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Abstract

The existence of an interplay between the structure of displacement cascades and point defect mobility that influences
the long-term evolution of primary damage in o-Fe is revealed by applying an object kinetic Monte Carlo (OKMC)
method. The investigation was carried out using different parameter sets, which primarily differ in the description of
self-interstitial atom (SIA) cluster mobility. Two sets of molecular dynamics cascades (produced with the DYMOKA
and the MOLDY codes, using different interatomic potentials) and one set of cascades produced in the binary collision
approximation with the MARLOWE code, using a Ziegler—Biersack-Littmark (ZBL) potential were separately used as
input for radiation damage simulation. The point defect cluster populations obtained after reaching 0.1 dpa were analyzed
in each case and compared. It turns out that the relative influence of using different input cascade datasets on the damage

features that evolve depends on which OKMC parameter set is employed.

Published by Elsevier B.V.

1. Introduction

The importance of the detailed features of the pri-
mary damage state on the long-term evolution of
radiation damage has been often explicitly or implic-
itly suggested, but not often studied in a systematic
fashion. The object kinetic Monte Carlo (OKMC)
approach [1] is particularly suitable for this type of
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study because of its inherent capability to account
for the effect of spatial correlations, anisotropy and
inhomogeneity in the defect distributions on their
mutual interaction and overall evolution. In the
past, this approach permitted a demonstration of
the importance of the main features of the primary
damage state in explaining the different response of
Cu and Fe to irradiation [2]. More recently, this
approach has been used to try to determine which
features of the defect distribution in cascade debris
most influence the results of single-cascade anneal-
ing and cascade damage accumulation [3,4] in a-Fe.
The latter work involved only a relatively simple
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and not completely realistic OKMC parameter set
and started with both a molecular dynamics (MD)
cascade database and a binary collision approxima-
tion (BCA) cascade database, as well as with random
clouds of point-defects. Here, that previous investi-
gation is extended by considering the effect of using
both different OKMC parameter sets and different
MD cascade databases, in addition to the BCA data-
base. It turns out that the magnitude of the influence
of the primary damage state on the accumulation of
cascade damage depends on the OKMC parameter
set employed. In particular, this paper discusses the
effect of changing the mobility of self-interstitial
atom (SIA) clusters in the OKMC simulations.

2. Cascade generation models and analysis methods

Three groups of displacement cascades were used
as input for the OKMC simulations. Two were
obtained by MD with the MOLDY [5] and DYM-
OKA [6] codes and one in the BCA with the MAR-
LOWE code [7]. For cascade simulation with
DYMOKA, periodic boundary conditions were
imposed on a constant volume ensemble of atoms.
The embedded-atom-method (EAM) potential
developed in [8] for a-Fe was used. At the beginning
of the simulation, the system of particles was equil-
ibrated for 5 ps at 600 K, a temperature representa-
tive of reactor pressure vessel operating conditions.
When the lattice was at thermal equilibrium, one
atom, the primary knock-on atom (PKA) was given
a momentum corresponding to an energy between 1
and 20 keV. The timestep in the simulation was
manually adapted to the PKA velocity, and it could
be as low as 107'7s. Once the cascade energy had
been mostly dissipated in elastic collisions, a much
longer timestep was allowed, ie. 1071-10715s.
More details on the procedure can be found in [6].
The method used with the MOLDY code was
similar. However, the iron cascade simulations were
carried out using a modified version of the Finnis—
Sinclair potential [9,10] and the range of cascade
energies reached 100 keV. Periodic boundary condi-
tions were imposed on a constant pressure ensemble
of atoms, with simulation cells containing up to 5
million atoms for the highest energy simulations.
Additional information on this a-Fe cascade data-
base can be found in [11,12]. For details about dif-
ferences between the potentials used for MD
cascade simulations, see also [13].

