer code for the three different irradiation conditions (see text for the
symbols).

Ion Fluence (cm�2) D1 (cm2 s�1) v1 (cm s�1) TP1 (%) g12 (s�1) D2 (cm2 s�1) v2 (cm s�1) F2 (%) Err (%)

Kr 1012 1.37 � 10�11 6.96 � 10�8 0.33 1.17 � 10�2 5.55 � 10�11 4.55 � 10�7 0 3.33
Kr 1013 3.18 � 10�12 �7.5 � 10�9 0.30 1.08 � 10�4 1.17 � 10�11 7.90 � 10�8 8 3.84
Au 1012 3.09 � 10�16 7.51 � 10�8 0.18 6.97 � 10�3 2.65 � 10�16 5.48 � 10�7 54 2.23
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where A0 is a damage cross-section and S a recovery cross-section
inside the ion tracks. For S = 0, integration of Eq. (6) gives the
standard single-impact model of Eq. (4) with Fsat = 100% [19]. For
S – 0, the solution is given by:

Fa ¼ ½A0=ðA0 þ SÞ�½1� e�ðA
0þSÞ/�; ð7Þ

that is equivalent to Eq. (4) with a saturation value Fsat = A0/(A0 + S),
and a cross-section (A0 + S) = A0/Fsat instead of A. It means that the
cross-sections deduced from these plots are overestimated,
especially in the case of Au ion data. Cross-sections deduced from
fits (Table 5) are thus (A0 + S) = A0/Fsat instead of A by using the mod-
ified single-impact model of Eq. (4), thus A0 = (A0 + S) Fsat = A Fsat, and
S = A0 (1/Fsat � 1). Assuming that A0 is the amorphous track cross-
section, one has A0 ¼ pR02e , where R0e is the effective track-core radius
(Table 5). The latter R0e values are smaller than the previous Re

values deduced from uncorrected A-values ðwith A ¼ pR2
e Þ [9,10].
5. Discussion

5.1. Damage evolution

XRD data shows that at low fluence, the amorphous fraction (Fa)
increases with the electronic stopping power (Table 2 and Fig. 3).
The same behavior is found for the amorphization cross-section
(Table 5), the unit-cell parameters, and unit-cell volume (Table
2). It is seen that Fa saturates at �85–90% for Kr and I ions and
�35% for Au ions (Table 2). This saturation value is a good indica-
tion that another process competes with the amorphization pro-
cess, i.e. a recrystallization process. This recrystallization effect is
stronger for Au ions than for Kr and I ions: we assume that it in-
creases with the electronic stopping power. The fact that a com-
plete amorphization of fluorapatite cannot be obtained even for
high fluences, confirms the defect-healing behavior of this material
already observed upon a-particle irradiation, [21] and shows the
existence of a defect-healing process for high electronic stopping
power. This recrystallization is accompanied by stress relaxation
(Table 2 and Fig. 2). After a strong increase to the unit-cell with
irradiation, for the highest fluences, the unit-cell parameters of
the crystalline phase are shifting back to the values prior to irradi-
ation. The elastic strain of the crystalline phase is almost fully
relaxed.

The reliability factor v (Table 5) shows that the double-impact
model is the most appropriate for Kr ion irradiation, whereas the
single-impact model is the best one for I ion irradiation. A single
I ion impact allows the creation of an amorphous core in latent
tracks, whereas a double Kr ion impact is necessary to amorphize
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the fluorapatite, the first impact giving rise to small ‘‘pre-dam-
aged’’ domains. The effective radius of amorphization ðR0eÞ for both
models increases with the electronic stopping power (Table 5).
This confirms that amorphization is enhanced at low fluences with
increasing electronic stopping power.

For Kr ion irradiation, direct TEM observation of incompletely
amorphized tracks corresponding to a single impact gave a radius
of 2.05 nm, [9] in rather good agreement with the single-impact
model analysis ðR0e ¼ 2:2 nmÞ (Table 5). For Kr and I ion irradia-
tions, the effective radius R0e is slightly smaller than Re, in agree-
ment with the low value of the recovery cross-section S. In both
cases, Eq. (4) is sufficient to give a good approximation of the effec-
tive radius.

For Au ion irradiation, the new data analysis (Eq. (7)) gives low-
er amorphization cross-sections A0 and effective track-core radii R0e
than the modified single impact model (Eq. (4)), in agreement with
the important value of the recovery cross-section S (Table 5). How-
ever, owing to the lack of low-fluence data below the saturation,
these cross-section values are still not very accurate, and certainly
overestimated. There is no clear difference between least-squares
fits using the single and double impact models.

5.2. Helium diffusion

Previous studies have shown that NRA is well suited to deter-
mine the evolution of implanted 3He depth profiles upon thermal
annealing [5,6,12,13]. In the present results, it is seen that the opti-
mized curves reproduce well the shapes of excitation curves
(Fig. 1a and b) with an error term (Err) less than 4% (Table 3).
The excitation curves in the case of Kr ion irradiation exhibit two
bumps (Fig. 1) corresponding to different depths of the 3He profiles
(Fig. 4), like in the case of Au ion irradiation (Figs. 1b–4b) [7]. The
first maximum is located at a depth of 8.0 and 9.3 lm for samples
irradiated with Kr ions for fluences of 1012 and 1013 cm�2 respec-
tively (Fig. 4a), and 7.7 lm, for a fluence of 1012 cm�2 with Au ions
(Fig. 4b). These depths are quite close to those determined on the
as-implanted samples (8.5 lm) (Fig. 4).

