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Molecular dynamics simulations, used in conjunction with a set of classical pair potentials, have been employed to examine
simulated radiation damage cascades in the fluorapatite structure. Regions of damage have subsequently been assessed for their
ability to recover and the effect that damage has on the important structural units defining the crystal structure, namely phosphate
tetrahedra and calcium meta-prisms. Damage was considered by identifying how the phosphorous coordination environment
changed during a collision cascade. This showed that PO, units are substantially retained, with only a very small number of
under or over coordinated phosphate units being observed, even at peak radiation damage. By comparison the damaged region
of the material showed a marked change in the topology of the phosphate polyhedra, which polymerised to form chains up to
seven units in length. Significantly, the fluorine channels characteristic of the fluorapatite structure and defined by the structure’s
calcium meta-prisms stayed almost entirely intact throughout. This meant that the damaged region could be characterised as
amorphous phosphate chains interlaced with regular features of the original undamaged apatite structure.

1 Introduction

Apatite is the most abundant naturally occurring phosphate
mineral!. Due to this system’s considerable compositional
flexibility it is used in a number of applications®>. In par-
ticular, it has been observed that a wide range of elements
can be accommodated in synthetic and naturally occurring ap-
atites*>. This compositional flexibility is being exploited by
the nuclear industry where apatites are being considered as
constituents for multi-compound waste forms. Furthermore,
apatites are known to incorporate halides and rare earth ele-
ments?, which can be problematic for first generation waste
forms such as borosilicate glasses, due to their low solubility
in these materials®%.

The suitability of apatites for use as waste hosts, has pre-
viously been investigated via fission-track thermochronome-
try?, which is widely used to measure processes occurring in
the Earth’s crust !, This approach compares the abundance of
naturally-occurring radioactive isotopes and their decay prod-
ucts within a sample and measures the size and shape of fission
tracks'!. This has shown that apatite minerals have sucess-
fully immobilised radionuclides over geological time-scales
making them relevant to the long term disposal of high level
nuclear waste with the longevity of these materials, even under
the damaging effects of self-irradiation, indicating that syn-
thetic analogues may make suitable waste hosts. In particular,
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fluorapatite (FAp) is being considered as a possible waste ma-
terial >12-14,

The thermochronometry studies of Gleadow et al.” clearly
show the formation of radiation damage tracks within fluora-
patite and describe the mechanism of track formation as being
the combination of two coincident and brief processes: upon
decomposition of an atomic nucleus, fission fragments with
excess kinetic energy move in opposite directions and interact
with the host lattice so that collisions between fission frag-
ments and lattice ions lead to lattice damage. Weber et al. '
suggest that both the structure of the centre of these damage
tracks and the lattice immediately surrounding them is little
known. However, understanding the structure of such dam-
age, the mechanisms underlying its creation and subsequent
recovery has profound implications for materials performance
under repository conditions. Moreover, with improved un-
derstanding, better nuclear waste form materials could be de-
signed. To this end molecular dynamics (MD) calculations
employing effective pair potentials are used here to charac-
terise the damage caused within the FAp lattice when exposed
to displacive radiation.

A major cause of defect production within the crystalline
structure of a waste material occurs when the lattice is sub-
jected to the effects of a-decay!”. An energetic a-particle is
initially slowed through electronic stopping, as it undergoes
inelastic collisions with lattice ions. This initial phase leads
to the production of electronic defects and localised heating.
As particles lose energy through these interactions, such that
its kinetic energy drops below 100 keV, nuclear stopping pre-
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dominates. At this point elastic collisions between the incident
particle and the lattice can take place!8. These can impart sig-
nificant kinetic energy to lattice ions, referred to as primary
knock-on atoms (PKAs), leading to a cascade of collisions
that are likely to form point defects. It is this latter phase of the
damage process that the work presented here aims to simulate.

