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In-situ spectroscopy is applied to analyze the spatial distribution of point defects (F -color centers) formed
in the nanometric vicinities of the trajectories of different swift heavy ions (from C to U) decelerated in LiF
crystals in the electronic stopping regime. The formation of these defects results from the decay of self-trapped
excitons appearing due to self-trapping and further relaxation of valence holes generated during beam induced
ionization processes. A Monte Carlo model is applied to estimate the initial radial distribution of valence holes
in the ion tracks by the time the ionization cascades are finished. It is demonstrated that there exists a large
difference between this and the radial distribution of point defects detected in the experiments. This difference
is described by fast and long-range diffusion of valence holes before their self-trapping. The effect illustrates
the fundamental importance of the relaxation kinetics of the valence band on structure transformations in tracks.
The average diffusion coefficient of holes Dh and their conversion efficiencies into color centers β in relaxing
tracks of different ions in LiF are estimated (Dh = 0.016–1.4 cm2/s, β = 0.01–0.04).
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I. INTRODUCTION

Swift heavy ions (SHI, M � 10 mp, where mp is the proton
mass) of the specific energy above about 1 MeV per nucleon
(MeV/amu) deposit more than 90% of their kinetic energy
into the electron subsystem of a solid. Depending on the
projectile mass and energy, as well as on the target density,
the electronic energy loss of such ions can reach up to several
tens of kilo-electron-volts per nanometer along the ion path.
Transfer of even a small part of the excess electronic energy
into the lattice of a target can result in nanometric structure
and phase transformations along the ion trajectory. The energy
loss related to elastic scattering of such ions on target atoms is
too low to induce the observed changes.1,2

The first step of SHI induced excitation of the electron
subsystem of a solid results in the appearance of primary
fast electrons (so-called δ electrons). Spatial spreading of
these δ electrons and their collisions with valence and tightly
bound electrons produce ionization cascades in the nanometric
vicinity of the ion trajectory. The largest part of ionization
cascades finishes by the time of ∼10 fs3–5 after the projectile
passage. During this time, the initial radial distribution of
valence holes, electronic vacancies in deep atomic shells,
fast electrons in the conduction band, and other electronic
excitations (e.g., excitons) are formed within an SHI track
(in the following, we assume that the term “track” denotes a
nanometric region of considerable material excitation along
the ion trajectory).

The relaxation kinetics of the excess energy of the con-
duction band is usually taken into account in models of
material excitation in tracks. For example, the two-temperature
“thermal spike” model of lattice heating in SHI tracks6–12 relies
on a competition between the rate of decrease of the density
of the electron energy in the conducting band due to spatial
propagation of hot electrons (i.e., cooling down due to thermal

conduction) and the transfer rate of a part of this energy into
the lattice due to a difference between the lattice and electron
temperatures.

The larger part of the excess energy of the electron subsys-
tem in SHI tracks in insulators and wide band gap semiconduc-
tors is accumulated in electronic excitations originated from
the valence band. Presently, there is a lack of models taking
into account effects of the relaxation kinetics of the valence
band on material excitations and structure transformations in
relaxing SHI tracks. This paper provides a clear demonstration
of the importance of these effects by presenting data and model
calculations on the spatial redistribution of the excess energy of
the valence band and the influence of this process on structural
transformations in an SHI track.

We selected alkali-halides, in particular lithium fluoride
crystals, as a model system for such a demonstration. Indeed,
(i) these materials have the widest band gaps (14.6 eV in
LiF) providing with an empty conduction band before an SHI
irradiation. Any excitations of the electronic subsystem of
alkali-halides (transient conduction band electrons, valence
holes, excitons, etc.) in SHI tracks are originated from the
valence band or deep atomic shell ionizations. (ii) In order
to keep the electroneutrality of ionic crystals, point defects in
alkali-halides have to trap charge carriers (electrons or holes)
forming discrete energy levels for these carriers inside the
band gap. This transforms point defects into color centers
because transitions between these levels result in photon
emissions. Detection of this emission by optical spectroscopy
provides quantitative information about the concentration
of point defects (color centers) and defect clusters,13–15

i.e., information about structural changes in alkali halides.
(iii) The relaxation of valence band based excitations can cause
lattice damage in alkali halides. Indeed, in LiF, the potential
energies of these excitations, e.g., of electron-hole pairs
(>14.6 eV), excitons (13.6 eV), and self-trapped excitons
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(4.8 eV), are larger than the energy of creation of a stable
Frenkel pair of anion point defects comprised of an electron
F−color center (an electron captured by an anion vacancy) and
a hole H−color center (negative charged halogen molecule
centered in an anion position).

