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Evolution of Threshold Displacement Energy in Irradiated Graphite
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Molecular-dynamics simulations are used to compute the threshold displacement energy (Ed) in a series
of progressively damaged graphite structures. The Ed values are obtained by a statistically robust proba-
bilistic method using a large number of primary-knock-on-atom events at energies up to 100 eV. No sharp
threshold for Ed is observed, and a number of possible definitions are considered. For pristine graphite,
the best estimate of Ed is 24 eV. Ed decreases with increasing irradiation damage, dropping by nearly a
factor of 2 at a dose of one displacement per atom. For a fully disordered amorphous-carbon structure,
Ed is around 5 eV. This evolution of Ed is an important missing ingredient in current estimates of radia-
tion doses in nuclear reactors, which assume Ed is constant over the reactor lifetime, despite substantial
structural evolution.
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I. INTRODUCTION

It is well known that nuclear graphite undergoes signif-
icant structural change over its operational lifetime [1,2].
Neutron moderation results in radiation-damage cascades,
thereby creating defects in the graphite lattice. Some of
these defects can be removed by annealing [3], such as
the infamous Wigner-energy release [4], while others per-
sist. Over time, the accumulating defects significantly
alter the microstructure, reducing the degree of crystalline
order [5,6] and creating cross-links between layers. These
changes affect physical properties such as the thermal con-
ductivity [7] and Young’s modulus [8]. Neutron irradiation
also leads to dimensional changes on the macroscopic
scale [9,10]. Since reactors operate for many decades, there
is ongoing scientific and engineering interest to understand
the evolution of these structural changes, particularly in
relation to extensions of reactor lifetimes.

The standard metric for quantifying radiation damage
in reactors and irradiated materials is the number of dis-
placements per atom (dpa) over the irradiation period.
The number of dpa is, in turn, dependent on the thresh-
old displacement energy, Ed, which quantifies the mini-
mum kinetic energy to create a permanent defect, such
as a Frenkel pair. Despite its importance, Ed is diffi-
cult to determine either experimentally or computationally.
Experimental measurement of Ed is complicated by multi-
ple uncertainties, including the rapid timescale of defect
formation, thermally induced recombination, orientation
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effects, and the difficulty of associating a macroscropically
observable quantity with an atomic scale rearrangement.
Computational studies using molecular dynamics (MD)
have faced their own set of difficulties, including the lack
of accurate interatomic potentials, small system sizes when
density-functional theory is used, and large variability due
to insufficient sampling of trajectories. Because of these
factors, reported values of Ed for graphite differ by a factor
of 7, ranging from 10 to 70 eV. Figure 1 provides a graph-
ical summary of the literature, with experimental results
shown in black and simulation studies in red; see Ref. [11]
for a discussion of the various methods. Some of this vari-
ation can be attributed to orientation effects, with the most
extreme value being 780 eV reported by Zobelli et al. [12]
for displacement along the bond axis. Notably, the value
of 60 eV for Ed used by the UK nuclear industry is at the
upper end, a value which is “certainly too high,” accord-
ing to an International Atomic Energy Agency technical
document [6]. The same document comments on large
reported variations of Ed with crystallographic directions,
a situation it describes as “not satisfactory.”

Several years ago a new computational approach was
developed for computing Ed using low-energy MD simula-
tion [13]. The method uses robust statistical methods, sam-
pling many different directions, lattices, and atom types to
arrive at a probabilistic measure of Ed. Typically some tens
of thousands of small MD calculations are required, a com-
putational task that is easily achieved with modern grid-
and cloud-computing platforms. This statistical approach
provides a solid basis with which to study and define the
threshold displacement energy, which paradoxically, is not
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FIG. 1. Literature Ed values for graphite determined by experimental techniques (black bars) and computational methods (red bars).
The length of each bar indicates the degree of uncertainty. The blue box indicates the UK-nuclear-industry standard. Reading from left
to right and then line by line, the references for all data refer to Refs. [6,11,14–31].

a threshold at all but instead a smoothly varying function
of primary-knock-on-atom (PKA) energy.

The problem of determining Ed for nuclear graphite
becomes even more complicated given that the struc-
ture itself evolves with the dose. To date, simulations
have studied only pristine graphite, and previous mea-
surements were performed on either virgin-graphite sam-
ples or graphite irradiated at extremely low doses. How-
ever, actual graphite cores may experience quite high
doses, roughly a few tens of dpa during their life-
times, and it is unknown how the corresponding struc-
tural radiation damage affects Ed. Recently, a com-
putational method combining in situ high-resolution-
transmission-electron-microscopy (HRTEM) imaging of
electron-irradiated graphite with MD simulations was
developed to create three-dimensional (3D) structural
models of irradiated graphite [32,33]. With use of this
image-guided atomic reconstruction (IGAR) method, a
series of models with doses up to 1 dpa were produced
and validated against various experimental data (HRTEM
images, carbon K-edge electron-energy-loss spectra,
dose rate, and stored energies), showing good overall
agreement [33].

