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Abstract

A force field for the modelling of neodymium fluorobritholites, having the general composition
Cajo-,Nd,(SiO4),(POy4)¢_,Fs, is derived. The validity of the established analytical potentials is tested by calculating the
crystallographic parameters of the compositions for 0 < y < 6 and comparing to the experimental values. The validity is
further tested by calculating the variation of the phonon spectra when transitioning from the fluoroapatite
Cao(PO4)gF> to the full silicate neodymium fluorobritholite CasNd(SiOy4)¢F,. Trivalent plutonium ions are intro-
duced into the mono-silicate neodymium fluorobritholite using transferable potentials in order to obtain the compo-
sition CagPugsNdy5(SiO4)(PO,)sF,, which corresponds to a Pu concentration of about 10 wt%. The thermodynamic
properties of the resulting structure are calculated, and the threshold displacement energies of various sublattices are
estimated by applying the sudden approximation (SA) method. The activation energies for Frenkel defect annealing are
also calculated using the rational function optimisation (RFO) procedure for the saddle point research. © 2001

Elsevier Science B.V. All rights reserved.

PACS: 61.50.Ah; 61.80.-X; 61.80.AZ; 66.50.+m

1. Introduction

Britholites are rare-earth (RE) silicate-phosphate
isomorphs of the most abundant natural apatite
Ca;o(POs)4(F,Cl,OH), having the composition
Cajo_,(RE) (Si04),(PO4)s_ (F,Cl,OH),, where RE=
Gd, Nd, La, Ce, Pm, Sm, and Eu. Previous studies on
geological apatite samples [1] as well as ion beam radi-
ation experiments [2-4] have established the inherent
capacity of the fluoroapatite Ca;o(PO4)sF, to anneal
radiation-induced defects at a relatively low temperature
(~70°C). This property considerably decreases when
increasing numbers of silicates groups [SiO4]*" are sub-
stituted for phosphates [PO,]*" and RE elements are
substituted for calcium to charge compensate [5]. It has
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also been demonstrated experimentally that the tem-
perature above which the critical amorphisation dose
increases rapidly is 650 K for Ca,Las(Si04),0,, con-
siderably higher compared to that of the Ca;o(PO4),F>,
which is 400 K [2,3]. In contrast, it is well known that
silicate groups contribute to the chemical stability and
durability of the apatite structure. Low silicate fluo-
robritholites found in the Oklo natural reactor have
retained both significant quantities of 2U, resulting
from the a-decay of **Pu incorporated during crystal-
lisation, and a high fission product concentration over
geological time periods, conserving their crystalline state
in spite of being subject to significant o-decay doses
[6,7]. Actinides substitute for RE elements at calcium
sites, while fission products are also readily incorporated
[7.8]. Hence, low silicate fluorobritholites Cajo-,(RE),
(Si04),(PO4)s_F> (with y ~ 1) have been proposed as
potential host phases for Pu and HLW immobilisation
[9-11].
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In this paper, we carry out a computational study,
using the GULP code [12,13] and inter-atomic potential
modelling, for investigating the thermodynamic prop-
erties, the threshold displacement energies and the cor-
responding activation energies for Frenkel defect
annealing of the plutonium-neodymium mono-silicate
fluorobritholite ~ CagPuysNdgs(SiO4)(PO4)sF>.  Al-
though, for criticality reasons, gadolinium fluorobrith-
olites CagPugsNdys(SiO4)(PO4)sF> could be more
appropriate for Pu immobilisation, the neodymium
choice in this study is simply based on the fact that the
ionic radii of Nd** and Pu®* are almost equal to en-
tailing negligible lattice distortion.

2. Inter-atomic potential modelling

The fluorobritholite unit cell is hexagonal and X-rays
diffraction studies [14,15] have shown the space group to
be P63/m (Fig. 1). Observations on natural samples and
experimental investigations revealed the preference of
neodymium ions to substitute for Ca(2), which is seven-
fold co-ordinated, six oxygen ions and a fluorine, rather
than for Ca(1), which is nine oxygen co-ordinated [16—
20]. The Ca(2) ions are distributed in an hexagonal spiral

