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a b s t r a c t

Effects of applications of two different models of atomic ionizations in MC simulations describing excita-
tion of the electronic subsystem of an insulator in tracks of swift heavy ions decelerated in the electronic
stopping regime are investigated. The first mechanism is based on binary collisions of a fast projectile
with atomic electrons considered as independent. The second one assumes redistribution of the energy
transferred to an atom from an ion between the atomic electrons before autoionization of the excited
atom. It is demonstrated that an appreciable difference occurs only in the kinetics of the most energetic
electrons appeared during the ionization. This difference affects only a small fraction of the excess elec-
tronic energy in the far periphery of a track.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The largest part of the energy loss of swift heavy ions (SHI) with
energies higher than 1 MeV/amu and masses more than 20 proton
mass is realized due to excitations of the electronic subsystem of a
target. The electronic stopping Se (3–10 keV/nm) constitutes more
than 95% of the energy loss of such an ion. Conversion of even a lit-
tle part of the excess electronic energy into excitations of the target
lattice can stimulate structure and phase transformations in the
nanometer vicinities of the SHI trajectories [1].

Recently, the original Monte-Carlo (MC) model simulating the
initial electronic kinetic in SHI tracks was successfully applied to
a quantitative description of X-ray spectroscopy experiments
investigating luminescence from the ionized track cores in SiO2

[2–4]. This MC model was based on the Asymptotic Trajectory
Monte-Carlo (ATMC) method. The binary collisions approximation
(BCA) was applied in [2–4] to describe ionization events as results
of binary interactions of a projectile as well as of generated fast
electrons with atomic electrons. No interactions and/or correla-
tions between atomic electrons were assumed during ionization
of a target atom.
All rights reserved.

: +7 499 196 16 12.
Such interactions were taken into account in models describing
multiple atomic ionizations resulting from binary collisions of slow
charged particles with atoms, e.g. the statistical energy deposition
model (the SED-model) [5–7]. Later the SED was expanded [8] for
calculations of multiple ionization cross sections of atoms and mol-
ecules by fast ions [9–11] as well as for calculations of the spectra
of electrons appearing in SHI tracks in water [12,13].

It was demonstrated recently [14] that interactions between
target electrons during ionizations result only in about of 2%
changes in the predicted values of the electronic energy loss Se of
a SHI. However, different models of atomic ionizations predict dif-
ferent spectra of generated fast electrons that may result at least in
differences of the spatial distributions of the deposited excess en-
ergy affecting the structure transformations in ion tracks.

In this paper we use Monte-Carlo simulations (see [2–4] for de-
tails) in order to compare the effects of the electronic spectra pre-
dicted by the BCA and the SED models of ionization of target atoms
by a swift heavy ion on the subsequent kinetics of the electronic
subsystem of a wide band gap dielectric (silica) in a SHI track.
2. Monte-Carlo simulations

For the both models of atomic ionization we used the ATMC
model where swift heavy projectiles are considered as point-like
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particles moving with a constant velocity Vp along the classical tra-
jectories. ATMC is the reasonable assumption for ions with ener-
gies higher than 1 MeV/amu. The trajectories of SHIs are
assumed as straight lines because the elastic energy losses (Sn)
resulting from elastic collisions of such projectiles with target
atoms are negligible in comparison to Se (Sn� Se). The last assump-
tion does not make critical limitations because curvatures of the
trajectories can be easily incorporated into the MC model. Detailed
description of the physical and numerical background of this MC
model can be found in [2–4].

This kind of semi-classical Monte Carlo method is a standard tool
of modeling particle transport in solids (see e.g. books [15–18], pa-
pers [19–24] and references therein). It assumes that a particle is
interacting with a media via a sequence of binary encounters. In
Refs. [19,22–24] limits of applicability of such methods were ex-
tended by some improvements of the cross-sections of particle scat-
tering which include collective effects (such as plasmon or phonon
excitation). Another significant improvement of the classical binary
collision theory was made in Refs. [25,26] by including a suitable
effective potential. These advanced methods are a subject for a fu-
ture work and are not included in the present paper where the stan-
dard semi-classical MC method is utilized [2–4,15–18,20,21].