The MARLOWE package (version 15) offers a
variety of displacement models. Collision cascades

are modeled as sequences of binary encounters
between which atoms move freely along their scat-
tering asymptotes. A potential function is used to
estimate the scattering angle and the integral time
for each binary collision. The scattered and recoil
atomic momenta, as well as the exit asymptote posi-
tions, are calculated using a quadrature integration
scheme. In the present work, the pair potential sug-
gested in [14] is used in order to match the short
range repulsive component of the potential func-
tions used in MD with MOLDY. The binary
collisions are chronologically ordered so that time
represents the driving parameter in the cascade
development. The number of collisions undergone
by the moving atoms is limited by a maximum
impact parameter value a little smaller than the first
neighbor distance. The binding energy of the atoms
to their lattice sites is considered constant and direc-
tion independent. It is fitted to the cohesive energy
in the matrix, as suggested by previous comparison
between MD and its BCA [15]. The binding energy
in replacement sequences is taken as 0.2 eV, inde-
pendent of the sequence direction.

In both the MD and BCA models, the contribu-
tion of energy loss to electronic excitation is
neglected in the trajectory calculations. As a result,
all of the cascade energy is dissipated in elastic
collisions and is roughly analogous to the damage
energy in the well-known NRT model [11]. This is
strictly less than what is conventionally called the
PKA energy. For example, a cascade (or damage)
energy of 50 keV in iron corresponds to a 79 keV
PKA energy.

For the sake of clarity, we shall refer to the MD
cascades obtained with the Finnis—Sinclair potential
and the MOLDY code as MOLDY, DYMOKA
refers to the cascades obtained with the Ludwig—
Farkas potential and the DYMOKA code, and
BCA refers to the cascades obtained with Marlowe
and the Ziegler—Biersack—Littmark (ZBL) potential.
The vacancy-interstitial recombination radius in
MARLOWE was adjusted so that the number of
Frenkel pairs obtained in the BCA was the same
as that with MOLDY and the Finnis-Sinclair
potential.

2.1. Primary damage characterization

2.1.1. Overall cascade structure

Component analysis permits an ellipsoid to be
associated to each individual displacement cascade,
accounting for its spatial extension and its morpho-
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logy on the basis of its intrinsic characteristics [16].
It is thus useful for comparing cascades. The infor-
mation provided by this method is the direction of
three orthogonal axes that are associated to the spa-
tial point defect distribution and the variance of this
distribution projected onto them. The major axis
has the direction maximizing the variance, o>, the
second maximizes the variance 2 of the distribution
projected onto a plane perpendicular to the first and
the third one has the direction minimizing this var-
iance, y%. These directions are parallel to the direc-
tions of the eigenvectors of the covariance matrix
of the point defect distributions and the associated
eigenvalues are the variances of the distribution pro-
jected onto the directions of the eigenvectors. The
problem is hence reduced to the diagonalization of
a 3 x 3 symmetrical real and positive matrix, which
is a straightforward operation.

The eigenvectors and eigenvalues naturally define
an ellipsoid associated with each cloud of point
defects with axes lengths given by the standard devi-
ation of the distributions projected in the directions
of the eigenvectors. These ellipsoids define the cas-
cade cores. In what follows, each core volume will
be considered as representative of one displacement
cascade.

2.2. Internal cascade structure

Point defect distributions within cascades have
been characterized in terms of integral pair correla-
tion functions, providing the probability that two
point defects are found at a distance less than or
equal to the corresponding distance on the abscissa.
The pair correlation function used here is defined by
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where N is the total number of point defects consid-
ered in the whole simulation box and r; their
separation distance. Standard definitions are used
to characterize the distributions of vacancies, of
interstitials and closest vacancy—interstitial pairs.
In order to determine the defect cluster distribu-
tion, the following criterion has been adopted: a
point defect (a vacancy or a SIA) belongs to a clus-
ter if there is at least one defect of this cluster situ-
ated at a critical distance from this defect. This
distance can be decided at will among first nearest
neighbor, second nearest neighbor, etc. The size of
a cluster of given type equals the absolute value of

the difference between the number of interstitials
and vacancies associated with it. This cluster analy-
sis procedure is independent of the cluster shape,
type and criterion adopted to define and visualize
point defects. For instance, independent of whether
an interstitial is represented as a single atom or as a
dumbbell with two atoms plus the vacant lattice site
in the middle (a vacancy—interstitial complex), the
procedure leads to the same cluster size. The proce-
dure is however dependent on the critical distance
chosen and may miss atoms that belong to the clus-
ter if they are located further away than the chosen
cut-off distance.