The formation of self-trapped excitons provides the neces-
sary localization of the excess electronic energy near an anion
in alkali halides. Subsequent decay of such an exciton can stim-
ulate formation of a pair of anion F - and H - color centers.16,17

The emergence of a self-trapped exciton starts usually from
the self-trapping of a valence hole (see also below).

(iv) The high mobility of valence holes in alkali-halides
(e.g., their diffusion coefficient can reach the values of Dh =
20 cm2/s in NaCl18,19) can result in large ranges of holes
(10–100 nm) before their self-trapping within a picosecond
time scale.18,19

With respect to SHI tracks, these mean that due to the
fast spatial redistribution of valence holes before their self-
trapping, the initial radial distribution of valence holes formed
in a track within the time of the ionization cascades (∼10 fs,
radial extension ∼100 nm4,5) cannot coincide with the spatial
distribution of color centers appeared in tracks due to decay
of self-trapped holes in the later stage. There is a chance to
reveal this difference in experiments when the range of valence
holes before their self-trapping is larger than the characteristic
dimension of the initial distribution of holes in a track. The in-
formation about this difference will give us the ability to make
quantitative conclusions about the kinetics of valence holes in
a nanometric SHI track before their self-trapping, i.e., at the
femto-pico-second timescales after the projectile passage.

Indeed, we detect in LiF crystals a large difference between
the spatial distribution of color centers, measured in the in-situ
spectroscopy experiments14,15,20 in tracks of different ions (C,
Ti, Au, U, Pb), and the initial radial distribution of valence
holes calculated with the well tested Monte Carlo code. It
is demonstrated that this difference occurs due to diffusion
of valence holes before their self-trapping. An analysis of
this difference allows us to estimate the key parameters
governing the valence holes kinetics in tracks at the picosecond
time scale: (a) the average diffusion coefficients of holes
(Dh = 0.016–1.4 cm2/s) and (b) the conversion efficiency of
valence holes into stable color centers (β = 0.01 – 0.04).

II. EXPERIMENT

Thin LiF platelets (10 × 10 mm2) cleaved along one of
(100) planes from a single crystal block grown from the melt in
an inert atmosphere (Korth Kristalle, Germany) were used for
irradiations (see Refs. 14 and 15 for details). The thicknesses
of samples were between 0.2 and 0.5 mm. According to Kα

x-ray emission spectra, the crystal contained about 20 ppm
(∼1018 cm−3) Mg and several ppm of Na and Cl trace elements.

The samples were exposed at room temperature to various
ions (238U, 208Pb, 197Au, 50Ti, and 12C) with the energies
between 4 and 11 MeV/amu at the UNILAC linear accelerator
of GSI. Irradiations with 2187 MeV Au ions and subsequent
measurements without any heating of the samples were also
performed at 8 K.14,20

The projectiles were slowing down in the electronic
stopping regime, whereas elastic collisions of the ions with
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FIG. 1. The difference between the absorption spectra of a LiF
crystal irradiated with 2187 MeV Au ion at 300 K and a virgin LiF
crystal. The peaks of F - and F2-color centers (two associated F

centers) are presented.

target atoms were important only at the very end of the ion
paths (less than 1 μm) and gave only a negligible fraction of
the ion induced damage. The projected ranges of all these ions
in LiF were smaller than the sample thickness.21

The irradiations were performed under normal beam inci-
dence with fluences (�) ranging from 109 to 1012 ions/cm2.
To avoid beam-induced heating of the samples, the ion flux
was limited to 109 ions cm−2 s−1 for light ions (C) and to
about 2 × 108 ions cm−2 s−1 for heavy ions. The ion flux was
monitored with a secondary electron detector consisting of
three 1-μm thick Al foils mounted in front of the sample and
calibrated via the ion current in a Faraday cup (the inaccuracy
�20%).15