Atomic energy levels are used for description of the initial state
of the target electrons instead of the band structure of material.
The band structure affects the dynamics of the slowest electrons
and influences only negligible to high energy electrons which, as
it will be demonstrated below, are resulting in the effects discussed
in the paper.

To compare the SED and the BCA models of atomic ionizations,
solid silica (SiO2) was chosen as the target. It has a density of
q = 2.32 g/cm2 corresponding to the atomic concentration of
n = 6.9 � 1022 cm�3. The target is considered as a homogeneous
atom arrangement with fixed positions of atoms because the char-
acteristic times of ionization and initial relaxation of electronic
excitations in SHI tracks (10�14 s) are much smaller than the atom-
ic oscillation time (�10�13 s).

Calcium ions (Ca, Mion = 40mp, Zion = 20) with the energy
11.4 MeV/amu similar to the energies provided by the UNILAC lin-
ear accelerator (GSI, Darmstadt) were chosen as a projectiles in our
simulations. The Barkas formula [27] gives the equilibrium charge
Zp = 18.74 of such an ion in silica.

The simulations were performed for a target layer of 10 nm
thicknesses. The periodical boundary conditions along the z-axis
coinciding with the projectile trajectory were applied.
3. Description of the BCA and the SED models of atomic
ionizations by a SHI

3.1. Binary collisions approximation of atomic ionizations by a SHI

The BCA model assumes independent instant ionizations when
atomic electrons have no time for mutual interactions which could
result in redistribution of the energy they got from a SHI. This model
assumes that the energies transferred to atomic electrons due to their
Coulomb interactions with a projectile are determined by the instant
positions of these electrons in a target atom taking into account the
randomly chosen impact parameters of a projectile to the atomic nu-
clei. These positions of electrons are extracted from the relevant elec-
tronic wave functions [3]. The emission angles of electrons are
unambiguously determined by the transferred energies.
3.2. Multi-ionization approximations of atomic ionizations by a SHI

The SED-model assumes multiple ionization of an atom by a
charged particle as a two-stage process [7]. At the first stage, a part
of the kinetic energy of an ion is transferred to a target atom result-
ing in excitation of the atomic electronic shells. At the second
stage, after the collision, the energy deposited into the atom is sta-
tistically redistributed among all atomic electrons resulting finally
in auto-ionizations of the excited atom that gives the number and
the spectra of appeared free electrons. It is assumed that these
auto-ionizations are too slow comparing to the time of an ion-atom
collision that allows their description as relaxations of an isolated
atom.

The extension of the SED model to swift ions [8] is based on the
idea to equate the energy deposited into an atom with the elec-
tronic energy loss of a projectile, while the elastic energy losses
are neglected. The dependence of the energy transferred by a swift
ion to a target atom T(b) on the impact parameter b forms the
external input parameter of the SED-model.

The SED model assumes that the probability of n-electron ioni-
zation of an atom at the given transferred energy T(b) is propor-
tional to the number of final states which can be occupied by n
free electrons [7]:

PnðTÞ ¼
CN

n ðgÞ
nSnðEkin=I1ÞPN

i¼1CN
i ðgÞ

iSiðEkin=I1Þ
ð1Þ

Here, CN
i is the binomial coefficient, N is the total number of

electrons in the atom. The function SnðxÞ ¼ 2ððn�1Þ=2Þpðn=2Þxð3n�2Þ=2=

ð3n� 2Þ!! (with [ = EKin/I1) represents the density of final states
with n electrons in the continuum. The double factorial (3n�2)!!
is defined as (3n�2)!! = (3n�2)(3n�4)(3n�6). . . ending with 2
for even n and with 1 for odd n. EKin is the total kinetic energy of
the ejected n electrons

Ekin ¼ TðbÞ �
Xn

i¼1

Ii ð2Þ

and Ii is the i-th ionization potential of the target atom. The fitting
parameter, g, corresponds to the averaged matrix element of the
ionization of i-electrons. In our calculations we took the parameter
g equal to 0.001 [10–12], providing the closest coincidence of the
electron spectra got from the SED model with the BCA predictions.