MD is used to simulate ballistic damage cascades over a pe-
riod of 100 ps, which allows the initial damage processes to be
examined in some detail. Furthermore, the simulations also
provide a strong mechanistic basis for understanding lattice
recovery. Although a full appreciation of a waste host’s per-
formance requires material behaviour to be understood over
geological timescales (>10° years)!’, the short time-scale in-
formation provided by MD does provide important insight re-
garding the damage imparted to the lattice by damage cas-
cades.

Initially, the effect of crystallographic direction on the
threshold displacement energies of each species in FAp will
be described by using the results of MD caculations employ-
ing the primary knock-on atom method detailed in section 2.
From these threshold energies the Kinchin-Pease model'° is
used to predict the point defect population obtained from high
energy radiation damage cascades (section 3.1). The efficacy
of the Kinchin-Pease method, as applied to FAp, is examined
by comparing its predictions with the results of MD simula-
tions of collision cascades initiated using 5keV PKAs. In or-
der to better understand the nature of the damage processes
operating in FAp, the number and type of lattice defects ob-
tained as a SkeV cascade evolved through its damage and
recovery phases have been characterised. Finally, the effect
of the damage on the constitution of the phosphate polyhedra
making up the structure is studied; in particular, the damage
induced polymerisation of these units is considered with the
topology of phosphate polymer chains being described.

1.1 Fluorapatite Structure

Naturally occurring apatite has the chemical formula:
A10(X04)6B2%°, where commonly, B= F, OH or Cl, A = Ca,
Sr, Pb, Na etc. and X=P, As, Si, V etc.2. The apatite structure
is hexagonal and exhibits space-group P63/m, as described by
White et al.>'. This consists of a central channel (first iden-
tified by Beevers and MclIntyre>?) containing a large anion,
which can be C17, F~ or OH™, and is surrounded by CaQOg
and POy polyhedra as corner connected units. This can be
seen within figure 1 where they describe the hexagonal shape
of the central channel. In the present work, the fluorapatite
composition is considered, Ca;o(PO4)¢ F2, in which F~ occu-
pies the central channel (B site) and is surrounded by Ca in the
A sites.

Fluorapatite has two distinct calcium sites, the first is a nine-
fold coordinated 4 f site, Ca(1), which forms a metaprism of

OQOA

Oxygen  Calcium  Fluorine

Fig. 1 The fluorapatite structure (viewed down the ¢ axis, [0001])
with the two calcium sites indicated on the figure.

two triangles on mirror planes and the second, Ca(2), is a
seven-fold coordinated 64 site, which is linked with phosphate
groups and a channel anion, forming a hexagonal network >°.

2 Methodology

A classical Born-Mayer description of the crystal lattice has
been used®. Long range electrostatic interactions between
ions were calculated using an Ewald sum?*, in particular
the smooth particle mesh variant?, as implemented in the
DL POLY code was used>®?’. Short range interactions were
described using the Buckingham potential, whereby two ions
i and j, separated by a distance r;; , interact with an energy of

@;; given by 28
—rii\ G
) —— )

Dij i

(b,‘j(r,‘j) :A,‘jeXp (

where, A;j, pij and C;; are empirically derived parameters =3
specific to pairs of interacting species. The Buckingham po-
tentials were summed within a cut-off value of 10.5 A, beyond
which short range interactions were considered to be negligi-
ble.

The potential parameters used in this work are based on
those originally reported by Mkhonto and DeLeeuw?®, with
the F-F and F—Ca potentials modified by Michie et al.*°. Fur-
ther modifications in the manner described by Jones et al.>!
were required to enable a better description of the PO, group
in damage situations. Its coefficients for FAp are reported in
table 1.

Whilst the Buckingham potentials provide a good descrip-
tion of the atomic forces acting around equilibrium separa-
tions, the high energies associated with the simulated collision
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Table 1 The modified Buckingham potential parameters for FAp,

e tallographic direction. The MD algorithm is then run and the
based on the work of Mkhonto and DeLeeuw ~”.

time evolution of any damage can be observed through the po-
sition of the atoms within the simulation box as the energetic
particle interacts with the rest of the system.