This work combines the statistical approach to Ed with
the structural models provided by the IGAR method. With
use of the environment-dependent interaction potential
(EDIP) for carbon [34,35] and the DIRAC grid-computing
infrastructure initially developed for the LHCb experi-
ment at CERN [36,37], a large number of molecular-
dynamics simulations of low-energy PKA events are
performed for a series of atomistic models at various
damage levels ranging from pristine graphite to IGAR
structural models at 0.2 and 1 dpa. As a limit for highly
damaged graphite, a fully-amorphous-carbon (a-C) model
is also considered. To make meaningful comparisons
between displacement probabilities (DPs), a generalized

displacement criterion that is suitable for use in dam-
aged and disordered structures is used. Several defini-
tions of the threshold displacement energy are explored,
enabling a quantitative discussion of the effect of dose
on Ed. This work focuses on the evaluation of displace-
ment probability following a PKA event; other struc-
tural changes occurring in a nuclear reactor, such as
thermally induced annealing of defects, are not consid-
ered. The displacement probabilities sample hundreds of
PKA directions and hence accurately capture the aver-
age behavior. However, the effect of individual directions
(anisotropy) on threshold energy, for which an accu-
rate calculation would require an increase of at least
tenfold in the number of simulations, is not consid-
ered.

II. METHODOLOGY

The simulations are performed with the EDIP for carbon
[34,35], implemented in an in-house molecular-dynamics
package. Adapted from an earlier environment-dependent
potential for silicon [38], the two- and three-body interac-
tions of the carbon EDIP are mediated by a coordination-
based atomic bond order. A key strength of the EDIP is
the excellent description of bond making and breaking
due to a sophisticated aspherical coordination counting
term. In particular, the carbon EDIP accurately predicts
the diamond-to-graphite energy barrier, making it ideal for
use in disordered carbon systems [39–41] and radiation-
damage simulations [11,15].

A. Structural models

The four structural models used in this work are shown
in Fig. 2 and constitute a progressive path of increasing
structural and textural disorder. Figure 2(a) shows pristine
hexagonal (AB) graphite, Figs. 2(b) and 2(c) show IGAR
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FIG. 2. Cross-section slices (10 Åthick) of the structural models used in the PKA simulations: (a) pristine graphite, (b) IGAR
model at 0.2 dpa, (c) time-dependent IGAR model at 1.0 dpa, (d) a-C generated by liquid quenching. Atom colors correspond to the
local-environment classification outlined in Table I.

models corresponding to different amounts of damage, and
Fig. 2(d) shows amorphous carbon. Full details of the four
models are described below.

For the pristine-graphite simulations, four lattices are
prepared to improve the statistical sampling, with the
only difference between lattices being the length of the
equilibration time. Each lattice contains 47 520 atoms in
a 93.79 × 88.6 × 48.58 Å3 cell. In Fig. 2(a), only a portion
of the simulation cell is shown. To prevent sliding between
individual graphene sheets, a plane of atoms perpendicular
to the basal plane is held fixed. The fixed atoms are far
away from the PKA site (more than 40 Å) and hence do
not affect the dynamics.

The two IGAR models in Figs. 2(b) and 2(c) each
contain 14 009 atoms and are generated by methods
described in Refs. [32,33]. The model in Fig. 2(b) uses of
a single HRTEM (002) lattice-fringe image of a nuclear
graphite sample irradiated with electrons for 2 min to
construct a 3D (HRTEM) potential [32]. This HRTEM
potential is then applied together with the adaptive-
intermolecular-reactive-bond-order (AIREBO) potential
[42]. Starting with a system of randomly arranged atoms
in a cubic cell at a density of 2.2 g/cm3 (side length of
50.25 Å), the system is first annealed at high temperature
and then slowly cooled to room temperature. On the basis
of the 2-min exposure to the electron beam, the estimated
dose is 0.2 dpa.

