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Abstract - The paper presents a multiscale modeling of defect formation and latent track generation
processes under irradiation of neodymium-doped yttrium-aluminum garnet ceramics with xenon swift
heavy ions. The structural characteristics of the material before and after interaction with Xe ions are
calculated, and the sizes of the amorphized region of the crystalline matrix are estimated. The theoretical
X-ray diffraction pattern is calculated and compared with the experimental one. Good qualitative and
quantitative agreement between the calculation results and the experiment is demonstrated, and an
interpretation of the X-ray diffraction data is proposed based on the results of molecular dynamics
modeling.

INTRODUCTION

Ceramic materials based on mineral-like compounds are promising matrices for the
immobilization of radioactive waste [1]. An important characteristic of such materials is
their resistance to the irradiation with neutrons, alpha-particles and fission fragments. One
of the methods for simulating the effects of fission fragments on a material is its
irradiation with swift heavy ions (SHI). It is also important to develop methods for study
of structural and phase changes in irradiated samples. One of the most universal and well-
studied non-destructive methods for studying the crystal structure of solids is X-ray
diffraction analysis (XRD). This method is often used to analyze the phase composition,
degree of crystallinity, strain, and radiation resistance in mineral-like ceramic matrices
[2-6]. Significant disadvantages of the method are its non-locality and indirectness: a
large volume of the sample contributes to the diffraction, and the diffraction data require
interpretation within the framework of certain models. Some possibilities of depth-
profiling the crystalline properties of the material are provided by the X-ray diffraction
analysis in the grazing incidence geometry, however, the problem of constructing a
correct model remains. At the same time, Monte Carlo (MC) [7, 8] and molecular
dynamics (MD) [9] methods are widely used to model changes in the crystal structure at
the atomic level during interaction with projectile particles. Yet, there is a problem of
verifying the results of modeling by experiment. In this paper, an approach is proposed to
study the processes of defect formation in yttrium-aluminum garnet ceramics under xenon
SHI irradiation, based on a combination of MC and MD modeling, calculation of
theoretical XRD patterns and their comparison with experimentally measured ones. Such
a combination of modeling and experiment simultaneously solves the problem of
interpreting XRD data and experimental verification of the proposed models.

EXPERIMENT AND MODELING

The objects of study were Y2.5sNdo.sAlsO12 ceramics, the details of their synthesis and
sintering are described in [10]. A detailed experimental characterization of these
structures was carried out in [11]. Diffraction patterns of the samples were obtained both
in the Bragg-Brentano geometry and at grazing incidence. In the virgin samples, the main
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phase of Y2 5Ndo.sAlsO12 (YAG) and the impurity phase of YAIO3 (YAP) were discovered.
After irradiation, a phase of strained YAG with an increased lattice parameter is observed
(Fig. 1), the diffraction peaks of this phase are shifted relative to the one of the original
phases. In this case, the strain value depends on the irradiation fluence. For a more correct
analysis and interpretation of experimental data, a multiscale modeling of the interaction
process of the SHI with target atoms was carried out in this work.

In the simulation, the atomic structure of a YAG single crystal was set as a target,
since the characteristics of the ceramic matrix mostly depend on the behavior of this
dominant phase. The energy transfer from the SHI to the YAG electron subsystem was
calculated using the TREKIS-3 code [12-14], which implements the MC method.
TREKIS includes a number of models describing the electron slowdown of the projectile,
allows one to analyze the evolution of the electron subsystem and the subsequent energy
transfer to the atomic lattice. As input parameters in TREKIS, the total simulation time
was 150 fs, the thickness of the analyzed layer was chosen to be 15 nm, the data were
averaged over 1000 iterations of the Monte Carlo calculation, and the final temperature
was chosen to be room temperature. The TREKIS calculation is performed in terms of
the CDF (complex dielectric function) formalism. The CDF for YAG was calculated by
the developers of the TREKIS code and made publicly available; a detailed description
of the CDF calculation method is given in [15,16]. The SHI type was 160 MeV Xe.
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Fig. 1. Fragments of 0-20 XRD patterns for YAG samples before and after irradiation with different
fluences of SHI.