Interaction A; (V) pyR) Gy eV AY) .A 20x20x20 supercell of FAp containing 336,000 atoms,

o 1er with cell .lengths a=5b=188 A and ¢=138 Aand the stan-
O P 610.83  0.2458 0.00  dard apatite cell angles of @ = f =90° and v = 120°. The
Ca>00% 010 2036.07  0.2883 0.00  simulation cell was initially equilibrated at 300 K for 20 ps in
0'0%5- 0'0%5- 22764.30  0.1490 27.89  the NVT ensemble (where the temperature and volume remain
F1L00- 100~ 1317.50  0.2753 13.80  constant) using a Berendsen thermostat3®. PKA simulations
Ca2.00+ F1.00— 1534.30  0.2893 0.00 were then initiated within the NVE ensemble to avoid un-
O1.045— F100-  583833.00 02119 7.68  wanted scaling of the energetic PKA’s velocity by the thermo-

Table 2 The range of ionic separations over which the splines
linking ZBL and Buckingham potential forms act.

Interaction  Ionic separation for spline (A)
O - O 0558 - 1.000

Ca - F 0100 - 0.300
F - F 0550 - 1.350

cascades lead to atoms coming into close proximity. Within
this region the screened nuclear repulsion represented by the
Ziegler, Biersack and Littmark (ZBL) potential form provides
a better description of the very short range interactions expe-
rienced during these high energy collisions2. So that both
regimes were well described the ZBL and Buckingham po-
tential forms were combined; a smooth transition between the
two was provided by an exponential spline whose coefficients
were chosen in order that the overall potential was continu-
ous in its first and second derivatives with respect to r;;. The
ranges over which the interpolating splines act for each inter-
action are given in table 2. This potential model has been used
successfully to describe the apatite system, in particular it was
used recently to predict migration pathways in fluorapatite '
and chlorapatite using molecular dynamics . In both cases,
the activation energy of migration predicted within these stud-
ies were found to be consistent with the available experimen-
tal data. This is significant here as a correct description of
ion transport is important when predicting the recovery of the
lattice following radiation damage.

Within MD, Newton’s second law of motion is integrated as
a function of time33-33. From the force description provided
by the potential model described above, this allows the time
evolution of the positions and velocities of a set of atoms to be
calculated. The cascades considered here simulate the effect
of an a-decay recoil nucleus. Using MD, radiation damage is
simulated by choosing an atom to be the PKA and giving it a
kinetic energy in the range of 0.25 to SkeV in a specific crys-

stat and the progress of each displacement cascade was moni-
tored over the course of a 30 ps MD run. This was determined
to be enough to capture the short-term phenomena following
the cascades, as well as the formation of defects.

Initial runs were performed in order to ensure that the sim-
ulation size was sufficient to ensure that the cascade did not
overlap with itself across periodic boundaries, even for the
5keV PKAs. Some test runs were also performed to ensure
that 30 ps was adequate and did not prevent major phenomena
to be observed.

3 Results and Discussion

3.1 Threshold Displacement Energies

The threshold displacement energy (E;), is an important phys-
ical parameter for understanding and describing radiation
damage in crystal structures>’3°. E; is the minimum kinetic
energy an atom requires to be permanently displaced from its
lattice site to another low energy position within the structure,
thereby creating a stable defect such as a Frenkel pair. The
Kinchin-Pease model '*#? provides an estimate of the number
of atoms displaced permanently (V) from their lattice sites as
a function of PKA energy (E),

0, O<P<E;
1

, E;j<P<2E,
NME)=\ £ 2k,<E<E @
E.
ma EZEC

The general trend in defect numbers predicted by these
equations is illustrated in figure 2; once the PKA energy is
above 2E, the number of defects formed increases linearly in
proportion to !/2 £, until the threshold energy for electronic
stopping (E.) is reached, above which no further lattice de-
fects are assumed to form.

In this work seven low index directions, (0001), (1210),
(1213), (2110), (2111), (1120), (1121), have been chosen in
which to initiate PKAs and therefore predict a direction de-
pendence of E; for FAp. For each direction and each atom
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N(E)

1L I
Eq 2E4 E.