The time-dependent IGAR method [33] is an extension
of the original IGAR method. It uses of a sequence of
lattice-fringe images, corresponding to progressive elec-
tron irradiation of a nuclear graphite sample at room
temperature. By constructing a difference HRTEM poten-
tial between consecutive images, the method generates
a series of structural models as a function of the dose.
The structure in Fig. 2(c) corresponds to a total irradia-
tion time of 13 min, for which the estimated dose is 1.0
dpa. Since both of the IGAR models were developed with
the AIREBO interatomic potential, it is important to com-
pletely relax the coordinates with the EDIP before the

PKA simulations are performed. No significant changes in
bonding are observed.

The amorphous-carbon system in Fig. 2(d) is gener-
ated by heating of the 1.0-dpa IGAR structure to 8000 K,
well above the EDIP melting point. The liquid is equili-
brated for many tens of picoseconds, and the mean squared
displacement is followed to ensure that the system is highly
diffusive. The liquid is rapidly quenched over a period of
0.1 ps to room temperature to create a highly disordered a-
C network. Before the introduction of the PKA events, an
extremely long relaxation is performed to ensure stability
of the structure.

B. Atomic environment classification

To quantify progressive irradiation damage in the four
structural models, carbon atoms are classified according to
their local environment. In bulk-carbon systems, atoms are
often described in terms of their coordination, generally
assumed to correspond to sp , sp2, and sp3 hybridiza-
tion, corresponding to two, three, and four neighbors,
respectively. However, a recent analysis [33] of electron-
energy-loss-spectra data for irradiated graphite highlighted
the value of splitting the threefold-coordinated atoms into
four subcategories. The distinction between categories is
made according to the immediate environment (coordina-
tion of second neighbors, participation in aromatic rings,
etc) and is summarized in Table I. We adopt here the same
classification as in Ref. [33], albeit with a slightly different
naming scheme [43].

Figure 3 shows the atom-type composition of the four
structural models, highlighting the effect of increasing dose
and disorder. The fraction of Cα

3 atoms (gray symbols;
corresponding to a graphite environment) decreases pro-
gressively from 100% for graphite to zero for a-C. In the
irradiated-graphite models, a large fraction of Cβ

3 atoms
(blue symbols) are present. This atom type, corresponding
to sp2 atoms belonging to a nonhexagonal ring, is more
common than Cα

3 at 1 dpa. Defects induced by radiation
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TABLE I. Local-environment classification scheme for carbon
atoms. Rings are defined to be composed of only threefold-
coordinated atoms.

Type Color Description

C2 Green Twofold- (sp- or sp2-radical-)
coordinated carbon atom

Cα
3 Gray Threefold- (sp2-) coordinated

carbon atom belonging to
three hexagonal rings

Cβ

3 Blue Threefold- (sp2-) coordinated
carbon atom bonded to
threefold-coordinated
neighbors and belonging to
at least one nonhexagonal
ring (i.e., pentagonal,
heptagonal, or octagonal)

Cγ

3 Violet Threefold-coordinated carbon
atom with at least one
fourfold-coordinated
neighbor

Cδ
3 Red Threefold-coordinated carbon

atom with at least one
twofold-coordinated or
undercoordinated neighbor
(and no fourfold-coordinated
neighbor)

C4 Orange Fourfold- (sp3-) coordinated
carbon atom

damage also include interlayer cross-links involving
fourfold-coordinated atoms (C4; orange symbols) and
unsaturated graphene edges (C2 atoms; green symbols).
These two varieties of defects are also responsible for
the numerous Cγ

3 and Cδ
3 atoms, which are threefold-

coordinated atoms bonded to fourfold- or twofold-
coordinated atoms, respectively. The population statistics
of the a-C structural model can be viewed as a continua-
tion of the trends seen in the other three models (i.e., Cα

3
and total threefold-coordinated-atom percentage decreas-
ing with damage and the percentage of other types increas-
ing). The only exception to this trend is the Cβ

3 population,
which has a maximum for the 1-dpa structural model. The
total threefold-coordinated-atom percentage of 64% for the
a-C model is similar to the percentage from previous EDIP
calculations of amorphous carbon [40], where a value of
63% was found at a slightly lower density of 2 g/cm3.

C. PKA simulations

Equilibrium interactions are described with the EDIP,
with close-approach interactions described with the
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FIG. 3. Population statistics for the four structural models as a
function of increasing dose. The broken horizontal axis and the
dotted lines indicate no associated dose for amorphous carbon.
The magenta data indicate the total percentage of threefold-
coordinated atoms, while the other colors denote local atomic
environments as defined in Table I.