3. Object kinetic Monte Carlo

The long-term evolution of point defect clusters
in o-Fe is modeled by OKMC with the LAKIM-
OCA code. The OKMC method treats defects as
objects with specific positions in a simulation
volume. Probabilities for physical transition mecha-
nisms are calculated based on Boltzmann factor fre-
quencies. After a certain event is chosen, time is
increased according to a residence time algorithm
[17]. The basic aspects of the parameterization used
in our code are described in [1]. Three parameter
sets were used.

In set I, all STA clusters (size m > 2) migrate in
1D, with a migration energy E, =0.04¢V (as in
[1]) and a prefactor decreasing with size according
to the law: vo-m ™ (vg=6x10"2s"! s=0.51,
following Osetsky et al. [18]). Thus, set I embodies
the picture of SIA cluster migration that was till
recently widely accepted based on MD results. In
set II, small clusters (m <5) migrate in 3D with
E,, =0.4¢V, as broadly suggested by recent ab initio
calculations [19], while larger clusters maintain 1D
motion with E, =0.04 eV. For large clusters the
prefactor decreases with s = 0.51 and for small ones
it decreases with s = 10. Finally, set III treats small
clusters (m <5) in the same way as set II, but
assumes that larger clusters are completely immo-
bile (see Table 1). For vacancy clusters, the same
mobility has been used for all three sets: a migration
energy of 0.65¢V and a prefactor decreasing with
size according to the law vop ™"~ for m > 2 with
p =100 and vy = 6 x 10'? (as in [1]). These sets are
summarized in Table 1.

Damage rates of 107 and 10~* dpa/s were simu-
lated in the OKMC by injecting displacement cas-
cades selected at random from the chosen cascade
group until 0.1 dpa was reached. The lower damage



42 C.S. Becquart et al. | Journal of Nuclear Materials 351 (2006) 39-46

Table 1
Summary of parameter sets for the description of SIA cluster
mobility

SIA cluster size Set 1 Set 11 Set 111

(Em in eV) s E, D s E, D s E, D
m=1 - 03 3D - 03 3D - 03 3D
2<m<5 0.51 0.04 1D 10 04 3D 10 04 3D
m=5 0.51 0.04 1D 0.51 0.04 1D Immobile

rate is typical of high-flux reactor operating condi-
tions, and the higher rate is similar to that obtained
during heavy ion irradiation. The cascade energies
considered range from 5 to 100 keV, which realisti-
cally represents the effect of a reactor PKA spec-
trum. The simulations were performed in a
200ag x 200ay x 200a,  volume, using periodic
boundary conditions and a grain size of approxi-
mately 2 um. The irradiation temperature was
70 °C. With all sets, 100 ppm traps for SIA clusters
(binding energy 0.65 eV, capture radius 5 A) were
included. This was necessary because of the gener-
ally high mobility (sets I and II) of SIA clusters;
they can only accumulate in the material if traps
exist. These traps are generally associated with C
or N atoms, which are known to affect point defect
motion due to their binding energy with SIA or
vacancies. However in the present model, C and N
atoms do not appear explicitly; rather, generic,
immobile traps that act on SIA are included. The
choice of their density, binding energy and capture
radius was made so as to reproduce the density of
vacancy clusters (of any size) at different doses after
neutron irradiation in the experiment of Eldrup and
co-workers [20], as reported in [1], where sensitivity
studies on the choice of binding energy and capture
radius were performed.