Fig. 2 Graphical representation of the Kinchin-Pease model relating
number of displaced atoms, N, to energy of PKA (E). E is the
threshold displacement energy at which an atom moves permanently
off its site, giving rise to a single Frenkel pair, E, is the value above

which electronic stopping will occur and the gradient of the line is
P
2E;"

type, the determination of E; has been done using a method
described by Robinson et al.*l. In this method, 5 PKAs are
set in motion for each combination of direction and atom type
using a range of energies. The probability P(E) of PKA dis-
placement for a particular energy is given as the number of
simulations performed for that energy divided by the number
of simulations in which the PKA was permanently displaced
from its initial site. The threshold displacement energy is then
the energy at which this probability is equal to 1/2, with an as-
sociated uncertainty 6E,. In this work, it is defined such that
the probability P(E — 6E;) < 0.05 and P(E + 6E;) > 0.95.
Values for the uncertainty 8E, are typically between 4 and
20 eV in our simulations. In general, the distribution of E; de-
pends on the temperature. These simulations were run at the
same temperature as the displacement cascades (300 K).

Table 3 reports E; values for all directions and species.
Interestingly the anions exhibit lower E; values than the
cations. This correlates with defect energies required to
remove the species from the lattice calculated using Mott-
Littleton methodology42; 4.9 ¢V for F, 9.9 eV for O, 304 eV
for P and 22.1 eV for Ca(1) and 22.8 eV for Ca(2).

3.2 Collision Cascades

The E; calculations described in the previous section aim to
characterise localised displacement events typically leading to

the formation of a single Frenkel pair. As a consequence the
energy given to the PKA in such simulations is relatively low.
Increasing the energy into the keV range promotes the simula-
tion of entire collision cascades, inducing defects in extended
volumes of the lattice. Here, cascade simulations were per-
formed for two directions, (2110) and (0001), as these exhib-
ited the highest and lowest E; values respectively (as reported
in table 3). A range of energies were used in each direction:
0.25, 0.5, 0.75, 1, 2, 3, 4 and 5 keV and in each case a Ca(1)
atom was used as the PKA initiating the cascade.

In order to compare the results of the collision cascades with
predictions made using the Kinchin-Pease model, it is neces-
sary to count the maximum number of point defects occurring
within the simulation box over the course of the MD run. In
order to achieve this, the atom positions within the damaged
material were compared with the positions of sites in the per-
fect lattice as the simulation proceeded. Defects were identi-
fied using a distance cut-off method!7*3: a cut-off of 0.8 A
was employed. Any atom more than the cut-off distance from
a lattice site was counted as an interstitial. Similarly, any per-
fect lattice site without atoms within its cut-off indicated the
presence of a vacancy. If an ion recombined with a vacant lat-
tice site, whose type was different to that in the perfect lattice,
this was classified as a substitutional defect. Recombination
with a homogeneous site did not yield a defect as this con-
stitutes lattice recovery (even if the atom did not originally
occupy that site).

Using the method described above, numbers of defects and
recovery profiles were calculated as a function of time. Fig-
ures 3(a) and 3(b), present the general pattern for damage and
recovery for each PKA energy in the (0001) and (2110) di-
rections respectively. After maximum damage is reached, the
lattice immediately starts to recover, although some retained
damage is exhibited at the end of the simulation, suggesting
recovery is incomplete on the timescales considered. This ef-
fect has also been observed experimentally by Afra et al. **.
Interestingly, for damage cascades in the (0001) direction,
the overall percentage recovery of FAp after damage averages
70 % (compared with 64 % for the (2110} direction) across all
energies.

Results for both sets of directions described in figures 3(a)
and 3(b), show that the total number of defects produced in-
creases linearly with the energy given to the PKA, which is
in agreement with the Kinchin-Pease model '°. It is also clear
that the direction in which the PKA is initiated makes a dif-
ference to the total number of defects. Figure 4 shows that
for 5keV cascades, there is an increase in defect population
of ~25% from the (2110) to (0001) directions. This can be
related back to the threshold displacement trends for FAp re-
ported previously in table 3. The second hump shown for the
{0001) cascade correlates to a secondary cascade in the dam-
aged region.