The second maximum is closer to the surface at depths of 3.4
and 3.2 lm for samples irradiated with Kr ions for fluences of
1012 and 1013 cm�2 respectively (Fig. 4a), and at 2.7 lm for a flu-
ence of 1012 cm�2 with Au ions (Fig. 4b). Hence, 3He tends to accu-
mulate at depths half way between the surface and the first
maximum. The second accumulation zone seems to arise from he-
lium transport to the surface induced by irradiation.

The optimized parameters values (Table 3) allow some general
qualitative remarks on the observed trends. It is seen that the frac-
tion of helium (1 � TP1) which was detrapped from zone (1), and
the loss term (F2) are clearly increased for a larger electronic stop-
ping power at the same ion fluence (1012 cm�2). The 3He diffusion
coefficients in zone (1) (D1) and zone (2) (D2) are about the same
for a given ion irradiation. However, they both decrease with flu-
ence and stopping power. This is consistent with a trapping
increasing with ion damage.

SRIM2010 simulations show that the maximum displacement
per atom reached with the heavy ion irradiations is about one or-
der-of-magnitude smaller than with 3He ion implantation. The
trapping of helium atoms by defects induced by nuclear collisions
in the EOR region (corresponding to zone (1)) is thus quite ineffi-
cient, in contrast to the case of 3He induced by 220-MeV proton
irradiations for which helium diffusion was clearly impeded [22].
We thus assume that this effect is caused by the electronic stop-
ping power in this material which is shown to be sensitive to elec-
tronic excitations on the basis of the XRD data (Fig. 3). Indeed, this
effect is consistent with the enhancement of the recrystallization
effect with increasing electronic stopping power from 70-MeV Kr
and 120-MeV I ions to 163-MeV Au ions (Fig. 3), as discussed
above. This supports our interpretation of a RED effect in relation
to the damage induced by electronic excitations [7].

By contrast, the transport velocity (v2) in zone (2) is about one
order-of-magnitude larger than in zone (1) (v1) for both Kr and Au
ion irradiations (Table 3). This is consistent with the large fraction
of helium gas (TP1 � 20–30%) that remained trapped in zone (1),
which decreases with stopping power for the same fluence
(1012 cm�2), as already mentioned above.

This is also in agreement with the significant part of 3He (corre-
sponding to the coefficient g12) that was shifted to zone (2) upon
irradiation. A similar value (g12 � 10�2 s�1) is found for both ion
species at the same fluence (1012 cm�2), which decreases by two
orders of magnitude with fluence for Kr ions (Table 3). This shows
that, once helium atoms have been shifted from zone (1) to zone
(2), they are more strongly trapped in the latter zone with little ef-
fect of subsequent ion impacts. We assume that the ion-induced
recrystallization process generates diffusion barriers which im-
pedes further shift of the helium depth profile to the surface [7].
This second peak in the depth profiles cannot be attributed to a
sputtering effect at such large depths.

The loss term (F2) is equal to zero only in the case of Kr ion irra-
diation at the lowest fluence (1012 cm�2) (Table 3). This loss is seen
to increase with fluence (for Kr ions) and electronic stopping power
(F2 = 54% for Au ions). This indicates that a significant part of he-
lium gas has escaped from the solid. This feature is consistent with
the cracks that were previously observed with Au ion irradiation,
[7] and the blistering and exfoliation in fluorapatite single crystals
upon 4He ion implantation [21]. As mentioned previously, [7] this
is certainly enhanced with the high stopping power of swift heavy
ions, even for a 3He peak concentration (�0.3 at.%) much lower
than the critical concentration (5 at.%) for exfoliation [21].
6. Conclusions

Fluorapatite (Ca10(PO4)6F2) sinters were irradiated by swift hea-
vy ions with energies �0.8–0.9 MeV amu�1 in the electronic slow-
ing down regime. At low fluences, the amorphous fractions
deduced from the powder XRD data increase with the electronic
stopping power for a given fluence. This is accompanied by an
expansion of the unit-cell parameters. Yet, at high fluences, the
damaged fraction saturates at�85–90% for Kr and I ion irradiations
and only at 35% for Au ion irradiation. This in-beam damage heal-
ing increases with electronic stopping power and is accompanied
by a relaxation of the unit-cell parameters. This damage healing
is assigned to an ion-induced recrystallization process which puts
a limit to the damaged fraction. A significant ion-induced He diffu-
sion to the sample surface is found by non-destructive NRA with a
characteristic two-bump depth distribution at high fluences. Part
of implanted 3He atoms were trapped in the end-of-range region,
whereas a significant helium fraction migrated towards the surface
upon irradiation and was trapped below the surface. A strong He
gas release effect is also deduced from the NRA data. This helium
loss increases with fluence and electronic stopping power up to
54% for Au ion irradiation. All these data are interpreted by a
RED effect increasing with fluence and electronic stopping power.
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