Ziegler-Biersack-Littmack potential [44]. For intermedi-
ate energies, the EDIP pair term is smoothly switched to
the Ziegler-Biersack-Littmack potential with use of two
Fermi-type switching functions as described in Ref. [15].
Equations of motion are integrated in the microcanoni-
cal (NVE) ensemble with a variable-time-step algorithm
developed to study high-energy radiation cascades [45].
All structures are equilibrated at room temperature before
the PKA events are generated. Simulations are run for 2
ps with PKA energies ranging from 2.5 to 100 eV. After
the creation of the PKA event, the net linear momentum
is subtracted. Because of the large number of atoms and
modest PKA energies, it is not necessary to apply a ther-
mostat; the maximum temperature rise is around 25 K for
the highest-energy PKAs. The short timescale of the PKA
events is seen in Fig. 4, which shows the maximum kinetic
energy as a function of time for 100 simulations of 100-eV
PKA events in pristine graphite. Also shown is the average
temperature across all 100 simulations. After a fraction of a
picosecond, the system reaches equilibrium, demonstrating
that 2 ps is more than sufficient to capture the dynamics.

The probabilistic approach to determining Ed involves a
large number of MD simulations in which a PKA is given
a velocity vector corresponding to a prescribed kinetic
energy. For the IGAR and a-C structural models, the PKA
is selected at random and prescribed a random direction.
Five sets of 100 simulations are performed at each energy,
and for each set the probability of a displacement occur-
ring is determined with use of the classification scheme
described below. This process yields five values, from
which the average and standard deviation are computed.
The same block-averaging process is used to compute the
PKA range and number of displacements.
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FIG. 4. Time evolution of the kinetic energy and temperature
for 100 PKA events in pristine graphite at 100 eV. Thin blue
lines (left axis) show the kinetic energy of the most energetic
atom at any instant in each simulation, while the thick red line
(right axis) shows the instantaneous temperature averaged over
all simulations.

For the pristine-graphite structural model, the PKA ini-
tial directions are selected from a 100-point solution to
the Thomson problem [46,47]. This approach is partic-
ularly useful for sampling all directions equivalently in
crystalline materials [13,15]. Eight sets of 100 simulations
are performed at each energy (four for an α carbon and
four for a β carbon) with use of a different equilibrated
lattice for each set. As with the disordered structures, the
values obtained are used to compute the average and stan-
dard deviation. The selected PKAs are in the center of the
box (i.e., far from the fixed edges). Note that an α car-
bon has atoms immediately above and below it in the c
direction, while a β carbon does not.

The 1.0-dpa IGAR structure is further studied by our
computing the displacement probability according to the
local-environment classification. For each atom type and
energy, five sets of 100 simulations are performed, and
the block-averaging process described above was used. For
each simulation a PKA is selected at random from the list
of atoms belonging to the type considered. Across all the
different calculation types, approximately 120 000 simula-
tions are performed on grid-computing infrastructure using
the DIRAC interware framework [36,37].

D. Displacement criterion

An important component of the probabilistic approach
is an automated algorithm to determine whether a defect or
displacement has occurred. In pristine graphite, the regular
crystal structure allows the clear definition of many types
of defects, including Frenkel pairs, spiro interstitials, and
nonhexagonal rings [9]. For example, a simple vacancy-
radius approach was successfully used by Christie et al.
[15] in their identification of vacancies and interstitials in
radiation cascades in graphite. However, considerable dif-
ficulties arise in extending the concept of defect formation

to the irradiated-graphite and amorphous-carbon models.
In line with the dpa-estimation process in Ref. [33], a rel-
atively strong criterion based on neighbor lists is adopted.
For each atom, the number of bonds created (nc) and the
number of bonds broken (nb) are computed. The atom is
then defined as being displaced if nc + nb ≥ 2 and the atom
moved further than 0.5 Å from its pre-PKA-event site.
With use of this criterion for displacement, it is straightfor-
ward to define the DP and number of atomic displacements
(Nd) per PKA event of energy E. The former is the proba-
bility of a PKA event creating one or more displacements,
while the latter is the average number of displacements per
PKA.

Visual inspection of many PKA events confirms that
this definition provides a sensible definition for all the
structural models. This criterion is valid for the creation
of point defects in graphite. For instance, the creation of
a Frenkel pair results in one atomic displacement, and a
Stone-Wales rotation leads to two displacements. As in
Ref. [33], the neighbor lists are constructed on the basis
of a 1.9-Å cutoff for the interatomic distance, which cor-
responds to the first minimum of the pair distribution
function g(r). The neighbor-based displacement algorithm
is compared with a traditional vacancy-radius method in
pristine graphite. A test of 100 PKA events across sev-
eral energies finds that the two methods yield identical
identification of displacements.