4. Primary damage

As shown in previous work [21] the number of
Frenkel pairs predicted by the BCA reasonably
matches the MD prediction, provided that an inter-
stitial-vacancy recombination radius is adopted and
fitted to MD results. When applied to the BCA nas-
cent cascades, the recombination radius affects the
number of Frenkel pairs, but not its functional
dependence on cascade energy. Thus, the slope is
unchanged in a log-log plot of defect production
vs. energy. The match between MD and BCA cas-
cades, as well as between independent MD calcula-
tions can be observed in the results for iron cascades
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—e— DYMOKA
—m—BCA

100 -

< Vpp>

10 4

Energy (keV)

Fig. 1. Mean number of Frenkel pairs obtained by molecular
dynamics with the DYMOKA and the MOLDY codes using
different potentials. Results obtained in the BCA with the
Marlowe code and a ZBL potential are shown as well. They
were fitted to MOLDY results for a 50 keV cascade energy by
means of a recombination radius of 3.5 lattice units.

shown in Fig. 1. The slope in the MD and BCA
energy dependence tend to the same value (close
to unity) at high energy, where the ballistic charac-
ter of collision cascades is expected to dominate.
The change in slope for low energy MD cascades
relates to the way the cascades develop and thus
to the subsequent spatial distribution of the final
remaining point defects. The spatial extent of the
defect distributions in displacement cascades, char-
acterized by their associated ellipsoid volumes and
elongations, is quite broad. These properties were
already discussed in [21] for a-Fe. Here, we shall
limit ourselves to show the cascade energy depen-
dence on the mean of the distribution of the anisot-
ropy factor, a/y-1, as defined in [21], shown in
Fig. 2. MOLDY, DYMOKA and BCA results agree

12+ —4A— Vacancies MOLDY
—A— [nterstitials MOLDY
—o— Vacancies BCA

o0

107 i —m— |nterstitials BCA
—O— Vacancies DYMOKA
A 8 —e— Interstitials DYMOKA
a
i N
> 6 b
<
3 \D‘D‘Diﬂ\
V a

Energy (keV)

Fig. 2. Anisotropy factor as a function of the cascade energy as
obtained for vacancy and interstitial distributions in MOLDY,
DYMOKA and MARLOWE cascades.
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rather well except for the vacancy distributions
obtained in the BCA, that are systematically more
anisotropic than predicted by MD. This is no sur-
prise, since vacancies are distributed in the cascade
core which, in MD, is affected by a thermal spike
at the end of the ballistic phase during which the
core/matrix interface is minimized, lowering in this
way its excess energy. As far as interstitial distribu-
tions are concerned, the anisotropy appears to have
a minimum in the 10 keV range. This suggests the
occurrence of two regimes. At low energy, cascades
have progressively decreasing 2D character. This
2D character was already shown in [22] for cascade
energies up to a few keV. In the intermediate energy
region, cascades appear to be fully 3D. However,
when the cascade energy is increased above a mini-
mum anisotropy value, their development tends to
follow a track determined by either the PKA direc-
tion or the directions of a few particularly energetic
secondary recoils. Therefore, a 1D character of the
cascades appears, which becomes increasingly
pronounced with increasing cascade energy. Subcas-
cades may form along such tracks, forming spatially
correlated small displacement clusters.

The overall morphology of cascades is one of
their characteristics. Another, which is anticipated
to have an important impact on the long-term evo-
lution of cascades, is the distribution of point defect
clusters resulting from their development. Cluster-
ing considerably affects defect mobility and hence
the kinetics of their further growth and removal at
sinks. A result that has already been pointed out
in [11,23] is that, at least with the potential used in
MOLDY, the fraction of point defects in clusters
is not much dependent on the cascade energy above
about 5 keV in a-Fe. This is shown in Fig. 3, where
the two sets of MD and the BCA cascade results are
compared. Although DYMOKA cascades are not
available on a large enough energy range to be con-
clusive on this point, they are in reasonable quanti-
tative agreement with the MOLDY set and the
invariance of the fraction in clusters is confirmed,
after analysis with the procedure described above.
However, our comparisons between different poten-
tials [13] show that by no means do all potentials
predict the same invariance. This invariance is
found also in the BCA, but the fraction of intersti-
tials in clusters is largely underestimated (by one
order of magnitude), while the fraction of vacancies
in clusters is overestimated (by a factor 2.5). The
physical origin of this difference was already dis-
cussed in [21]. Because of their high mobility, this