The probability density function Fn(E) for a free electron to have
the kinetic energy in the interval (E, E + dE) when n electrons with
the total kinetic energy Ekin are emitted from an atom [7,12]:

FnðEÞ ¼
Sn�1ðEkin � EÞ � S1ðEÞ

SnðEkinÞ
ð3Þ

In the numerical algorithm the energy of the first electron (E1)
emitted from an atom is determined according to Eq. (3). For the
next emitted electron the conditional probability distribution is
used with the total available energy (Ekin�E1):

FnðE=E1Þ ¼
Sn�2ðEkin � E1 � EÞ � S1ðEÞ

SnðEkin � E1Þ
: ð4Þ

This procedure is repeated for n�1 electrons and the kinetic en-
ergy of the last electron is En = Ekin�E1�. . .�En�1 providing the en-
ergy conservation [13].

Eqs. (1–4) give the spectra of free electrons generated due to
target ionizations. Unfortunately, the SED model cannot trace from
which atomic shell an electron was excited, thus, cannot predict
the distributions of holes at different shells of an ionized atom.

No preferred directions for ejection of electrons can be selected
within the SED-model. In [12] three different models of the angular
distributions of emitted electrons were proposed: (1) the isotropic
emission; (2) the angular emission corresponding to binary colli-
sions of the ion with free electrons; (3) the uniform angular distri-
bution of emitted electrons in the cone with the angle of 120�. Ref.
[12] demonstrated that the difference between these initial angu-
lar distributions does not affect the electronic kinetics already at a
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distance larger than 1 nm from the ion trajectory. In this paper we
choose the uniform momentum distribution of the emitted elec-
trons in the cone of 120�.

We used two models in order to calculate the energy T(b) trans-
ferred by a SHI to a target atom which is the input parameter for
the SED-model:

(1) The Unitary Convolution Approximation model (UCA) by
Schiwietz et al. (CasP 4.0-code) [28,29] which gives the depen-
dence of the energy transferred to an atom on the impact
parameter.

(2) The Local Density Approximation model (LDA) proposed by
Lindhard and Scharff [30], which describes the electronic energy
loss of SHI as those for an ion moving in a gas of free electrons. This
model is well applicable when the parameter Zp/v (v is the ion
velocity) measured in the atomic units is much smaller than unity
[11]. But it was also successfully applied for projectiles having Zp/v
of the order of unity as well [10]. For Ca ion with the energy
11.4 MeV/amu and the charge Zp = 18.74 this ratio is equal to 0.87.

In the LDA model, when a projectile moves along a straight line
trajectory, the energy transferred into the electronic subsystem of
an atom is determined by:

TðbÞ ¼
4pZ2

pe4

mev2

Z þ1

�1
dzqðrÞL½qðrÞ;v �; ð5Þ

where q(r) is the electronic density in the target atom which can be
taken e.g. from the CasP-code [28,29] (isolated atoms); the z-axis is
chosen along the projectile trajectory (r = {b, z}). L[q(r), v] is the
stopping power, which in the case of the electron gas can be
approximated by [31]:

L½qðrÞ; v� ¼ CðvÞ v
vFðrÞ

� �3

; v 6 vF ; L½qðrÞ;v �

¼ ln
2v2

xpðrÞ

� �
� 3

5
v

vFðrÞ

� �2

;v P vF : ð6Þ

In Eq. (5) vF(r) = (3p2q(r))1/3 (h/2pm) is the Fermi velocity, h is
the Plank constant; xpðrÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pe2qðrÞ=m

p
is the plasma fre-

quency; and CðvÞ ¼ 1
2ð1�v2=3Þ2

½lnð1þ2v2=3
v2 Þ � 1�v2=3

1þ2v2=3� with v = e2/

4pvF(r).
Fig. 1 demonstrates the dependencies of the energy transferred

to the atomic electronic system T(b) on the impact parameter b cal-
culated in the framework of LDA and CasP models for collisions of a
Ca ion (11.4 MeV/amu) with oxygen O (a) and silicon Si (b) atoms.