III. RESULTS

Displacement probabilities of the four structural mod-
els are shown in Fig. 5, with the error bars indicating one
standard deviation. Similarly to previous studies on oxides
[13,48], there is no single threshold above which a dis-
placement is created, but rather there is a gradual increase
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FIG. 5. Displacement probability as a function of PKA energy
for a-C (orange), 1.0-dpa irradiated graphite (red), 0.2-dpa irra-
diated graphite (green), and pristine graphite (blue). Error bars
represent one standard deviation. Solid lines denote a generalized
logistic fitting function as described in the text.
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VUKOVIĆ, LEYSSALE, AUREL, and MARKS PHYS. REV. APPLIED 10, 064040 (2018)

in the DP. The data also reveal that the DP profile for
each structure is unique, with a clear trend of increasing
displacement probability with increasing disorder. In the
case of pristine graphite, the onset of damage is between
20 and 25 eV, while a 100% probability of displacement
does not occur until around 70 eV. The 0.2- and 1.0-dpa
structures show a trend similar to that for pristine graphite,
albeit with the DP data shifted to lower energies. In con-
trast, the a-C data exhibit a rather different overall shape,
with a markedly steeper linear region and a 100% proba-
bility of displacement for a PKA energy of approximately
40 eV. This behavior reflects the lack of crystalline order
in the amorphous system, which facilitates rearrangement
of bonding at comparatively low energies.

Also shown in Fig. 5 is a sigmoidal function that pro-
vides a good fit to the data. Many different functional forms
are explored, with the best fit being provided by a gen-
eralized logistic function that smoothly varies from 0 to
1. This function captures both the tight threshold behavior
and the higher-energy curvature of all structures. The fitted
displacement-probability curve is of the form

DP(E) = (1 − αe−βE)−1/ν , (1)

with α, β, and ν being free parameters. The fitted values
for all four structures are listed in Table II; note that the
values of β for the three anisotropic structures are all sim-
ilar, while for the same structures, the values of α and ν

increase with increasing disorder.
While the smooth DP curves present a good overall fit

for the displacement data, the soft threshold observed in
both the irradiated-graphite system and the a-C system
makes determination of Ed problematic. A convenient way
of defining Ed is to identify the tangent line to the inflec-
tion point in the DP curve, with its intercept with the x
axis defining Ed. This linear approach is shown in Fig. 6.
With this method, pristine graphite yields a value of 25 eV
for Ed, while a-C has the rather low value of 6 eV. The
two irradiated structures yield intermediate values of 19
and 14 eV for 0.2 and 1.0 dpa, respectively. An alternative
definition of Ed uses the fitting function itself, in combina-
tion with an arbitrary threshold value. Figure 7 presents a
graphical summary of these possible definitions of Ed: the
linear fit from Fig. 6 and three other values corresponding
to threshold DP values of 10%, 50%, and 90%. Regard-
less of the definition, a general trend of decreasing Ed with

TABLE II. Fitting parameters for the generalized logistic DP
curves shown in Fig. 5.

Structure α β ν

Pristine graphite 0.00153 0.11250 0.00003
0.2-dpa graphite 1.65338 0.11562 0.06153
1.0-dpa graphite 2.35758 0.11415 0.15839
Amorphous carbon 0.05951 0.20536 0.00657
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FIG. 6. Linear-analysis procedure used to extract Ed from the
data in Fig. 5, where the x intercept defines Ed; the same color
scheme applies.

increasing irradiation damage is apparent. As expected, the
lowest value is obtained for the maximally disordered a-C
structure.

Figure 7 also includes values of Ed computed with the
Kinchin-Pease (KP) model [49], which relates the number
of displacements to the PKA energy. If we ignore small
PKA energies, for which the expression is a piecewise
step function, the KP relation can be written in the form
Nd = E/(2Ed). As seen in Fig. 8, the number of displace-
ments is indeed a linear function of PKA energy for high
energies. To avoid the low-energy region, the linear fit is
performed only for data above a DP threshold of 0.9. This
procedure yields values of Ed that are slightly lower than
for linear-fit and 10% DP approaches, ranging from 22 eV
for pristine graphite down to 3 eV for a-C. Despite the use
of a different displacement criterion, a KP analysis of EDIP
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text.

simulations of high-energy cascades in pristine graphite by
Christie et al. [15] found a similar value of 25 eV.