configuration along the ¢ axes forming tunnels of an
approximate diameter of 0.4 nm whose centre is occu-
pied by an array of fluorine ions. A recent theoretical
study has shown the free energy of the system to be
considerably lower when Nd ions substitute for Ca(2)
[21]. A force field for the fluoroapatite Ca;o(POs)F,
was first established, based on the experimental data of
lattice parameters, ionic positions and elastic matrix el-
ements [14,15,22,23]. Using transferable potentials, pairs
of (Nd**, [Si04]*") are substituted for (Ca>", [PO4]*") in
the optimised fluoroapatite structure to obtain
Calo_yNdy(SiO4)y(PO4)6_yF2, the neodymium fluorob-
ritholites [21]. We have used two-body ionic short-range
interaction potentials of the Buckingham type supple-
menting the Coulomb interactions. These potentials are
composed by the well-known Born—-Mayer repulsive
exponential term and an ¢ attractive one. In order to
better represent the tetrahedral configuration of oxygen
ions around phosphorus and silicon, two harmonic
three-body short-range interaction potentials are intro-
duced. The oxygen polarisability is taken into account
by using the shell model of Dick—Overhauser [24].

The potential parameters involved in the neodymium
fluorobritholite are given in Table 1. The Born—-Mayer
terms of the oxygen—oxygen, fluorine—fluorine, oxygen—

Fig. 1. Unit cell of CayNd(SiO4)(PO,)sF, with the neodymium ion substituted for Ca(2).



Table 1
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Potentials, parameters for plutonium-neodymium fluorobritholites

169

Buckingham potentials: £ = 4 exp(—r/p) — C/r®

Interaction A (eV) p (nm) C (eV nm®)
Osheti—Oshent 22764 0.01490 32.58 x 10°¢
Ogpa-P2 836 0.03513
Ogei—CaZy;, 1288 0.03316
Oshet—Fore 198 0.01110
FeorePoore 697 0.02389
F_.Call 2031 0.02711
Fooe Foore 1128 0.02753
Ognet—Sicyre 1078 0.03237
Ogpen-Nd, 1380 0.03604
F_ St 3506 0.02251
F;ore_Ndix:rre 89596 0.01983
Ogpe—Puls, 3250 0.03136
F.—Pull, 3058 0.02865

Three-body harmonic: Ey; = k(0 — 0,)?
Koy 0y = 2-840 €V rad™?; 0 = 109.5°
k()m“,Si,()she” =16.67 eV rad’z; 90 =110.4°
Oxygen charges: Ocore: +0.860; Ogpen: —2.860
Polarisability: Ep = 3 Keiore e
" Kp(Ocore—Oupen1) = 9867 eV nm >

fluorine and oxygen—neodymium two-body interactions
were fixed at the values published previously [25-28].
The calculated lattice parameters of the neodymium
fluorobritholites are represented in Table 2 and show
good agreement with the experimental values. The cal-
cium-oxygen distances, as well as the phosphate groups
bond angles of the relaxed structures, are also in satis-
factory agreement with the experimental values [21]. To
check further the quality of the force field, we have
calculated the phonon frequencies v; from the eigen-
values of the dynamic matrix of the system, corre-
sponding to the Cartesian second derivatives of the
energy weighted by the inverse square root of the ion
masses. The frequencies attributed to the phosphate
groups of Ca;o(PO4)¢F, and to the silicate groups of
CayNd(SiO,)¢F, are given in Table 3 and compared to
the experimental values, also showing a reasonable
agreement on the whole.

Table 2

Calculated and experimental (in parentheses [15]) lattice parameters for the neodymium fluorobritholites Cajo_,Nd,(SiOy)

(PO4), F2(0<y<6)

Plutonium ions are introduced in the mono-silicate
(y = 1) neodymium fluorobritholite using again trans-
ferable potentials (Table 1) but respecting the transfer-
ability constraints [21]. A Pu>" ion is substituted for Nd**
every two unit cells of CagNd(SiO4)(PO4),F, {a,b,2c} to
get CagNdgsPugs(SiO4)(PO4)sF, corresponding to a
plutonium concentration of about 10 wt%. Free energy
calculations with Pu®* substituted for Nd*" at Ca(2) and
Ca(1) sites, respectively, revealed the tendency of the
plutonium ions to occupy preferentially Ca(2) sites [21].
In order to avoid the unphysical symmetric configura-
tion, resulting when Pu**, Nd** and [SiO4]47 are located
periodically at the same co-ordinates in each lattice along
the a and b axes, as we use periodic boundary conditions,
we have considered the unit cell of the composition
CagPu sNd, 5(SiO4) (PO4)sF, to be composed of eight
unit cells {2a,2b,2c} of CaygPuysNdys(SiO4)(POs)sF>,
that is Caz,PusNdy (Si04)g(POs),0Fi6. In this supercell,