4| Journal Name, 2010, [vol],1-12
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{0001) {1210) {1213) (2110) (2111) {1120) (1121)
Ca(1) 39+7 57+6 505 73£5 70 £+ 10 62+7 75 £8
Ca(2) 48 +8 104+ 6 53+9 62+8 56 £ 10 84+6 100+ 11
F 9+2 37+3 22 +4 90 £ 10 19+ 8 16 £ 4 31+9
0 15+3 39+5 1947 2142 16+ 6 28 +7 16+5
P 22 +4 1945 1947 52+9 15+2 48 + 8 102

Table 3 Calculated threshold displacement energy ranges (in e V) for FAp in the hexagonal directions indicated. The lowest energies are

shown in bold, for each ion type.

§_ a) <0001> PKA Energy
go
- — 3 keV
a
(@]
- S| — | keV
o3
A — (.5 keV
] ;
z§_ u\_&‘ -
o_-'*,:‘ﬁﬁ_l
0O 5 10 I5 20 25 30
o Time / ps
S —
®|b) <2] 10>
23_
93
[0
DC>
5 S
bﬂ'
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o _]
ZS |
—
ST [ | | | |
0O 5 10 I5 20 25 30

Time / ps

Fig. 3 Number of displaced atoms as a function of simulation time
for the PKA energies considered: a) PKA initiated in (0001}, b)
(2110} directions.

10000
l

— Peak due to sub-cascade

Number of Defects
6000

0 2000

I I I | I
0 5 10 15 20 25 30
Time / ps

Fig. 4 Comparison of total number of defects for 5keV cascades in
both directions.

Figures 5(a) and 5(b) show the maximum isolated defect
counts for each cascade as a function of PKA energy. Due to
the stoichiometry of the system, there are different numbers
of each element within the simulation box. Thus, in order to
gauge if a particular species is disproportionately affected by
a cascade, defects counts have been normalised to the total
number of atoms of that type within the system and expressed
as a percentage.

A comparison of these normalised defect populations shows
a greater number of anion defects than cation defects. Further-
more, they are in good agreement, for both number and type of
defect predicted from the E; values in table 3 in conjunction
with the Kinchin-Pease method. This suggests that, notwith-
standing the complexity of the apatite structure, the relatively
simple Kinchin-Pease model provides a reasonable way for
obtaining predictions of the defect population following radi-

ation damage within this system .
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Fig. 5 Total number of defects created for each species expressed as percentage of total number each element in simulation box as a function

of PKA energy for a) (0001} and b) (2110) directions.

3.3 Phosphate polyhedra

The phosphate tetrahedra within FAp represent a fundamen-
tal building block of the structure. When monitoring dam-
age within a cascade it is therefore useful, to consider these
tetrahedra, not simply as one phosphate atom and four oxygen
atoms, but rather as a single structural unit. A good example
of this is given by White et al.?! and Madhavi ef al.*> who
discuss how the POy tetrahedra and the Ca meta-prisms, move
and twist in order to accommodate changes to the lattice.

Within this process, the geometry of the POy tetrahedra re-
mains, essentially unchanged, with the rotation of connected
units facilitating structural changes. Given their significance
the damage and recovery processes affecting these phosphate
units themselves and their correspondence to each other, is
important in understanding FAp’s radiation tolerance. As are-
sult, specific attention has been given to the phosphate polyhe-
dra and their structural evolution over the course of a radiation
damage cascade.

Before considering how the topology of the apatite structure
was affected by the cascades, damage to the individual POy
polyhedra was examined by calculating the coordination num-
ber of each phosphorus atom (denoted as 7). Using a simple
distance cut-off scheme the number of oxygen ions surround-
ing each phosphorous atom was counted as each cascade pro-
gressed: an oxygen and a phosphorus atom are neighbours if
the distance between them is shorter than 1.9 A. This distance
was chosen based on the FAp equilibrium P-O bond length of
1.61 A, calculated from the P-O pair-correlation function ob-
tained from a 300K MD simulation of the perfect lattice. The

cut-off was extended beyond this value by 20% in order to
capture the atoms that deviate from this average distance be-
cause of thermal vibration and possible nearby defects, thus,
the atoms that have an anomalous local environment can be
characterised depending on their co-ordination number.

