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Monte Carlo code TREKIS is applied to trace kinetics of excitation of the electron subsystem of ZnO and
MgO after an impact of a swift heavy ion (SHI). The event-by-event simulations describe excitation of the
electron subsystems by a penetrating SHI, spatial spreading of generated electrons and secondary elec-
tron cascades. Application of the complex dielectric function (CDF) formalism for calculation of the cross
sections of charged particle interaction with a solid target allows to consider collective response of the
target to perturbation, which arises from the spatial and temporal correlations in the target electrons
ensemble. The method of CDF reconstruction from the experimental optical data is applied. Electron
inelastic mean free paths calculated within the CDF formalism are in very good agreement with NIST
database. SHI energy losses agree well with those from SRIM and CasP codes. The radial distributions
of valence holes, core holes and delocalized electrons as well as their energy densities in SHI tracks are
calculated. The analysis of these distributions is presented.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

A swift heavy ion (SHI, M > 10 mp, E > 1 MeV/a.m.u.) penetrating
in a solid loses the main part of its energy (>95%) on excitation of
the electronic subsystem [1–3]. Further relaxation of the excess
energy of the electron subsystem may cause significant structure
transformations in nanometric proximity of the SHI trajectory,
which makes SHIs as a possible tool for nanostructuring of materi-
als. High level of the energy deposition into the electron subsystem
of a target along an SHI track (5–30 keV/nm) as well as extremely
small spatial and temporal scales leads to unusual kinetic path-
ways of a material excitation [4]. A complete picture of these path-
ways is yet unknown, but the possible effects including ballistic
spreading of electrons, nonequilibrium electronic and atomic
kinetics, ultrafast electron-lattice coupling resulting in energy
and momentum exchange, are studied in this work.

In this paper Monte-Carlo (MC) code TREKIS [5] is applied to
describe excitation of the electronic subsystem of MgO and ZnO
irradiated with Bi 700 MeV ion. ZnO and MgO are extremely resis-
tant to radiation damage induced by fusion fragments and fast ions
decelerated in the electronic stopping regime. This makes these
materials perspective for nuclear and space technologies (e.g.
MgO was proposed for inert matrixes of the composite nuclear fuel
[6]). Understanding of the nature of this resistance is important for
the both: (a) development of new radiation-resistant materials,
and (b) development of adequate models of the kinetics of excita-
tion and relaxation of dielectrics originated from extreme excita-
tion of their electronic subsystems in the vicinity of the SHI
trajectories as well as in spots of femtosecond laser pulses.

The complex dielectric function (CDF) formalism [7–9] is
applied to obtain the cross sections of interaction of charged parti-
cles with matter. This formalism takes automatically into account
effects of collective response of the electronic and ionic subsystems
of materials to excitation caused by a penetrating particle. The cal-
culated cross sections of SHI and electrons scatterings are then
incorporated into the Monte Carlo model, which simulates ioniza-
tion of a target by an incident ion, electron cascades, and Auger
decays of holes in deep atomic shells.

We calculated the temporal dependencies of the radial distribu-
tions of electrons and holes densities and their energy densities
around the trajectory of a Bi ion (700 MeV) in MgO and ZnO.
These distributions can be used as initial condition for models
describing electron-lattice energy exchange and subsequent
f swift
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Table 1
The coefficients of the CDF fitted in the form of oscillator functions, Eq. (2), which
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possible structure transformations in the vicinity of the SHI trajec-
tories in these materials [10–12].
provide a good agreement with the experimental optical data for MgO [32,33]: the
total f-sum rule gives 20.14 (only 0.7% deviation from the total number of electrons
Zeff = 20).

Name E0i Ai ci f-Sum
(number of electrons)

Phonon peak 0.09 0.0029 0.0035

Valence band 40 370 60 8.0528 (8)
5 �0.7 3
23.5 5 1
11.7 0.8 0.5
6.9 �0.5 1
15 13 3
20.3 17 2
22.2 64 2
25 60 3
30 65 15
89 510 145

L-shell of Mg 72 35 12 8.0613 (8)
94 80 40

K-shell of O 538 212 400 2.0103 (2)

K-shell of Mg 1300 205 1100 2.0135 (2)

Total 20.14 (20)

Table 2
The coefficients of the CDF fitted in the form of oscillator functions, Eq. (2), which
provide a good agreement with the experimental optical data for ZnO [33–35]: the
total f-sum rule gives 38.11 (only 0.29% deviation from the total number of electrons
Zeff = 38).