Another useful piece of information that can be
extracted from the data set is the range of the PKA, defined
as the distance between the initial and final PKA coordi-
nates. Figure 9 shows the block-averaged PKA range of all
the structures, with error bars denoting one standard devia-
tion. All PKA events contribute to the statistics, regardless
of whether a displacement occurred or not. As for the DP,
there is a low-energy threshold that varies according to the
degree of radiation damage. As the PKA energy increases,
the range increases in a sublinear manner. From compar-
ison of the different structural models, for a given PKA
energy the range increases with the degree of disorder.

Also seen in Fig. 9 is a piecewise power law that pro-
vides a good fit to the data, especially at high energies.
The functional form is

R(E) =
{

0, E ≤ ε,
A(E − ε)κ , E > ε, (2)

where R is the range, E is the PKA energy, and A, ε, and
κ are fitting parameters. The exponent κ ranges between
0.50 and 0.64, similar to values in recent MD simulations
by McKenna et al. [11], who found the PKA range varied
approximately as the square root of PKA energy (see Fig. 4
in Ref. [11]). This type of power-law behavior appears
reasonable on physical grounds since the PKA velocity
varies as the square root of energy. At the same time, it is
important not to overinterpret the trends. For example, the
pristine-graphite simulations by Christie et al. [15] cover
PKA energies between 100 eV and 2.5 keV, and show a
linear variation of the PKA range with energy. At the com-
mon PKA energy of 100 eV, the range for the different
pristine-graphite studies is the same within error bars.
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The finding that all the structural models produce unique
DP curves motivated a second set of PKA simulations
designed to quantify the effect of the local PKA environ-
ment on DP behavior. As described in Sec. II, the 1.0-dpa
model is reanalyzed to compute the DP for each atom type.
At each PKA energy, 500 simulations are performed for all
six atom types in Table I. The results, shown in Fig. 10,
with error bars indicating one standard deviation, are fitted
with use of the DP function [Eq. (1)] used previously. Each
atom type yields a distinct DP curve, with the graphitic Cα

3
PKAs being the least likely to form displacements and the
C2 PKAs the most likely. The effect of atom type is sub-
stantial and extends across a wide range of PKA energies;
for a DP of 50%, the corresponding energy ranges from
approximately 15 eV to approximately 30 eV. Even at 90%
DP, the energy spread is still nearly a factor of 2.
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FIG. 10. Data from the PKA study focused on the various
atom types are shown as well as fitted displacement-probability
curves. The fitted curves and data are colored according to the
local-environment classification scheme in Table I.
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VUKOVIĆ, LEYSSALE, AUREL, and MARKS PHYS. REV. APPLIED 10, 064040 (2018)

The large variations between atom types prompted the
exploration of a predictive DP approach based on the pop-
ulation statistics for each atom type. In such a scheme, a
displacement-probability predictor function, DP∗, is con-
structed with use of a linear combination of DP curves
weighted by atom type. Mathematically, this weighted sum
is written

DP∗(E) =
∑

i

kiDPi(E),

i ∈
{

C2, Cα
3 , Cβ

3 , Cγ

3 , Cδ
3, C4

}
, (3)

where ki is the fractional population for each atom type
and DPi is the corresponding DP function. For the case
of the 1.0-dpa structure, the weighted sum reproduces the
true DP shown in Fig. 5. This agreement occurs by con-
struction since the two approaches provide different ways
of sampling the same statistical quantity. For the 0.2-dpa
structure, the weighted-sum approach provides a reason-
able representation of the true data. As seen in the inset in
Fig. 11, the weighted sum (shown as a solid line) repro-
duces the shape of the explicit data, albeit with a slight
uniform shift to lower PKA energy. While this result is
encouraging, the main panel in Fig. 11 shows that the
predictive power of the approach is poor for pristine-
graphite and a-C structures. For these cases the predicted
DP curves do not capture the overall trends, suggesting that
the DP is influenced by factors other than local order. For
instance, the 0.2-dpa structural model has a texture similar
to that of the 1.0-dpa model. In contrast, the isotropic-
amorphous-carbon model and crystalline pristine graphite
are texturally quite different from both irradiated models.

For completeness, Fig. 12 shows the displacement-
probability data and fitted DP curves for the α- and
β-carbon PKA in pristine graphite. Given that the local
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FIG. 11. Predicted DP∗ curves for a-C (orange) and pristine
graphite (blue) and PKA simulation data from Fig. 5. The inset
shows both PKA simulation data and the predicted DP curve for
0.2-dpa irradiated graphite (green).
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FIG. 12. Displacement-probability data and fitted DP curves
for the two symmetry types in pristine graphite: α (red) and β

(blue).

symmetries are dissimilar (an α site has atoms above and
below it in the c direction, while a β site does not), a
variation between the two data sets would not have been
surprising. However, Fig. 12 clearly shows that, within
error bars, there is no significant difference between α

carbon and β carbon.