After modeling in TREKIS, the obtained energy distribution for matrix atoms was
imported into LAMMPS [17] as the initial conditions. Then, the MD calculation of the
evolution of the atomic system was launched. Y3AlsO12 supercell with size of 27x27x10
nm® and periodic boundary conditions (it means when an atom passes through one side
of the unit cell, it re-appears on the opposite side) was set for the calculations in
LAMMPS. The classical three-point potential of interatomic interaction was used, which
was calculated for YAG in [18], the initial parameter of the unit cell was 12.55 A.
Visualization of the MD modeling results was performed using the OVITO package [19].
To compare and verify the results of modeling by an XRD experiment, theoretical
diffraction patterns were calculated for the obtained supercell using the Debyer code [20],
which uses the Debye scattering formula [21].

RESULTS AND DISCUSSION

As a result of modeling of Xe SHI interaction with a YAG target in TREKIS-3, the
distribution of energy transferred to YAG atoms was obtained (Fig. 2). Starting from the
modeling time of ~120 fs, the energy changes insignificantly. So it was chosen as an
energy distribution that was used as the initial conditions in the subsequent MD modeling.
Already at this stage of modeling, the characteristic lateral size of the track can be
estimated ~10 nm.
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Fig. 2. Visualization of the evolution of the temperature distribution calculated in TREKIS for a YAG
simulation cell after 160 MeV Xe impact.

Simulation of relaxation of a heated by Xe SHI YAG supercell with the MD method
in LAMMPS allowed visualization of the ion track formation at the atomic level.
Complete relaxation of the structure to room temperature occurred within a few
nanoseconds. From the simulation results (Fig. 3(a)), one can determine the final track
size in the lateral direction of ~8 nm. The amorphized core of the track and the strained
region of the crystal around the amorphous core are visible. The tint scale in Fig. 3 (a)
shows the displacements value of YAG atoms from their initial (before interaction with
SHI) positions. It can be seen that the displacement field is non-uniform: there are both
regions with a strong displacements and almost unchanged ones.
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Fig. 3. a. — Atomic displacements distribution in the MD-calculated cell. b. — Calculated end experimental
XRD patterns for YAG virgin supercell and supercell after 160 MeV Xe SHI impact.

The diffraction patterns calculated in Debyer for the initial cell before the interaction
with the SHI and the cell after the impact are shown in Fig. 3 (b). For the supercell with
a track, just as in the experiment, the diffraction peaks of the initial and strained YAG
phases are visible. The conditions for impact of one SHI on an area of 15 x 15 nm
quantitatively correspond to the experimental fluence of ~ 1-10'?> ¢cm™. Comparing the
calculation results with the XRD experiment, we can conclude that the theoretical and
experimental diffraction patterns are in good agreement both qualitatively and
quantitatively. The constant shift between experimental and calculated diffraction peaks
is explained by feature of the chosen interatomic potential. The fraction of the strained
phase was estimated from the ratio of peak intensities. In the calculated cell this fraction
was 70% of the total cell volume. Estimations for the experimental XRD pattern for
fluence of 10'? cm gave 60% of the strained phase. The lattice strain value of the garnet
phase as a result of modeling was 0.8%, while in the experiment for a fluence of 10'? cm’
% it was 0.6%. A small quantitative discrepancy between the estimates based on modeling
and experiment can be explained by a possible overlap of tracks in the experiment, as
well as the presence of neodymium impurity, which were not taken into account. Thus,
the qualitative and quantitative correspondence between the XRD patterns obtained
experimentally and on the basis of multiscale MC&MD modeling confirms the
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correctness of the proposed approach. Analysis of the atomic displacement fields after
track formation explains the experimental results obtained in [11] and confirms the
correctness of the assumptions made about the structure of the YAG near-surface layers
after exposure to SHI.

CONCLUSION

The paper demonstrates an approach to studying defect formation processes in YAG
ceramics exposed to Xe SHI, based on a combination of MC and MD modeling,
calculation of theoretical XRD patterns and their comparison with those measured
experimentally. On the one hand, this approach allows one to verify the modeling results,
and on the other hand, it offers an interpretation of the XRD experiment results.
Qualitative and quantitative agreement was obtained between the modeling and
experimental results for YAG ceramics irradiated with Xe SHI. Analysis of the modeled
structural changes confirmed the validity of the assumptions made earlier in [11] about
the structure of YAG near-surface layers after exposure to SHI. Verification of the
proposed research methodology allows it to be used for study of more complex matrices,
as well as for predicting the results of radiation tests.
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