The immediate result of the coordination analysis, per-
formed on the final configuration of the displacement cascade
has been used to visualise the core of the damaged region in
figure 6. In this picture, only the O and P atoms that have an
anomalous coordination number are visible, as well as their
neighbours, to improve clarity. This analysis can be carried
out for successive snapshots of a simulation, thus revealing
the evolution of the population of atoms in each different co-
ordination state, as shown figure 7 for a 1 keV cascade along
a {(0001) direction.

The coordination number of the P ions calculated this way
provides information on damage to PO, polyhedra. In the
undamaged structure POy tetrahedra are expected, however
a cascade may result in the formation of over, or under-
coordinated P atoms. Indeed, figure 7(a) shows that early
in the cascade defect polyhedra with coordination numbers
of 2, 3, 5 and 6 are formed. After 2ps, the production
of 2-coordinated P stops, and their number drops rapidly to
zero. Shortly thereafter the same thing happens for the 3-
coordinated P species. This behaviour is qualitatively different
for 5 coordinated P atoms whose population stops growing but
subsequently remains relatively constant. The number of n=1
and n=6 P ions remains very low throughout and furthermore
no coordination number greater than 6 was observed. After

6| Journal Name, 2010, [vol],1—12
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o ¢ £ Y of P:n=4

®;0

a) PO, b) P,O.

<) PO+ PO, g)P0O,

Fig. 6 Damage after a displacement cascade: P and O atoms with
imperfect coordination number and their first neighbours are
represented. Details of the most common structures are inset: (a) a
POs5 unit, (b) two linked PO4 (P, O7 dimer), (¢) one POy4 linked with
a POs (P,Og chain), (d) two POs (P,Og dimer). To allow
comparison, and to provide better context, the viewing direction and
colour coded calcium meta-prisms are the same as used in figure 10.

6ps the number of each kind of defect is stable remaining ef-
fectively constant until the end of the simulations at 25 ps.

This indicates that while the PO, polyhedra with x < 4 are
unstable and recombine with O atoms, POs units are more
stable. Over the times considered in this study, the POs popu-
lation fluctuates around an average value after ~6 ps without a
clear decrease. Whether they remain as POs over longer time-
scales or split into PO, + O is still unknown. This means that
some P atoms have a local environment significantly different
from that in the perfect crystal.

This behaviour is qualitatively similar for both 1keV and
5keV cascades. The effect of increased energy being a higher
number of defects, but the initial peaks of under-coordinated
P and O remains, along with the almost constant number of 5-
coordinated P and bridging oxygens after the initial increase.
The initial direction of the PKA does not change the qualita-
tive behaviour either, the difference between the (0001) and
(2110) cascades being only a small change in the number of
defects.

3.4 Bridging oxygens

Another kind of damage, relevant to the phosphate units, re-
lates to how they are organised. In the perfect crystal, the
phosphate tetrahedra are not directly connected to one an-
other. As they neither share edges nor corners each O atom
is only associated with a single P atom (n=1). Using the same
cut-off as before, the number of P atoms coordinating each
O atom was calculated and has been plotted in figure 7(b)
(note: within the plot only defective oxygens, where n # 1 are
considered). During the initial damage phase there is a rapid
increase in the number of zero and two-coordinated oxygen
atoms, this reaches a maximum at about 1.8 ps.

Although both curves show evidence of recovery, with the
population of defects decreasing following peak damage, the
n=0 trace decreases much more rapidly. By comparison the
n=2 curve shows a step down at about 4 ps before remaining
somewhat constant for the remainder of the simulation.