y

Cam,yNdy(Si04)J,,(PO4)67yF2 a (nm) % Cc (nm) % V (nm3) %

Ca(PO,)F, 0.9368(0.9374) -0.05 0.6886(0.6869) -0.27 0.522(0.524) -0.38
CayNd(SiOy4)(POy)sF, 0.9438(0.9405) +0.26 0.6851(0.6906) -0.79 0.526(0.529) -0.41
CagNd,(Si0,),(POy),F, 0.9480(0.9438) +0.44 0.6888(0.6938) -0.72 0.533(0.535) -0.35
Ca;Nd;(Si04),(PO,),F, 0.9502(0.9476) +0.27 0.6926(0.6964) -0.56 0.538(0.540) -0.22
CagNd,(Si0,),(POy),F, 0.9573(0.9494) +0.83 0.6901(0.6981) -1.14 0.542(0.545) -0.49
CasNds(Si04)5 (PO, )F; 0.9592(0.9508) +0.88 0.6913(0.6996) -1.18 0.545(0.548) -0.44
Ca,Nd4(Si0,),F> 0.9591(0.9527) +0.68 0.6939(0.7013) -1.06 0.549(0.551) -0.42




170 C. Meis | Journal of Nuclear Materials 289 (2001) 167-176

Table 3
Phonon frequencies (experimental in parentheses [15]) for the phosphate groups in Ca;o(PO4),F, and the silicate groups in
Ca4Nd6(SiO4)6F2

v (Cl’l’lfl) Calo(PO4)6F2 Ca4Nd6(SiO4)6F2

i 968 (964) 902 (884)

V) 471 (469) 418-476 (406-459)

V3 1045-1094 (1032-1088) 931-981 (924-962)

V4 565-603 (512-593) 511-554 (500-542)

adopting the P1 translation symmetry group with the 3. Thermodynamic properties

Cartesian y and z axes along the b and ¢, respectively

(Fig. 2), silicates are substituted for phosphates at ran- After relaxing the system at constant pressure, ap-
dom positions, while 75% of Pu and Nd ions are substi- plying the Newton-Raphson optimisation method with
tuted for Ca(2) and 25% for Ca(1), in conformity with the BFGS Hessian update, we have calculated the phonon
previous theoretical and experimental studies [16-21]. frequencies v; to obtain the partition function:

® Ca
& Nd

®F

Fig. 2. Plutonium distribution in the fluorobritholite Ca7;,PusNd4(SiO4)s(PO4),,Fi6. Pu(l) is plutonium at site 1 and Pu(2) at site 2.
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Zip = Z gkz exp(—hvi/ksT), (1)

k points=6 i=1

where the summation runs over a grid covering 6 k
symmetry-unique points across the Brillouin zone, ex-
cluding the three translational degrees of freedom at the
gamma point. The parameter g; is the weight of each
grid point and N is the total number of ions in the
simulation volume, which is a single unit cell of
Ca7,PusNd, (Si04)4 (PO4),0Fi1s with periodic boundary
conditions. Also, kg and /& are the Boltzmann’s and
Planck’s constants, respectively. The vibration entropy
is immediately obtained by the well-known relation:

0
Siiv = kgIn Zyp, + kBTﬁ (InZy) (2)

and the specific heat at constant pressure:

0Syib
Cp=T .
? or |,

3)

The polynomial fittings of the calculated Cp in the
temperature range 20-800°C for CaygNdsPugs(SiO4)
(PO4)sF> and Ca;o(PO4)4F, are plotted in Fig. 3, to-
gether with the experimental values for the fluoroapatite
[21]. The calculated Cp, S, and the bulk modulus, B, at
300 K are given in Table 4, as well as the fusion tem-
peratures T, calculated by molecular dynamics (MD). It
is worth noting that the thermodynamic properties of
CagNdy sPug 5(Si04)(PO,)F, are very close to those of
the fluoroapatite Ca;o(PO4)4F>, though the bulk mod-

T05  Guiek)

r1.00

0.95

TCC) 800

200 400 600

Fig. 3. Calculated specific heat at constant pressure, Cp, for the
fluoroapatite and for the neodymium-plutonium mono-silicate
fluorobritholite. Dots are the experimental measures for the
fluoroapatite [21].