The numbers of created F -centers in the irradiated LiF
crystals were determined from the absorption spectra using a
double beam Unicam UV4 spectrometer operating in the spec-
tral range of 190–700 nm. The used samples are transparent for
photons in this wavelength scale. F centers are characterized
in LiF at room temperature by their absorption maximum
at λF = 250 nm (see Fig. 1). The Smakula-Dexter formula
nF = k × DnF links the concentration nF of F -centers per
cm2 and the detected optical density DnF k = 9.48 × 1015 and
6.08 × 1015 are the values for the room temperature and 8-K
irradiations, respectively.14,15,20

The typical fluence dependence of the number of F -color
centers nF (�) per unit area detected in the irradiated samples
is presented in Fig. 2. This dependence can be well fitted with
the function

nF (�) = nst
F [1 − exp (−�/�d )]. (1)

The fitting (1) assumes the following: (a) the initial linear
dependence nF (�) ≈ nst

F (�/�d ) of the concentration of color
centers occurs at low fluences � � �d due to additive
accumulation of defects generated in different tracks. The
number �NF of F centers produced in a single track can
be estimated from the slope of the initial linear part of the
dependence nF (�) [see Eq. (1)]:

�NF = dnF /d� ≈ nst
F

/
�d, (2)

(b) The relaxation of defects (annihilation/aggregation) in
the overlapping sections of neighboring tracks stimulates the
deviation of nF (�) from the linear dependence at � � �d .
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FIG. 2. (Color online) Fitting of the experimental dependence
of the detected number of F -centers per unit surface area (nF) on
the fluence (�) for LiF crystals irradiated at room temperature with
1100 MeV U by Eq. (1). See explanation of the parameters nst

F and
�d in the paper text.

The concentration of F centers saturates [nF (�) ≈ nst
F ] when

the track areas completely cover the sample surface at high
fluences (� � �d ).

The fitting (1) assumes that all color centers created in a
track are in the cylinder r � Rd = (π �d )−1/2, which allows
to estimate their average concentration there as

〈CF 〉 = �NF

(
πR2

dL
)−1 = nst

F

/
L, (3)

where L is the ion range. The value 〈CF 〉 can be treated
as the threshold concentration necessary for stimulation of
the intensive kinetics of F centers at the applied irradiation
conditions and the parameters characterizing the transiently
excited material in an SHI track.

Table I demonstrates an order of magnitude difference
between the numbers of color centers �NF produced in tracks
of heavy and of light ions resulting from the large difference
between the energies deposited by these ions into the electronic
subsystem of the target. However, it is not a large difference
in the values of the parameters Rd and 〈CF 〉 characterizing the

radial distribution of color centers (“defect halo”) in tracks
of light and heavy ions. The average concentration 〈CF 〉
demonstrates the smallest variations. The color center kinetics
depends very sharply on the achieved defect concentrations
and on the realized values of the parameters characterizing
transient material excitation in a track. The fitting model (1)
assumes 〈CF 〉 as the threshold concentration for the initiation
of intensive defect kinetics. It seems that the small differences
between 〈CF 〉 indicate the similarity of parameters of the
transiently excited material inside the cylinders r < Rd for
different ions.

III. MODEL

A two-step model is applied to describe the formation of
the initial radial distribution of valence holes in a track during
the time of their self-trapping (∼1 ps). At the initial times,
which last before finishing of ionization cascades (∼10 fs
after the projectile passage4), the Monte Carlo (MC) model of
event-by-event simulations describes the excitation kinetics of
the electron subsystem of a target due to inelastic scattering
of a projectile as well as propagation, and elastic and inelastic
scattering of fast electrons generated during ionizations of a
target. The first version3,4 of this MC model has been already
successfully applied to the quantitative description of the
x-ray spectroscopy experiments investigating emission from
the highly ionized SHI track cores in SiO2. References 3 and
4 contain the theoretical basis as well as the details of this MC
model and the numerical method used.