Oxygen atoms with #n=2 are in a bridging configuration,
linking two phosphorus atoms. Their presence during a cas-
cade is indicative of polymerisation of the phosphate sub-
structure. The result of forming a bridging oxygen is to re-
lease another oxygen from its initial tetrahedron (2 POy —
P,07+0) which can then be integrated into a phosphate tetra-
hedron, contributing to POs polyhedra that then contribute to
the P,Og and P,Og dimers shown in figure 6. The n=0 oxy-
gens are oxygens emitted during this polymerisation process
that do not recombine with a phosphorus (henceforth referred
to as “free” oxygen).

The environment of the “free” oyxgens is illustrated in fig-
ure 8 which shows the correlation function for “free” oxygen-
phosphorous pairs (figure 8a) and calcium pairs (figure 8b).

This journal is ©@ The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-12 |7



Journal of Materials Chemistry A Page 8 of 13

Unlike lattice oxygen, the “free” oxygen is not coordinated by
phosphorous (figure 8a). By comparison, the pair-correlation
with Ca shows that some form of order is retained, as the first
peak around 2.2 A is consistent with that found in the perfect
crystal. This indicates that the oxygens sitting outside phos-
phate polyhedra are associated with calcium atoms possibly in
a charge-compensating role.

120

a) P Coordination 3.5 Phosphate chains

I(I)O
N

Further analysis of the damaged phosphate sub-structure is
done by calculating the distribution of the different chain
lengths N (i.e. the number of polyhedra that are part of a given
chain). The results of this analysis are shown in figure 9.

A chain length of one corresponds to an unconnected poly-
hedron/monomer PO,, where x is either 4 or 5. Initially, their
number is equal to the number of phosphorus atoms. As the
cascade develops, the curve in figure 9 shows a large initial
— dip, reaching a minimum at ~2 ps before recovering slightly
to form a plateau from 5 ps to the end of the simulation. Con-
o T I‘*— comitant with the decrease in the monomer count is the forma-

0 2 4 6 8 tion of phosphate chains. Although chains with lengths of up
Time / ps to seven PO, units were detected, these only accounted for
o a very small proportion of the polymerised phosphate con-
o b) O tent. Rather, following peak damage, the majority of linked
o PO, were found in the N=2 configuration (dimers, or P»Oy
O chains), with smaller but still appreciable numbers of N=3,
N=4 and even N=5 chains being retained at the end of the
S simulation. The damage plume resulting from the cascade in
figure 6 shows how these various POy chains relate to each
8— other. Most of the defects identified were POs units, and P»Oy
chains, y being 7, 8 or 9. A number of bridging oxygens are
Q- also clearly visible (n=2), together with some “free” oxygens
(n=0).

The same simulations were done for higher energy cascades
(5 keV), along (0001) and (2110) directions. The number of
defects during these cascades are shown on figure 11; from
a qualitative point of view, all the features form the lower-
energy cascades are still present, namely the initial peak in
the number of free oxygens followed by a sharp decline and a
stabilisation, as well as a high number of both five-coordinated
Fig. 7 Evolution of atom populations for different coordination P and bridging oxygens throughout the simulation. Moreover,
numbers n given as functions of time during the beginning of a except for a slightly higher number of defects in the case of the
displacement cascade simulation. Atogls with the coordination (0001) cascade, both directions exhibit very similar behaviour.
number of the perfect structure are omitted (1 for O and 4 for P). . . . .

The simulations suggest that, during the course of a dis-
placement cascade, most damage is sustained by phosphate
sub-structure. The number of defective Ca was found to be
statistically insignificant with any damage to the Ca meta-
prisms recovering in less than a picosecond. Similarly, the
F ions remained contained in the channels in all cases. The
phosphate substructure showed notable changes, with dis-
placed O and P atoms rearranging to form a glass-like, poly-

Number of Atoms
4|O 6|0

20

Number of Atoms

7 | |
0 2 4 6 8
Time / ps

8| Journal Name, 2010, [vol],1—12 This journal is © The Royal Society of Chemistry [year]
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Fig. 8 Partial pair correlation functions calculated around “free”
oxygen atoms (i.e. those that are not part of any PO, polyhedron
and have n = 0) calculated after a displacement cascade (defective)
in comparison to perfect crystal for (a) O-P and (b) O-Ca correlation
functions.
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Fig. 9 Number of POy polyhedra chains with different chain lengths
given over the course of a displacement cascade.

merised structure intertwined with the meta-prisms.