IV. DISCUSSION AND CONCLUSION

As mentioned in Sec. I, the determination of Ed for
pristine graphite has historically proved quite problematic.
Figure 1 shows how experimental determinations differ
over a wide range, from 10 to 70 eV, while computational
values cluster more tightly between 18 and 45 eV. The
probabilistic approach used in this work suggests a value
in the range 22–26 eV, subject to the caveat that there is no
unique measure of Ed. This ambiguity in definition arises
because the simulation data demonstrate that there is no
sharp displacement threshold from which Ed can directly
be determined. Instead, smoothly varying DP curves are
obtained, and these need to be interpreted. As seen in
Table III, linear extrapolation to zero DP yields a value
of 25 eV, while a traditional Kinchin-Pease analysis based
on the number of displacements yields a smaller value of
22 eV. An alternative definition based on an arbitrary 10%
threshold value for DP yields a slightly higher value of
26 eV. Note that the Ed values from the linear and 10%
DP methods are almost the same for all systems, as both
analysis methods depend on the fitted DP function.

The values for pristine graphite in Table III are similar
to those from ab initio MD simulations; Yazyev et al. [20]
suggested Ed values in the range 18–25 eV, while Susi et
al. [50] found a value of 21 eV for graphene. The same
value of 21 eV was found for large-radius nanotubes with
use of density-functional tight binding [51]. This grouping
of values builds confidence in the present work and reflects
the inherent accuracy of the EDIP interatomic potential,
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which has proved itself highly transferable in many dif-
ferent contexts. The similarity also suggests that the 50%
and 90% DPs indicated in Fig. 7 are less useful; in the
remaining discussion they are explicitly excluded.

Although a substantial Ed literature exists for pristine
graphite and related nanocarbons (e.g., graphene and nan-
otubes; see Ref. [52] for a review), the situation is very
different for irradiated graphite and disordered carbons.
For these systems there is basically no prior work, and
hence the present work provides a significant advance.
The major result for irradiated graphite is that Ed reduces
substantially with irradiation dose, falling by around a
factor of 2 to 10–15 eV at 1.0 dpa, depending on the
definition used. Since the procedure for determining dpa
values itself depends on the Ed value, a gradual decrease
in Ed over a reactor lifetime implies the inferred dpa val-
ues become increasingly underestimated as the irradiation
damage accumulates. This effect is most clearly seen in
Fig. 8, where the number of displacements occurring at a
given PKA energy progressively increases with the degree
of damage. This means that present dose estimates might
need to be modified upward to account for the increased
amount of damage relative to the pristine case.

Another benefit of the method developed here is that
it provides a framework for quantifying Ed in heavily
disordered materials. The a-C structural model represents
a limiting case of maximal damage in which no resem-
blance to pristine graphite remains, other than density.
For this material, Ed drops to around 5 eV, less than the
cohesive energy of the material, indicating that bonding
configurations can quite easily be rearranged. Looking
more generally, the ability to simulate heavily disordered
materials is likely to be valuable in many other materials,
particularly in the context of nuclear wasteform materials.
Some wasteform crystals become amorphous from accu-
mulated radiation damage, while in other situations a glass
is deliberately chosen as the starting matrix to avoid prob-
lems associated with disorder. In either case, the ability to
quantify reliable Ed values is of value. A similar argument
applies for mineralogical systems where some crystallites
become metamict (i.e., amorphous) over geological time.

As a demonstration of the benefits of the present
approach, and in particular, the neighbor-based definition
of displacement, the method was applied to a structural

TABLE III. Summary of Ed values (eV) for all structures
studied in this work.

Structure KP Linear 10% DP

Pristine graphite 22 25 26
0.2-dpa graphite 14 19 21
1.0-dpa graphite 9 14 15
Amorphous carbon 3 6 7
Glassy carbon 7 16 16

FIG. 13. Cross-section slice (10 Å thick) of the glassy-carbon
structural model. Atom colors correspond to the environment
classification in Table I.

model for glassy carbon. Also known as “vitreous carbon”
or “pyrolytic carbon,” glassy carbon is an important indus-
trial material due to its ability to resist temperatures as
high as 3000 ◦C. The simulations are performed on a 1.5
g/cm3 structural model generated in a study of graphitiza-
tion by de Tomas et al. [41]. The model contains 32 727
atoms in a cubic cell with a side length of 75.8 Å, and
is generated by annealing an amorphous-carbon structure
for 400 ps at 3000 K. A cross-section slice of the struc-
ture is shown in Fig. 13, with atom colors reflecting the
local-environment classification. The structure contains
94% threefold-coordinated atoms, and is dominated by Cα

3

(45%) and Cβ

3 (43%) environments, similar in composition
to the 1.0-dpa structure.