Table 4

ulus is larger by roughly 10%. In general, MD simula-
tions overestimate the fusion temperature since surface
effects are neglected. Also, the error due to the type of
the force field used and due to the simulation noise may
be important. Despite this, the calculated 7; for
Cajo(PO4)4F> is about 7% higher than the real value
demonstrating further the efficiency of the established
shell-model potentials. However, the fusion temperature
obtained for CagNdysPugs(SiO4)(PO4)sF, only shows
the tendency to be higher than that of the fluoroapatite
by 100-200° (roughly 10%). In fact, the numerical dif-
ference between the calculated fusion temperatures of
these two structures is relatively small to be considered
as an absolute value, and can be easily absorbed in the
simulation noise.

4. Threshold displacement energies and defect migration

The o-particle and principally the recoil nucleus
produced during the a-decay process are the primary
sources of atomic displacements in ceramics proposed
for HLW immobilisation. In the case of Pu-doped ma-
terials, the decay of 2?Pu releases a 5.2 MeV a-particle
and an 86 keV 23U recoil nucleus. Most of the a-particle
energy is dissipated by electronic excitation and ionisa-
tion over long distances, of about 20 um, producing
roughly 100-200 atomic displacements at the end of the
path [6]. Conversely, for the massive 2*U, the nuclear
stopping power is much more significant than the elec-
tronic one. Consequently, the elastic collisions of the a-
decay recoiling atom with the ions of the lattice are
mainly responsible for a high degree of damage in the
material [30-34].

As it is well known, the threshold displacement en-
ergy is defined as the minimum kinetic energy trans-
ferred to a lattice atom, the so-called primary knock-on
atom (PKA), yielding the creation of a stable Frenkel
defect. Hence, this parameter is of crucial importance
for quantifying the number of displaced atoms produced
in radiation cascades and provides basic information for
modelling radiation effects in materials.

A large number of experimental and theoretical
studies have permitted establishing reliable E4 values in
various metallic compounds [35-38]. It is generally ac-
cepted that the number of Frenkel defects created in a
metal due to a particle with available kinetic damage

Calculated (rounded to the nearest integer) properties for fluoroapatite and neodymium—plutonium mono-silicate fluorobritholite*

Apatite Tr (°C) B (GPa) Cp (J/mol K) Sviv (J/mol K)
Cao(POs)F> (1640) 1750 92 (98) 742 (765 +12) 808 (775)
CagPuysNd5(SiO4) (POy);sF, ~1850 103 725 791

#The values for the Cp, B and Sy;, are given at 300 K. In parentheses the experimental values [15,21,22,29].
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energy E{™ (inelastic losses subtracted) is obtained by
the NRT expression [39]:

0.858m
2F;

4)

NFrcnkcldcf =

where the empirical factor 0.8 accounts for the fact that
ions do not behave as perfect hard spheres during col-
lisions. Conversely, quite a few E4 values are available
for ceramic materials under consideration as matrices
for radionuclides immobilisation. None of these quan-
tities are known for apatites, hence, the purpose of this
computational study is to obtain a general picture
for the composition that we are interested in,
CagNdy sPug 5(SiO4)(PO4)sF>. The major complication
arises from the fact that ceramics generally consist of
multiple sublattices and consequently the threshold
displacement energies should be determined for each one
in various crystallographic directions. In our case,
the plutonium-neodymium mono-silicate fluorobritho-
lite is almost composed by as many sublattices as
the total number of atoms in the unit cell
Ca7,PusNd, (Si04)4 (PO4) 40 F16. This is mainly due to the
high complexity of the apatite structure and also due to
the random distribution of silicates, neodymium and
plutonium. This is illustrated in Fig. 2 where, for in-
stance, each Ca(2) ion located around the fluorine arrays
in the tunnel meets a quite different environment when
displaced along the main crystallographic directions.
Nevertheless, we will assume here that an effective dis-
placement energy can be defined by the relation [40]:

2 <Ea>[m]} ’ ©)

i

eff __
6 =

where s; is the stoichiometric fraction and (Ey),,,, is the
mean value of the E4 over different crystallographic di-
rections and for different initial positions of the i sub-
lattice. In reality, the parameter s; cannot take into
account the different environments of the same sublat-
tices, however, the last expression has been derived
empirically [41] for the multi-component ceramic
MgAl, O, and provides a quite satisfactory estimate of
the total number of displacements when it is used with
the NRT model (Eq. (4)).