The transferred energy required for ionization of an atom must
be higher than the first ionization potential I1. Therefore, taking
into account that T(b) is the monotonic function (see Fig. 1) the
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Fig. 1. The dependence of the energy T(b) transferred to the atomic electrons on the
impact parameter b in collisions of a calcium ion (11.4 MeV/amu) with oxygen O
and silicon Si atoms.
maximum impact parameter bmax which is necessary for ionization
of an atom is determined by the condition:

TðbmaxÞ ¼ I1: ð7Þ

We assume that the occasional realizations of the values of the
impact parameter b are uniformly distributed within the circle area
restricted by the radius bmax determined by Eq. (7). In this case the
realized value of b can be linked in the MC algorithm with the ran-
dom value c1 uniformly distributed in the interval (0,1] [18]:

b ¼ bmax
ffiffiffiffiffi
c1

p
ð8Þ

For the random spatial distribution of scattering centers
(atoms), the realized free path of a projectile can be expressed
through the random value c2 uniformly distributed in the interval
(0,1] [2,4]:

l ¼ � < l > ln c2 ð9Þ

where hli is a mean free path of a SHI scattered at these centers. The
value of the mean free path hliwas adjusted in order to fit the linear
energy loss of a fast projectile to the SRIM data (Se = dE/
dx = 2.67 keV/nm for 11 MeV/amu Ca ion in silica) [32].
4. Monte-Carlo simulations of free electron transport

In order to investigate how the difference in the initial elec-
tronic spectra reveals in the electronic transport and the ioniza-
tions produced by generated free electrons, we apply the same
ATMC algorithm as in Refs. [2–4]. The free paths of an electron re-
lated to different scattering channels are described by equations
similar to Eq. (9) with the mean free paths defined by the cross-
sections of ionizations or elastic electron scattering on atoms re-
lated to these channels.

In contrast to a SHI, elastic collisions of free electrons with tar-
get atoms are included in the scattering model because they
change significantly the directions of motion of electrons resulting
in diffusive rather than ballistic behavior of spatial propagation of
the excess energy of the electronic ensemble in a SHI track. The
Mott’s cross-section was used to calculate the electronic mean free
paths for elastic scattering of electrons [4,17,19]. This cross-section
depends on the energy of an electron and on the atomic number of
a colliding atom.

Only single ionizations produced by fast electrons are taken into
account because multiple ionizations of an atom have negligible
probabilities for an electron impact [3]. The Gryzinski’s ionization
cross-section was used to describe inelastic collisions between free
and atomic electrons (see [2–4,17,19] and references therein). This
inelastic cross-section depends only on the energy of a traced elec-
tron and the ionization potential of a bound electron to be ionized.
Inelastic processes are taken into account only when the energy of
a traced electron exceeds the ionization potential of a bound elec-
tron. The shell, which an electron is being ionized from, is chosen
randomly according to the relative cross-sections of ionization of
different shells of an atom [3]. The energy transferred in the traced
electron–electron collision determines the scattering angle. The
polar angle was stochastically chosen from the interval [0, 2p).
Spreading and collisions of the subsequent generations of free elec-
trons are described in the same manner.

Averaging over the statistics accumulated during the code iter-
ations gives the spatial and temporal distributions of the densities
of free electrons and holes at different atomic shells (the last is
only for the BCA model of ionization of target atoms by a projectile)
as well as the energy distributions of these electronic excitations in
the nanometric vicinity of the projectile trajectory.
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5. Results and discussions

The electronic energy loss Se of an ion is used as the input
parameter in the discussed ionization models. Therefore, first of
all, in order to compare the results of MC simulations, the elec-
tronic energy losses Se of Ca ion were fitted [2–4] to the SRIM-
2008 code [32] value (Se = dE/dx = 2.67 keV/nm) for the SED (with
the both inputs from CasP 4.0 and from LDA) as well as for the
BCA ionization models.
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Fig. 3. The radial distributions of (a) the density and (b) the energy density of free
electrons predicted by different models of atomic ionization of a track of Ca ion
(11 MeV/amu) in SiO2 at 1 fs and 10 fs after the projectile passage.
5.1. The energy spectrum of primary electrons

Fig. 2 presents the energy distributions of primary free electrons
appeared due to ionizations of target atoms by a projectile and
contained at distances up to bmax from the ion trajectory. This fig-
ure demonstrates that for both realizations (CasP and LDA) of the
SED model, the obtained spectra of fast electrons differ signifi-
cantly from those predicted by the BCA model for the high energy
region. This occurs despite of the fitting of the parameter g of the
SED model to the value providing the best coincidence of the SED
electronic spectra with those calculated in the framework of the
BCA model. The high energy ‘‘tails’’ of these spectra do not
coincide.