At first, the MC code simulates the ionizations of target
atoms by a projectile resulting in the creation of the first
generation of free electrons (δ electrons). Unlike Refs. 4
and 5, where the spatial distribution of target electrons was
assumed according to their Bohr orbitals, the distribution of
the positions of atomic electrons during a collision of an SHI
with an atom is described in the new MC version by the relevant
electron wave functions extracted from Ref. 22. Taking into
account the large velocities of projectiles, the atomic electrons
are assumed to be at the fixed positions during their energy
and momentum exchange with an SHI (instant collisions).
The momenta transferred to these electrons are calculated
taking into account the impact parameters of the SHI relative to

TABLE I. The values of the parameters characterizing swift heavy projectiles, the spatial distribution of F centers, the conversion efficiencies
of valence holes into stable Frenkel pairs, and the diffusion of valence holes before their self-trapping in tracks of different ions. Se and L

denote, respectively, the electronic energy loss and the range of an ion according to the SRIM-2008 code,21 Rd is the effective radius of the
defect halo, �NF is the number of F−centers produced in a track, 〈CF 〉 is the average concentration of F centers in the defect halo, β is the
portion of the initial valence holes transforming finally into stable F centers, and Dh is the averaged diffusion coefficient of valence holes in a
track before their self-trapping.

Ion E, MeV Se, keV/nm L, μm Rd, nm �NF , 104 〈CF 〉, 1018 cm−3 β Dh, cm2s−1

C 58 0.6 63 9.1 6.8 4.1 0.04 0.034
C 133 0.3 246 5 4.6 2.4 0.013 0.016
Ti 555 3.4 117 10.9 9.3 2.16 0.01 0.14
Au (8 K) 2187 22.9 97.4 45.2 115 1.8 0.02 1.4
Au 2187 22.9 97.4 25.0 73 4.1 0.01 0.45
Pb 1600 25.3 67 22.8 62 5.7 0.01 0.44
Pb 2300 23.8 97 21.0 60 4.5 0.01 0.38
U 1100 32.6 45 19.3 34 6.4 0.008 0.48
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the atomic nucleus.3–5 Mutual interaction of atomic electrons
during ionization of an atom by a projectile is not included in
the presented version of the MC model, because this interaction
affects only weakly the spectra of escaped electrons.23

Then, the MC code simulates the spatial propagation of
the generated fast electrons and their elastic and inelastic
scatterings on atoms resulting in the production of new free
electrons and holes in different atomic shells. We stop tracing
a free electron when its kinetic energy falls below the cut-off
energy of Emin

e = 3Egap ≈ 40 eV measured from the bottom
of the conduction band. This energy corresponds to the experi-
mentally detected energy of an incident electron necessary for
the production of a stable pair of a conduction band electron
and a valence hole in LiF.16,24 The next generations of electrons
are modeled in the same manner and the electron cascades are
simulated event by event. The number of MC iterations was
104–105 depending on the achieved level of the initial excita-
tion of the electronic subsystem in a track. Finally, the averag-
ing over the obtained ensembles gives the radial distribution of
holes in different atomic shells as well as the radial distribution
of slow electrons with the energies lower than Emin

e .
We do not take into account the creation of free excitons in

the MC model because the experiments demonstrate that a fast
electron decelerating in an alkali-halide crystal loses much less
energy in creation of stable free excitons than in creation of
stable electron-hole pairs: 5–10% versus 90–95% of the total
energy losses of an electron, respectively.16,25

It should be noted that the main effects of electric fields
appearing due to track ionizations on spatial redistribution
of electrons are taken into account in the applied MC model.
Indeed, charge screening is assumed in the used cross-sections
describing scattering of electrons. This screening significantly
reduces the effects of the fields.26,27 Moreover, for fast elec-
trons (with energies above several hundreds of electron volt),
the effects of fields generated in a track can be neglected. The
attracting field from the highly ionized track core (the region
in the nearest vicinity of the ion trajectory) decelerates low-
energy electrons flying apart. This attraction would decrease
the region of electron spreading and, therefore, the region of
creation of valence holes. Therefore accounting for effects of
electric fields from the track core can only increase (slightly
due to the screening) the difference between the calculated
initial spatial distribution of valence holes and detected radial
distribution of color centers in a track. This even strengthens
the assumption about considerable spatial redistribution of
valence holes before their self-trapping (see below).