BCA
70 OO e O O o
o 607 /W‘/‘\ MOLDY
= -— .
Q
@ 50+ *—~ ¢ DYMOKA
2 N
*
€ 40 4
% % o DYMOKA ) MOLDY
€ 30 8 Oy o
S ®— % |l in clusters
= —®— "/
g 20
<O % V in clusters
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Energy (keV)

Fig. 3. Percentage of vacancies and interstitials in clusters in
cascades obtained by MD with the DYMOKA and MOLDY
codes, and by the MARLOWE code in the BCA.

difference in the interstitial clustered fraction may
be particularly important in the long-term evolution
of BCA and MD cascades. This question is
addressed in the next section. Cluster size distribu-
tions are seen to differ from one model to another;
even the two sets of MD results give different
results. On the other hand, this is not surprising,
as it has been shown that different potentials do
predict different defect clustered fractions [13].

Fig. 4 compares the short distance part of the
integrated SIA-SIA pair correlation functions
obtained for 20 keV cascades from the two MD sets.
BCA results are also shown. As observed earlier [4],
the BCA underestimates the number of interstitials
having short distance separation. This phenomenon
was termed ‘aggregation’ in order to differentiate it
from the first, second or third neighbor distance

0.67 Interstitial-Interstitial

0.4+

lg ()

0.2
20 keV

ST e BCA (1000 cascades)
- MOLDY (10 cascades)
—— DYMOKA (5 cascades)
0.0 === T T T 1
0 10 20 30 40

r (Lattice units)

Fig. 4. Integrated interstitial-interstitial radial pair correlation
functions obtained for 20 keV cascades generated with the two
MD codes and the BCA.
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clustering discussed above. This result was initially
obtained when comparing BCA with DYMOKA,
and is confirmed here for MOLDY as well. Intersti-
tials that are closer together at the end of the cas-
cade may have a larger probability of clustering
over longer times, so this difference in the radial pair
correlation functions should ultimately lead to
different clustering behavior.

5. Long-term evolution

Damage accumulation up to 0.1 dpa was studied
using the parameter sets described in Section 2 for
damage rates of 107¢ and 10~*dpa/s. The micro-
structural evolution predicted for damage rates
differing by two orders of magnitude is found to
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BCA 100 keV PKA
a
£
S BCA 20 keV PKA
18
2 1.6x10 MOLDY 5 keV PKA
(2]
=
8 MOLDY 20 keV PKA
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£ 8x10 ‘/ >/
= n< BCA 5 keV PKA
i .>§)( MOLDY 100 keV PKA
1 2 3 4 5
a Size of SIA clusters
2x101°
— MOLDY 5 keV PKA
5 / MOLDY 20 keV PKA
>
i 19 / MOLDY 100 keV PKA
e 1x10 T
3 BCA 5 keV PKA
g
£ + <. —— BCA20keVPKA
2 b BCA 100 keV PKA
0 T
1 11 21 31 41
b Size of vacancy clusters

Fig. 5. Cluster number density as a function of cluster size
obtained by OKMC with parameter set I. (a) Interstitial clusters
and (b) vacancy clusters. Results are given for MOLDY cascades
at 100 keV (thick dashed black line), 20 keV (thin dashed black)
and 5 keV (thick dashed grey), as well as with MARLOWE BCA
cascades at 100 keV (thick solid line), 20 keV (thin solid line) and
5keV (thick solid grey).

be rather similar. The results obtained with a dam-
age rate of 107%dpa/s and with different mobility
parameters are shown for comparison in Figs. 5-7.
They represent the number density distributions of
interstitial and vacancy clusters obtained with the
three sets of parameters given in Table 1. In these
figures the cluster size is the number of SIA or
vacancies. For clarity of the figures, only one set
of MD results, those obtained with MOLDY are
shown in Figs. 5 and 7. A comparison with DYM-
OKA is shown only in Fig. 6, but the results with
50 keV and 100 keV cascades as input are not
shown. As can be seen in the latter figure, differences
exist between the three sets of cascades, but they are
smaller than those due to the choice of the parame-
ter set, as discussed in what follows. Let us recall
that in Fig. 5 (set I of Table 1), all STA clusters
are highly mobile in 1D. In Fig. 6, all SIA clusters
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Fig. 6. Same as Fig. 5 with parameter set II. Results are given for
20 keV cascades generated with MOLDY and the Finnis—Sinclair
potential (dashed black line), with DYMOKA and the Ludwig—
Farkas potential (dashed grey line) and with MARLOWE in the
BCA with the ZBL potential (solid black).
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Fig. 7. Same as Fig. 5, but with parameter set III.