The glassy-carbon structure is investigated with use of
the same statistical analysis and fitting functions, with
500 randomly chosen PKAs and PKA directions at each
energy. Figure 14 shows the DP curve, average PKA range,
and average number of displacements, all as a function of
PKA energy. Also included in Fig. 14 are numerical val-
ues of Ed for various definitions; the line in Fig. 14(c) is
determined from the inflection point of the fitting func-
tion. The three Ed values are similar to the values of 10–15
eV determined earlier for the 1.0-dpa structure, with the
caveat that the KP value of 7 eV in Fig. 14 is on the low
side. The greatest difference is for the PKA range, where
the glassy-carbon values are nearly twice those for the
1.0-dpa structure. Given that the irradiated structures are
denser than glassy carbon, 2.2 g/cm3 versus 1.5 g/cm3,
this increased PKA range is quite reasonable.
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FIG. 14. Results of the simulations for glassy carbon, showing
key quantities as a function of PKA energy. (a) Average num-
ber of displacements. Also shown is the Kinchin-Pease value of
Ed inferred from the fitted slope.(b) Average PKA range, shown
with a piecewise power-law fit [Eq. (2)]. (c) Displacement prob-
ability, shown with a generalized logistic fit. The red line shows
the linear method used to determine Ed.

In summary, the probabilistic approach used in this
work provides two key results. Firstly, it generates robust
displacement-probability data suitable for determining Ed
in pristine graphite, and secondly, it quantifies how Ed
varies according to the degree of radiation damage. For
pristine graphite, Ed of around 24 eV seems appropriate,
considerably less than the UK-nuclear-industry standard
of 60 eV. For irradiated graphite, Ed reduces substantially
with dose, down to around 12 eV at 1.0 dpa. Since dpa
values are themselves dependent on Ed, this result has
implications for the definition of the dpa metric in a reactor
context. Results are also presented for amorphous car-
bon and glassy carbon, with Ed values around 6 and 14
eV, respectively. Study of these systems is made possible

due to a robust neighbor-based definition of displacement,
making the present method suitable for both crystalline and
disordered materials.
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VUKOVIĆ, LEYSSALE, AUREL, and MARKS PHYS. REV. APPLIED 10, 064040 (2018)

the theory of atomic structure, London, Edinburgh, Dublin
Philos. Mag. J. Sci. 7, 237 (1904).

[47] David J. Wales and Sidika Ulker, Structure and dynamics of
spherical crystals characterized for the Thomson problem,
Phys. Rev. B 74, 1 (2006).

[48] M. Robinson, N. A. Marks, and G. R. Lumpkin, Structural
dependence of threshold displacement energies in rutile,
anatase and brookite TiO2, Mater. Chem. Phys. 147, 311
(2014).

[49] G. H. Kinchin and R. S. Pease, Displacement of
Atoms in Solid by Radiation, Rep. Prog. Phys. 18, 1
(1955).

[50] Toma Susi, Christoph Hofer, Giacomo Argentero, Gre-
gor T. Leuthner, Timothy J. Pennycook, Clemens Mangler,
Jannik C. Meyer, and Jani Kotakoski, Isotope analysis in
the transmission electron microscope, Nat. Commun. 7, 1
(2016).

[51] F. Banhart, J. X. Li, and A. V. Krasheninnikov, Carbon nan-
otubes under electron irradiation: Stability of the tubes and
their action as pipes for atom transport, Phys. Rev. B 71,
241408(R) (2005).

[52] A. V. Krasheninnikov and K. Nordlund, Ion and electron
irradiation-induced effects in nanostructured materials, J.
Appl. Phys. 107, 071301 (2010).

064040-12

https://doi.org/10.1080/14786440409463107
https://doi.org/10.1103/PhysRevB.74.212101
https://doi.org/10.1016/j.matchemphys.2014.05.006
https://doi.org/10.1088/0034-4885/18/1/301
https://doi.org/10.1038/ncomms13040
https://doi.org/10.1103/PhysRevB.71.241408
https://doi.org/10.1063/1.3318261

	I. INTRODUCTION
	II. METHODOLOGY
	A. Structural models
	B. Atomic environment classification
	C. PKA simulations
	D. Displacement criterion

	III. RESULTS
	IV. DISCUSSION AND CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