The high mobility of valence holes18,19 can result in their
long-range spatial redistribution28 during the times ranging
from the stopping of ionization cascades to the time of hole
self-trapping (0.5–1 ps, see Refs. 18 and 19). In the present
paper, this spatial redistribution is modeled by the cylindrically
symmetric diffusion equation

∂Ch

∂t
= Dh

1

r

∂

∂r

(
r
∂Ch

∂r

)
. (4)

Here, Ch is the concentration of holes and Dh is their diffusion
coefficient. Taking into account the large difference between
the time of finishing of ionization cascades (∼10 fs) and the
time of self-trapping of valence holes (∼1 ps) we assume the

distribution of valence holes obtained from the MC simulations
as the initial condition for the diffusion problem (4).

Concentrating on a demonstration of a possibility of a large
spatial redistribution of holes before their self-trapping and
in order to simplify the diffusion problem (4), we use in
this paper the constant values Dh averaged temporally and
spatially. These values of Dh are extracted for different ions by
a fitting based on the comparison of the calculated initial radial
distribution of valence holes by the time ionization cascades
are finished with the radial distribution of F centers detected
in experiments. Of course, the average value of the diffusion
coefficient Dh depends on the irradiation conditions (e.g., the
irradiation temperature). It also depends on the values of the
parameters characterizing the transient state of the excited
material in a track (e.g., the transient electronic and lattice
temperatures). Thus the values of Dh are different in tracks
of different ions. We assume also that all possible effects of
generated electric fields on diffusion of holes are taken into
account by this average value Dh, so the coefficient Dh can be
treated as the mean ambipolar-diffusion coefficient.

Moreover, the fitted value Dh considers also a possible
effect of diffusion of free excitons because the motion of exci-
tons and their self-trapping are controlled by the slow motion
of their massive hole component (mh = 3.5 me).16 This allows
taking into account the effect of free excitons in the diffusion
model (4) as a little decrease of the averaged diffusion coeffi-
cient of valence holes. It is not necessary to calculate this little
correction because Dh is the fitting parameter of the model.

The general solution of Eq. (4) with the initial radial
distribution of valence holes Ch(r,0) = Ch

0 (r) is given by the
formula 29

Ch(r,t) = 1

2Dht
exp

(
− r2

4Dht

)

×
∫ ∞

0
ξdξCh

0 (ξ ) exp

(
− ξ 2

4Dht

)
I0

(
rξ

2Dht

)
, (5)

where I0(x) is the modified Bessel function of the first kind. By
the time the self-trapping of valence holes occurs, the solution
of Eq. (5) gives, taking into account the conversion efficiency
of holes into defects (see Sec. IV A), the parameters of the ini-
tial radial distribution of color centers formed due to the decay
of self-trapping holes/excitons. It is demonstrated in Sec. IV
C that thermally activated diffusion of color centers as well as
diffusion of self-trapped holes changes negligibly this initial
distribution of defects before the spectroscopy measurements.

IV. RESULTS AND DISCUSSION

A. Efficiency and the basic mechanism of conversion of valence
holes into color centers in SHI tracks

The temporally and spatially averaged conversion effi-
ciency β of a valence hole into a stable Frenkel pair of color
centers can be estimated by a comparison of the number �NF

of F centers produced in a single track [see Eq. (2)] with the
calculated total number of valence holes generated there (see
Fig. 3). Depending on the parameters of the excited material in
a track, the values of β range from 0.008 to 0.04 for different
ions (see Table I) and agree reasonably well with β ≈ 0.05
measured for LiF in the synchrotron irradiation experiments.16
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FIG. 3. (Color online) The calculated initial number of valence
holes contained in the cylinder of the thickness of 10 nm and the
radius r centered at the track axis by the time the ionization cascades
are finished (10 fs after the projectile passage).

The inaccuracy of the obtained values β is determined mainly
by the inaccuracy of the fluence/flux measurements in the
irradiation experiments (∼20%).

These low conversion efficiencies (β � 1) demonstrate
that only a small part of the initial valence holes is finally
converted into stable color centers during relaxation of the
excess energy of the electron-hole pairs in SHI tracks in alkali
halides. The larger portion of the excess energy contained
in electron-hole pairs relaxes without formation of Frenkel
pairs in these materials. Radiative decay is the most efficient
channel of such relaxation when no point defects are formed.
Also, the high transient concentration of electron-hole pairs
in the nearest vicinity of the projectile trajectory (r < 1 nm)
provides a characteristic time of the Auger-like processes
(three-particles recombination) comparable or shorter to that
of the radiative decay of these pairs.4

The creation of a Frenkel pair of color centers in alkali-
halides during the relaxation of an electron-hole pair needs a
prior localization of the excess electronic energy in the close
vicinity of a halogen atom. The most effective mechanism of
such spatial localization is realized by means of formation of a
self-trapped anion exciton (STE)30 whose energy level in LiF
is located within the gap at 4.8 eV from the top of the anion
valence band.