Name E0i Ai ci f-Sum (number of
electrons)

Phonon peak 0.073 0.0007 0.003

Valence band with a part of
M-shell

9 1.5 2 23.955 (24)
20 75 4
23 46 4
26 30 4
32 70 12
42 64 15
60 1100 112

M1-shell of Zn 185 137 150 2.066 (2)

K-shell of O 400 260 300 2.056 (2)

L-shell of Zn 1000 655 815 7.968 (8)

K-shell of Zn 8000 200 7400 2.065 (2)

Total 38.11 (38)
2. Model

2.1. Complex dielectric function formalism

The cross section of interaction of a charged projectile with a
system of spatially and dynamically correlated scattering centers
can be obtained within the first Born approximation as a product
of the cross section of scattering on an individual charged center
and the ‘‘charge–charge’’ dynamic structure factor [8] of the sys-
tem. According to the fluctuation–dissipation theorem, this
dynamic structure factor of a solid can be expressed in terms of
the inverse imaginary part of CDF, e(x,q) (the loss function)
[7,9,13], resulting in the following form of the double differential
cross section:

d2r
dxdq

¼ 2ðZeeÞ2

p�h2t2

1
q

Im
�1

eðx; qÞ

� �
ð1Þ

here, r is the cross section of a particle scattering (the double differ-
ential one over the transferred energy ⁄x and momentum ⁄q, ⁄ is
the Plank constant); Ze is the equilibrium charge of a particle pene-
trating through the electronic system as a function of the particle
velocity (for an incident electron Ze = 1, for an SHI the dependence
of Ze on the ion velocity is calculated with the Barkas formula
[14,15]); e is the electron charge; t is the velocity of the incident
particle.

Richie and Howie [7] proposed an algorithm allowing to obtain
the loss function using experimental data on photoabsorption. The
method is based on fitting of the CDF reconstructed from experi-
mental data with a set of the Drude-type CDF for artificial
oscillators:

Im
�1

eðx; q ¼ 0Þ

� �
¼
X

i

Aici�hx

ð�h2x2 � E2
0iÞ

2
þ ðci�hxÞ2

ð2Þ

here, E0i is the characteristic energy of an oscillator i, Ai is the frac-
tion of electrons with energy E0i, and ci is the i-th energy damping
coefficient, the summation is running through all the oscillators.
The procedure of finding these coefficients is described in Refs.
[7,9].

The quality of the obtained fitting functions can be checked by
fulfilling the sum-rules [8–10]. When ⁄xmax ?1, according to the
ps-sum-rule (limiting form of the Kramers–Kronig integral), the

value Peff ¼ 2=p
Rxmax

0 Im½eðx; q ¼ 0Þ�1�dx=x must tend to 1, and
the f-sum-rule, which is the oscillator strength that describes the
total number Z of electrons per atom, states that the value

Zeff ¼ 2=ðpX2
pÞ
Rxmax

0 Im½eðx; q ¼ 0Þ�1�xdx must approach the total
number of electrons per molecule of a target. Here,

X2
p ¼ ð4pnme2=meÞ

1=2 is the plasma frequency, nm is the density of
molecules of a solid under consideration, me is the free electron
mass. The obtained coefficients for MgO and ZnO for scattering
on optical phonons, valence band and on the deep shells as well
as the fulfillment of the sum rules is presented in Tables 1 and 2.

The above described formalism allows us to calculate the partial
cross-sections of an electron scattering by collision with the
valence band and deeper shell electrons (inelastic processes) as
well as on optical phonons of a solid (elastic scattering) i.e. the
CDF formalism automatically takes into account the collective
response of a target, e.g. plasmons and optical part of lattice collec-
tive modes [16,17].

In present approach we neglect the collisions between an SHI
and target atoms due to low probabilities of such processes.
Please cite this article in press as: R.A. Voronkov et al., Monte-Carlo modeling
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2.2. Monte Carlo model

The calculated cross sections are then introduced into the MC
code TREKIS [5] which has been already successfully applied for
describing electron kinetics in an SHI track in various solids (LiF,
Y2O3, SiO2, Al2O3, Si, Ge, Al [15,18,19]). Asymptotic trajectory
Monte Carlo method using the Poisson distribution for the
free-flight distance [20,21] and the mean free path of a projectile
scattering is applied to simulate propagation of a charged particle
(an SHI and electrons) and its interactions with the electron sub-
system. During penetration of an SHI or an electron through a solid,
the target electrons are considered as uniformly distributed parti-
cles occupying either the atomic energy levels [22] or the states in
the valence band according to the density of states (DOS) of the
materials [23]. In the framework of the independent particle
model, it is assumed that excitation of an electron does not affect
the others during the collision. Taking into account large velocities
of projectiles, we assume these electrons as point-like particles at
of excitation of the electron subsystem of ZnO and MgO in tracks of swift
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Fig. 2. The calculated energy losses of Bi ion in ZnO (a) and in MgO (b) as functions
of the ion energy, compared to the SRIM and CasP data [28,29].
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fixed positions during their energy and momentum exchange with
an SHI. The energy transfer DEe to electrons is calculated from the
differential cross section, Eq. (1).

The holes in deep atomic shells are relaxing quickly via Auger
decays with characteristic times taken from Ref. [24], and all are
eventually popping up into the valence band. The decay times of
holes are sampled with the Poisson distribution. The shells, partic-
ipating in the Auger decay, are chosen randomly. The emission of
the Auger electron is assumed to be uniform into the solid angle.
All these electron and hole cascades are simulated event by event.
In the present work we neglect valence holes propagation out of
the ion trajectory. Thus, no effects of ambipolar diffusion or other
kinds of interaction between electrons and holes are included.