The Eg can be calculated either by MD or by the
sudden approximation (SA) within the Mott-Littleton
model. In the MD method [38], the system is kept at
constant temperature and volume while a definite mo-
mentum is conferred to the PKA in a given [uvw] di-
rection. After an evolution of a few picoseconds,
generally 10-100 ps, depending on the problem at hand,
the system is examined to determine whether the PKA is
permanently displaced or not. However, applying shell-
model MD is extremely expensive as the time-step for
the integration of Newton’s equations of motion should

be very short, of the order of 0.1 fs, in order to ensure
that there is no energy transfer between shell vibrations
and real modes according to the finite mass algorithm
based on the Carr—Parrinello method [42,43]. Now, the
PKA displacement process occurs in a time interval
much shorter than that needed for phonons to relax the
lattice. In fact, in the non-relativistic limit, the velocity
of the o- recoil U nucleus is [172 keV/m(*U)]"?
~0.3 nm fs~', considerably higher than that of the ionic
oscillation displacement due to the phonon vibrations in
the lattice. Consequently, during the collision of the
recoiling atom with the PKA it can be assumed, as a first
approximation, that the vibration motion is frozen. This
is the basis of the SA method [44] which does not take
into account neither the dynamic effect of the PKA
displacement nor the mass ratio effects (heavier/lighter
ions) during collisions. However, previous studies on Si
and SiC [45], as well as on zircon [46,47], revealed the Eq4
values calculated with the SA method to be comparable
to those calculated with the MD simulations within
about 15-20%. Thus, the application of the SA method,
which is considerably less expensive than the shell-model
MD, will permit obtaining a first idea of the threshold
displacement energies in CagNdysPugs(SiO4)(PO4);F>.
In the SA method, only static total energy calculations
are considered. The PKA is displaced in a given crys-
tallographic direction calculating at each position the
total energy of the unrelaxed system. The E4 is obtained
by the difference between the highest energy maximum,
beyond which the ion will occupy a stable interstitial
position after relaxation, and the energy of the undis-
turbed crystal:
Ei — Emax

duew] unrelaxed

(bulk with the i sublattice displaced in

[ow])
— Erelaxed (perfect bulk) (6)

To verify the stability of the created Frenkel defect, the
system is relaxed checking whether the displaced atom
moves back to its initial position. Therein, caution has
to be taken when relaxing the system to avoid falling on
metastable states. For avoiding such a situation, we have
used the rational function optimisation (RFO) or
eigenvector following, since it is considered as the most
reliable method to determine real energy minima as well
as n-order transition states [48]. In the RFO minimisa-
tion procedure, the investigation of the energy minima
or of the saddle points is carried out by checking sys-
tematically the nature and the number of the eigenvalues
of the Hessian, the energy second derivatives matrix.
The calculation is carried out here within the Mott-
Littleton approximation [49]. According to this method,
the region surrounding the defect centre is separated
into three successive areas. The inner one is a sphere of
radius r; in which all inter-ionic interactions are treated
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rigorously and the species are allowed to relax fully. In
the middle one, represented by the space between the
first sphere and a second one of radius r, > r|, species
are supposed to be slightly affected by the presence of
the defect located in the centre of the inner sphere and

1y

(a)

300
E(eV) [010]
250

150
100

50

2.5eV 4.9eV

5.2eV

by this way only harmonic relaxations are considered. In
the area outside the second sphere, ions interact with the
defect as in a perfect dielectric medium.