The SED model gives systematically a lower number of the
energetic electrons (Ee > 10 keV) than that obtained from the BCA
model because in the SED model the probability of ionization of
a larger number of electrons increases with an increase of the en-
ergy transferred to an atom. This results in a distribution of the en-
ergy deposited by a SHI to an atom among the larger number of
ionized electrons, which, in turn, decreases their individual ener-
gies and leads to a lack of high energy electrons. In the BCA model,
the energy transferred by a SHI to an atomic electron is restricted
only by the mass ratio (me/Mi), and electrons can obtain the energy
up to the maximum value Ee

max = 24 keV allowed by the head-on
collisions with an 11.4 MeV/amu ion. Note, that in case of a choice
of the parameter g = 1 (see Section 3.2) the SED spectra would de-
crease even faster, compared to BCA, giving dramatic difference for
the number of high energy electrons.

For the different realizations of the SED model (CasP and LDA
inputs), the spectra of ejected electrons differ considerably again
in the high energy region. The CasP mechanism predicts the wider
distribution of the transferred energy T(b) on the impact parameter
than the LDA approach (see Fig. 1). The larger impact parameters
result in the smaller energies of the ejected electrons that appears
in the sharper decrease of the energy dependence of the electronic
spectra predicted by the SED-CasP model in the high energy region.
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Fig. 2. The energy distributions of primary electrons predicted by the different
models of atomic ionization of silica by a swift (11.4 MeV/amu) Ca ion: the BCA
model and the SED-model with transferred energy calculated in the framework of
LDA (SED + LDA) and Casp 4.0 (SED + CasP) models.
Summarizing, the difference between the models of atomic ion-
ization by a SHI appears mostly in the high energy part of the spec-
trum of primary ionized free electrons generated in tracks.
5.2. Spatial propagation of electronic excitations

Fig. 3 demonstrates that the averaged over 104 statistical runs
radial distributions of the density and the energy density of free
electrons calculated in the framework of different ionization mod-
els in the 100 Å vicinity of the projectile trajectory are practically
the same at 1 as well as at 10 fs after the ion passage. This region
contains more than 99% of the excess energy of the electronic sub-
system at these times.

However, a significant difference between the model predic-
tions occurs at long distances from the track axis, where the
parameters of these distributions are mostly formed by the faster
electrons. As discussed above, the SED models give the smaller
number of primary ionized high energy electrons than the BCA
model. This results in the wider radial distributions of the densities
of free electrons as well as the energy density they accumulated
predicted by the BCA model.

In spite of the fact that only about 1% of the excess energy of the
electronic ensemble is contained at the track periphery, this differ-
ence might be important for some effects governed by fast elec-
trons, e.g. the incubation fluence effect providing the initial
changes of the optical properties of alkali-halides irradiated with
SHIs (e.g. bleaching) [33,34] due to impurity neutralization by fast
electrons at large distances from the ion trajectories. The spectra of
electrons emitted from the surface of irradiated target [35] pre-
dicted by different models of atomic ionizations in SHI tracks
should also be different. These effects give a chance for experimen-
tal verifications of the discussed ionization models.
6. Conclusions

In this paper we compared results of applications of the inde-
pendent particle binary collisions approximation (BCA) and the
statistical energy deposition (SED-LDA, SED-CasP) models describ-
ing atomic ionizations by swift heavy ions decelerated in a dielec-
tric (silica) in the electronic stopping regime.

On example of silica (SiO2) it was demonstrated that the spectra
of primary ionized electrons predicted by different models differ
considerably only in the high-energy region. The SED-model gives
a smaller number of fast primary electrons in comparison to the
BCA model. Though, these fast electrons accumulate less than 1%
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of the energy deposited by a swift heavy ion into the electronic
subsystem of a target and are contained at the track periphery
(>10 nm from the ion trajectory), the observed differences may
be important for effects governed by the fastest electrons, as e.g.
modification of the irradiated wide band gap insulators at the ini-
tial fluencies (incubation fluence effect), or experimentally detect-
able spectra of electrons emitted from the surface of an irradiated
target.
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