TREKIS simulates penetration of an SHI which incidents perpen-
dicularly to the surface of a layer of �10–100 nm thickness with
periodic boundary conditions (cylinder geometry). An ion performs
initial ionization of a target creating the first generation of free
electrons. Due to the heavy mass of a projectile (Mion�me) and
its negligible scattering on target atoms for energies considered
here, the SHI trajectory is assumed to be a straight line.

Finally, the MC procedure is iterated for 103 times to get a trust-
worthy statistics. That gives the temporal dependencies of the
radial distributions of electrons and holes in different atomic shells
and their energy densities in an SHI track. The calculations were
performed up to 1000 fs after the ion impact. These distributions
can be used as input parameters (initial conditions and/or source
terms) in further modeling of the lattice heating, material modifi-
cations and phase transitions caused by an SHI passage
[10,11,25,26].
3. Results and discussion

Fig. 1 presents the calculated mean free path of electrons com-
pared to the data from the National Institute of Standards and
Technology (NIST) database [27,28]. A very good agreement of pre-
sented data with NIST predicative formulae (Fig. 1a) and data from
other authors (Fig. 1b) confirms the validity of the calculated cross
sections of electron inelastic scattering in these solids.

Calculated ion energy loss of Bi in MgO and ZnO compared to
results of SRIM and CasP codes [29,30] are shown in Fig. 2. An
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Fig. 1. The calculated electron inelastic mean free paths in solid ZnO (a) and in MgO
(b) targets, compared with the predictive formulae [28] and the data from the other
authors available in NIST database.
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overall good agreement between TREKIS and SRIM results confirms
an applicability of the obtained fitting coefficients for the
loss-function for modeling of SHIs impacts. Only a slight disagree-
ment occurs for these results at low ion energies, which is expect-
edly caused by limits of validity of the model assumptions.

On the other hand, the energy losses in the region of the Bragg
peak calculated by TREKIS and SRIM for MgO and ZnO differ about
1.2–1.5 times from those calculated within CasP code. This indi-
cates the necessity of experimental verification of the losses for
these oxides.

Fig. 3 presents the temporal dependencies of the radial distribu-
tions of generated free electrons and their energy densities. The
figure demonstrates ballistic propagation of the front outwards
from the track center. This front is formed by spreading through
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Fig. 3. The calculated electron radial energy distributions in ZnO (a) and MgO (b)
around the trajectory of Bi (700 MeV) ion at different times after the ion passage.
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an unexcited medium of fast primary d-electrons produced directly
by the SHI. The peak in the spatial energy distribution following
after the front of primary electrons is a result of a generation of a
large amount of secondary electrons with the energy around the
plasmon frequency. Emergence of the diffusive behavior of the sec-
ondary electrons is indicated by smearing out of this peak occur-
ring at times of a few tens of femtoseconds.

Fig. 4a demonstrates that electron-lattice coupling lasts up to
�200 fs when the greatest part (>96%) of the appearing excess lat-
tice energy have been already transferred by electrons. Taking into
account the characteristic times of phonons oscillations (�100 fs)
this means that electron–phonon coupling model can be applied
only on the latest stage of electron-lattice energy and momentum
exchange in an ion track (see also [4,26,31]).

Fig. 4b shows the temporal dependence of the total number of
generated electrons in an SHI track in MgO after passage of Bi
700 MeV ion. One can see that the greatest part of generated elec-
trons (about 99%) around Bi track has been already produced at
times�50 fs. It’s interesting to mention that the fractions of energy
deposited into MgO by penetrating Bi ion are the same for elec-
trons and atoms at 50 fs (Fig. 4a). Thus, by the end of ionization
cascades, a large amount of energy is already transferred to the
atomic system of this material.

4. Conclusions

This paper presents MC code TREKIS applied to simulations of
the kinetics of the electron ensemble in Bi ion (700 MeV) tracks
in MgO and ZnO. The applied cross sections, the mean free paths
of electrons as well as the ion inelastic energy loses were calcu-
lated using complex dielectric function formalism. The calculated
data demonstrate a very good agreement with NIST database and
SRIM and CasP codes.

The radial distributions of the concentrations and energy densi-
ties of electrons at different times after the SHI passage are calcu-
lated. These distributions can serve as initial conditions for models
describing electron-lattice energy and momentum exchange in SHI
tracks in MgO and ZnO.

Time dependent calculations show ballistic propagation of front
of excitation in the electron subsystem. Also they show the peak
Please cite this article in press as: R.A. Voronkov et al., Monte-Carlo modeling
heavy ions, Nucl. Instr. Meth. B (2015), http://dx.doi.org/10.1016/j.nimb.2015.
following after this front which is a result of a generation of large
amount of secondary electrons with the energy around the plas-
mon frequency. Smearing out of this peak at times above 10 fs indi-
cates the beginning of diffusive behavior of propagation of the
excitation.

The transient total number of emitted electrons and fractions of
the energy deposited by an SHI are presented. These dependences
demonstrate the characteristic timescales of processes in an SHI
track.
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