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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 PO4 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

mineral1. Due to this system’s considerable compositional

flexibility it is used in a number of applications2,3. In par-

ticular, it has been observed that a wide range of elements

can be accommodated in synthetic and naturally occurring ap-

atites4,5. 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-

ments2, which can be problematic for first generation waste

forms such as borosilicate glasses, due to their low solubility

in these materials6–8.

The suitability of apatites for use as waste hosts, has pre-

viously been investigated via fission-track thermochronome-

try9, which is widely used to measure processes occurring in

the Earth’s crust10. 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

tracks11. 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-

terial5,12–14.

The thermochronometry studies of Gleadow et al.9 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.16

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 α-decay17. An energetic α-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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Table 1 The modified Buckingham potential parameters for FAp,

based on the work of Mkhonto and DeLeeuw29.

Interaction Ai j (eV) ρi j(Å) Ci j (eV Å6)

O1.045− - P1.18+ 610.83 0.2458 0.00

Ca2.00+ - O−1.045− 2036.07 0.2883 0.00

O1.045− - O1.045− 22764.30 0.1490 27.89

F1.00− - F1.00− 1317.50 0.2753 13.80

Ca2.00+ - F1.00− 1534.30 0.2893 0.00

O1.045− - F1.00− 583833.00 0.2119 7.68

Table 2 The range of ionic separations over which the splines

linking ZBL and Buckingham potential forms act.

Interaction Ionic separation for spline (Å)

O - O 0.558 - 1.000

Ca - F 0.100 - 0.300

F - F 0.550 - 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 collisions32. 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 ri j. 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 fluorapatite14

and chlorapatite using molecular dynamics15. 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 time33–35. 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 α-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 5 keV in a specific crys-

tallographic direction. The MD algorithm is then run and the

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.

A 20×20×20 supercell of FAp containing 336,000 atoms,

with cell lengths a = b = 188 Å and c=138 Å and the stan-

dard apatite cell angles of α = β = 90◦ and γ = 120◦. The

simulation cell was initially equilibrated at 300 K for 20 ps in

the NVT ensemble (where the temperature and volume remain

constant) using a Berendsen thermostat36. PKA simulations

were then initiated within the NVE ensemble to avoid un-

wanted scaling of the energetic PKA’s velocity by the thermo-

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

5 keV 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 (Ed), is an important phys-

ical parameter for understanding and describing radiation

damage in crystal structures37–39. Ed 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 model19,40 provides an estimate of the number

of atoms displaced permanently (N) from their lattice sites as

a function of PKA energy (E),

N(E) =















0, 0 < P < Ed

1, Ed < P < 2Ed
E

2Ed
, 2Ed < E < Ec

Ec
2Ed

, E ≥ Ec

(2)

The general trend in defect numbers predicted by these

equations is illustrated in figure 2; once the PKA energy is

above 2Ed the number of defects formed increases linearly in

proportion to 1/2 Ed until the threshold energy for electronic

stopping (Ec) is reached, above which no further lattice de-

fects are assumed to form.

In this work seven low index directions, 〈0001〉, 〈1̄21̄0〉,
〈1̄21̄3〉, 〈21̄1̄0〉, 〈21̄1̄1〉, 〈112̄0〉, 〈112̄1〉, have been chosen in

which to initiate PKAs and therefore predict a direction de-

pendence of Ed for FAp. For each direction and each atom
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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, POx 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 POx 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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Radiation Damage in Fluorapatite 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.
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