are mobile but only the largest ones exhibit the high
1D mobility (set II of Table 1), and in Fig. 7 the
largest SIA clusters (larger than 5) are immobile
and the smaller ones migrate in 3D as slowly as in
Fig. 6 (set III of Table 1).

The results for point defect clusters with these
sets of OKMC parameters display two important
features:

1. The cluster size distributions obtained by MD
and in the BCA are generally similar, with
number densities that do not differ by more
than about 50% at 0.1 dpa;

ii. Cluster number densities are one to two orders
of magnitude higher when large clusters are
treated as immobile than when they are trea-
ted as mobile (this can be seen by comparing
the number densities in Fig. 7 with those in
Figs. 5 and 6).

The first feature suggests that for the conditions
simulated in the OKMC, the internal structure of
the cascades and their spatial extent have only a lim-
ited influence on the point defect cluster distribu-
tions. The difference found in [4] between BCA

and MD for vacancy clusters was larger. For the
MD cascades in that study, the density of small
vacancy clusters was predicted to be a factor of 2
higher than with BCA and they were still predicted
to be a factor of 2 higher than when the initial
vacancy positions were chosen at random within
similar volumes. However, only single-vacancies
and single-SIAs were treated as mobile in those
OKMC simulations. By comparing the results in
Figs. 5 and 7 to Fig. 6, BCA and MD results differ
most when the SIA cluster mobility is the highest or
the smallest. Hence, the influence of the internal
structure on long-term evolution depends on how
the mobility is modeled in the OKMC.

The second feature demonstrates the significance
of the mobility of large clusters. The comparison
between Figs. 5-7 indicates that the difference in
cluster distributions induced by considering big
clusters as mobile or not changes the frequencies
by more than one order of magnitude. In contrast,
using different initial MD or BCA defect configura-
tions induces differences of no more than about 50%
in the long-term evolution, with all the mobility
models considered. Thus, in this respect, the results
do not appear to be highly sensitive to the displace-
ment cascade structure and are mainly determined
by the setting of the OKMC model parameters. This
conclusion is not general however. It must be
recalled that when only single-defects are mobile,
the differences in cluster frequencies in the long term
differ by almost a factor of three when initial cas-
cades had different internal structures (obtained by
MD or in the BCA).

6. Conclusion

The effect of using databases of displacement
cascades obtained with different potentials, codes and
approaches in the radiation damage source term
has been studied by object kinetic Monte Carlo.
Parameter sets reflecting different assumptions
about defect cluster mobility have been employed
in order to address the question of which parame-
ters have the greatest influence on defect cluster evo-
lution in the long term. The answer turns out to be
complex. The size evolution of vacancy clusters
depends on the initial population and spatial distri-
bution of vacancies, but also of interstitials, and
vice-versa. The problem is therefore non-linear
and its solution depends on the different parameters
governing the evolution kinetics in a non-intuitive
way.
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What is shown in the present work is the exis-
tence of an interplay between the parameters con-
trolling the cluster mobility and the structure of
the defect sources that are the displacement cas-
cades. In the range investigated, defect mobility
parameters are found to affect the order of magni-
tude of cluster populations. The cascade structure
is found to be important in the long term only when
the mobility of clusters is inhibited or when it is
enhanced above a certain limit. While it clearly
appears that the cascade structure may affect the
long-term evolution, the structural features that
are important for this evolution are not yet identi-
fied and this is also an open question which we hope
to answer in a next step beyond the present work.
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