Whilst the overall number of defects from both methods is
significant, the simple distance scheme tends to detect more
defects than the polyhedra analysis. For example, if one tetra-
hedron rotates and moves slightly, all its 5 atoms will be
counted as defects in the first case, whereas the second method
will still recognise it as a tetrahedron.

4 Conclusions

This work has shown that the threshold displacement ener-
gies for FAp are directional and that the anions in this sys-
tem exhibit the lowest threshold energies. This is also seen in
the normalised defect population produced from damage cas-
cades. Additionally, damage introduced into the FAp system
recovers by ~70% over the MD timescale considered here (20
to 30 ps).

Importantly, although counting individual defects provides
information about the type of damage that might be expected
in a cascade, it does help to understand the effect on the POy
structural units and not their association with one another.
Therefore, we have described an approach for identifying the
structural damage of these units by considering the change
in nearest neighbours and their polymerisation. This shows
that although many PO, groups may move or rotate from their

This journal is ©@ The Royal Society of Chemistry [year]
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7\ Polyhedra
Free Bridging  Fluorine PO Ca

Oxygen  Oxygen Polyhedron Metaprism

Fig. 10 Damage after a displacement cascade. For clarity only the
the damage is shown in addition to Ca(2) meta-prisms and fluorine
ions. The top image the damage in the context of the simulation cell,
down the [0001] direction. The middle and bottom images are more
detailed views of the defects resulting from the cascade. They show
how the phosphate defects are distributed around the meta-prisms
(the coloured channels are the same in both the middle and bottom
images).

a) P

(=] am— n=|
mg_ — n=2
g . S— n=i
20 e =
?8_ = n=6
g _ o <0001>
£ X <2110>
30
Z ¥

Time / ps

Number of Atoms

Time / ps

Fig. 11 Atom populations for different coordination numbers n as
functions of time during 5 keV displacement cascades in the (0001)
(circles) and (2110) (crosses) directions: (a) P ions; (b) O ions. The
atoms having the coordination numbers of the perfect structure (1
for O and 4 for P) are omitted.
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original lattice positions during damage events, a large pro-
portion are retained intact.

Within the core of the damaged region, however, PO, units
are found to form chain like structures. Interestingly, the flu-
orine channels and the Ca meta-prisms that describe them are
relatively unperturbed, with defective PO, chains threading
between them. It shows that in this material, displacement cas-
cades have very different effects on the channels and the phos-
phate structure. Overall, the calcium meta-prisms are more
radiation-tolerant than other features of the crystal. Because
of that, the fluorine ions tend to remain contained in the chan-
nels, although they have low displacement threshold energies
and a high defect relative population. The glass-like structure
of the phosphate defects underlines the importance of consid-
ering both individual defects and larger structural units when
studying damage events in this structure.
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Molecular dynamics simulations, used in
conjunction with a set of classical pair potentials,
have been employed to examine simulated
radiation damage cascades in the fluorapatite
structure. Regions of damage have subsequently
been assessed for their ability to recover and the
effect that damage has on the important struc-
tural units defining the crystal structure, namely
phosphate tetrahedra and calcium meta-prisms.

The image shows how the coordination environ-
ment of phosphorous and oxygen atoms was
affected within at the core of the region of the
lattice affected by the damage cascade. Atoms
whose coordination number (n) is different to
that in the perfect lattice are shown. The colour-
coded calcium meta-prisms show that these
structural units and the fluorine channels they
describe were almost wholly unaffected by the
damage cascade. By comparison the topology of
the phosphate polyhedra in this region was

_ altered, as they polymerised to form chains up to
seven units in length. This meant that the dam-
aged region could be characterised as amorphous
phosphate chains interlaced with regular features
of the original undamaged apatite structure.