Shown in Fig. 4(a) is a typical illustration of the
translation of a Ca(l) ion along the [010] direction,

¥ X

4
-

7.1eV r(nm)

(b) 0.1 0.2 0.3 0.4

0.5

0.6 0.7

Fig. 4. (a) Displacement of a Ca(1) along the [0 1 0] direction over a distance of 0.8 nm. (b) Unrelaxed defect energy, Ca vacancy + self-
interstitial. The maxima correspond to the configurations with the displaced calcium ion brushing, respectively, the phosphate and
silicate tetrahedra. Arrows indicate close and extended Frenkel pair formation, after RFO relaxation, and the corresponding defect

energies.
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defined as in Fig. 2, over a distance of 0.8 nm while in
Fig. 4(b) the corresponding calculated energy values of
the unrelaxed defect are presented. The maxima corre-
spond to the positions where the calcium ions pass
successively a phosphate and a silicate tetrahedron, the
last one presenting greater rigidity. The RFO relaxation
at each point determines the stable interstitial positions,
corresponding to the formation of close and extended
Frenkel pairs, the last ones being possible only if the
PKA has sufficient kinetic energy. Notice that the stable
positions, depending strictly on the local energy gradi-
ents, are not necessarily located exactly on the [010]
direction. The corresponding Frenkel pair Ei energies
are calculated by:

E}. = Ereaxea (bulk with i vacancy and self-interstitial)
— Erelaxea (perfect bulk). (7)

The threshold displacement energy for this specific Ca(1)
is ES*M[010] = 36 eV, since this is the minimum energy
for the formation of the close Frenkel pair. The defect
surviving can be characterised by calculating the acti-
vation energy &, for the displaced sublattice i to an in-
terstitial position to migrate towards the self-vacancy
[50-53]. In fact, the relaxed system with the Frenkel pair
constitutes the starting file for an RFO saddle point
research. This situation is illustrated in Fig. 5 for the
above displaced Ca(1). The close Frenkel pair formation

energy is Ec""

= 2.5 eV, while the annealing activation
energy is &5 = 0.6 eV.

We have applied the SA within the Mott-Littleton
method for calculating the Efi[m_] in a few representative
directions for the different sublattices of Ca;,PusNd,
(Si04)4(PO4) o F6, as well as the corresponding EL and
¢, . The results obtained, with » =0.9 nm and
r, = 2.2 nm, are given in Table 5, in which the different

E(eV)
35

0.05 0.1 0.15 0.2 0.25 0.3

Fig. 5. Close Frenkel defect Er = 2.5 eV for the Ca(l) dis-
placed along the [010] direction. The calculated activation
energy for annealing is &, = 0.6 eV.

values for the same ion in a given direction correspond
to different initial co-ordinates.

Though we have not carried out an exhaustive study
based on the values obtained and applying Eq. (5) we
can get an effective displacement energy EST =32 eV
and a mean activation energy for thermal annealing
(em) = 0.9 eV. Using Eq. (4), the number of displaced
atoms during the release of a 86 keV U atom in
CagNdy sPug 5(SiO4)(PO4)sF, should be roughly 1100.
By virtue of comparison, the effective displacement en-
ergy calculated for zircon (ZrSiOy) is £5T = 48 eV. This
value is obtained by applying the SA method as de-
scribed above, using the already published potentials
[54], and by considering the displacements for Zr along
[010] and [1 2 0] directions, for O along [252] and [021],
and for Si along [1 0 0], as in [46]. In zircon, Eq. (4) yields
about 720 atomic displacements during the U release.
However, the corresponding Frenkel annealing activa-
tion energies seem to be considerably higher, of the or-
der of 2.5 eV.

5. Conclusion and discussion

The plutonium-neodymium mono-silicate fluorob-
ritholite CagNdO,5Pu0.5(SiO4)(PO4)5F2 with 10 wt% of
Pu is modelled using inter-atomic potentials. The fusion
temperature and the bulk modulus are estimated to be
about 10% higher than those of the fluoroapatite and the
constant pressure specific heat to be 2-4% lower, de-
pending on the temperature interval.

The calculation of the threshold displacement ener-
gies gives the general picture that amorphisation in
CagNdg sPuy5(Si04)(PO4)F, should mainly occur by
the high number of displacements of the F, and Ca,
sublattices and in a second degree by those of Nd and Pu
around the silicate and phosphate groups, the latter
presenting a high resistance to displacement. In fact,
considerable energy is needed for the displacement of
phosphorus, and particularly silicon. This is explained
by the rigidity of the corresponding tetrahedra essen-
tially due to the two-body P-O and Si-O interactions
rather than due to the three-body potentials O—P-O and
0-Si-O used, respectively, in [PO4]3’ and [SiO4]4’. In
fact, it is well known that the energy between N ions in a
solid can be developed in terms of n-body interactions:

E(..N)=Y"E+Y E;+Y Eu+Y Ep+-
i iy

ij.k ikl

Hence, the three-body term is a small correction to the
local energy permitting to better describe the angular
distribution of oxygen ions around phosphorus and sil-
icon in the corresponding tetrahedra. It is also worth
noting that the activation energies for phosphorus and
silicon Frenkel defects annealing are extremely difficult
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Table 5
Threshold displacement energies £y calculated over various crystallographic directions for the composition
CB.()I\IC],()_sPl.l[)j(Si()ét)(];)c)ﬁl)sl:“za
[uow] E (eV) Ca(l) Ca(2) P Nd(2) Si (6] F Pu(2)
Eq 36 25 37 23 44 91 37 109 32 38 43 12 41
010] Ey 2.5 22 2.6 22 2.0 12.4 9.5 11.8 29 1.8 3.6 2.0 12.8
€ 0.6 0.7 0.5 - 1.0 2.8° 1.1 - 1.1 0.9 0.8 0.3 1.2
Eq 23 24 73 35 81 24 47 8 38
[420] Ep 3.8 7.8 13.2 8.7 12.3 4.1 3.7 1.5 11.3
€th 0.8 1.2 - 1.2 - 1.0 - 0.3 1.4
Eq 19 23 30 84 32 42 53 14 36
1 Ey 6.4 7.3 3.8 12.9 9.1 2.8 4.5 1.9 12.8
€tn 0.9 1.1 0.6 2.6 - 1.0 1.6 0.4 -
Eq 34 28 26 30 65 43 78 24 32 41 10 47
[251] Eg 4.8 4.6 3.7 7.2 12.1 8.2 12.1 3.1 4.6 2.7 1.7 11.0
Eth 0.8 0.6 0.7 1.2 - 1.1 3.7° 0.6 1.2 - 0.5 1.2
Eq 33 41 47 34 39 52
[110] Ey 5.1 2.2 9.6 3.5 3.2 12.7
€th 0.7 0.6 1.0 1.1 0.7 0.9
Eq 25 28 81 98 28 36 39 9
[310] Ey 4.0 39 13.0 8.9 2.7 3.2 2.1 2.1
€th 0.7 1.0 2.4° - 0.8 1.1 0.4
Eq 26 32 33 86 22 35 6 40
[110] Er 3.7 7.8 10.2 9.1 2.5 2.9 1.1 11.9
€ 1.0 0.9 1.4 - 1.0 0.7 0.2 1.3
Average (E4) 29 78 37 91 36 10 42
(€n) 0.7 2.6° 1.1 3.7° 0.9 0.3 1.2

#The different values for the same ion in a given direction correspond to different initial co-ordinates. The (E4) are rounded to the
nearest integer. £r and ¢, are the corresponding Frenkel defect formation energies and activation energies for annealing, respectively.

® Convergence not well defined.

to be determined by RFO. This is mainly due to the
complex lattice rearrangement after relaxation, prevent-
ing the P or Si Frenkel pairs from annealing in one step.
The relatively low activation energies for thermal
annealing mean that significant number of F and Ca
close Frenkel pairs, created in the primary ballistic
process, should rearrange after the end of the local
thermal spike induced by the PKA displacement [55].
The radiation-induced annealing [56-58] has not
been considered here. In the latest process, perturbations
by charged particles (o, electrons, ...) could supply the
necessary activation energy to the interstitial atom to
overcome the migration potential barrier towards its
initial lattice position. This could happen either by a
direct interaction between the charged particle and the
displaced ion, or by the intermediate of the phosphate
groups. In fact, most of the interstitial positions are in-
evitably situated near phosphate tetrahedra whose
vibration frequencies are considerably high (v; = 968
cm~! =0.12 eV). The energy of the phosphate groups,
electronic excitation, when crossed by charged particles,
might be transferred to higher vibration modes and, by

collisions, to the displaced ion nearby acquiring the
necessary energy for returning to its initial position.
Therein, the coupling between the excited electronic
states of phosphates and silicates to the vibration modes
is worth investigating by first principles calculations,
since this process may contribute to the defect annealing
at low temperatures, entailing probably a local ther-
malisation.

The consideration of the radiation-induced annealing
and a more detailed study of the extended Frenkel defect
thermal recovery are necessary to complete the present
study before establishing an a-decay kinetics model de-
scribing the evolution of the CagNdgsPugs(SiOy4)
(PO4)sF; crystal state over storage time periods.
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