The formation of a self-trapped anion exciton can be
realized via two channels. The first one starts from the
formation of a free exciton (13.6 eV from the top of the
anion valence band in LiF) followed by the formation of a
self-trapped exciton. The second channel originates from the
initial formation of a self-trapped anion hole and its subsequent
relaxation with a conduction band electron resulting in the
formation of a self-trapped exciton.

A fast electron decelerating in an alkali-halide crystal
loses a little part of its energy on the creation of stable
free excitons.16,25 Therefore the initial concentration of free
excitons in a track is negligible in comparison to the concen-
tration of valence holes by the time the ionization cascades
are finished. Moreover, the time of a free exciton creation

stimulated by relaxation of a primary created electron-hole pair
should be larger than the self-trapping time of a valence hole.
Indeed, according to the Einstein formula,31 the characteristic
time of spontaneous decays of a quantum system is inversely
proportional to the third power of the energy released in these
processes (∼E−3). When the excess energy of an electron-hole
pair in LiF is relaxing, the minimal energy released during
the creation of a self-trapped hole (3.8 eV in LiF) is four
times larger than the energy released when a free exciton is
formed (14.6–13.6 eV = 1 eV in LiF). The low energy cost
results in the weak intensity of free exciton formations during
spontaneous decay of an electron-hole pair. Taking these
arguments into account, one can conclude that the probabilities
of free exciton creation are low for both, collision events (the
small cross section) and spontaneous decays (the energy cost).

B. Effect of spatial spreading of fast electrons on the formation
of the initial radial distribution of valence holes

Figure 4 presents the calculated initial radial distribution
of the concentration C0

h(r) of holes created in the 10-nm
thickness layer with the axis coinciding with the SHI trajectory
(Pb 2300 MeV) by the time the ionization cascades are finished
(∼10 fs after the projectile passage4). This radial dependence
consists of two segments. The weak initial radial dependence
of the valence hole concentration C0

h(r) ∼ 1/r1.3 is observed
in the central track region r < Rc = 2–3 nm. Approximately
30% of the valence holes are created in this region (see Fig. 3)
resulting in their extremely high initial volume density there.
The particular value of the radius Rc depends on the threshold
energy Emin

e (see above). The used value Emin
e = 3Eg ≈ 40 eV

results in Rc = 2–3 nm for different ions. This radius increases
to up to Rc ≈ 10 nm when Emin

e = 10 eV, similarly to Ref. 26.
The initial concentration of valence holes decreases as

C0
h(r) ∼ 1/r1.9 at distances Rc < r < Rs from the projectile

trajectory (the values of Rs range from 200 to 500 nm for
different ions). This dependence is very close to, but does
not coincide with the inverse square dependence (∼1/r2).
The importance of this difference for an application of the

FIG. 4. (Color online) The initial radial distribution of holes by
the time all ionization cascades are finished (10 fs) in the vicinity of
the trajectory of Pb-ion (E = 2300 MeV) in a LiF crystal.
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diffusion model of spatial redistribution of holes before their
self-trapping will be discussed below.

A partitioning of the initial radial distribution of the excess
energy deposited into the electronic subsystem in SHI tracks
was also noticed by the authors of Refs. 26–28,32. It was
shown in Refs. 26 and 28 that, similar to our results, the radial
distribution of the excess energy of the electronic subsystem
deviates considerably from the r−2 dependence at short dis-
tances (r< Rc≈10 nm if Emin

e = 10 eV). In Ref. 28, the spatial
distribution of the excess energy of the electronic subsystem is
modeled by the constant value in this region. The mechanisms
of formation of this dependence were not discussed there.
The radial distribution of the excess energy of the electron
subsystem in SHI tracks similar to 1/r2 was confirmed in a
number of experiments on irradiations of gaseous targets.33,34

It should be noted that a little deviation of the radial distribution
of the deposited energy from the r−2 dependence at distances
r > Rc was also noted in Refs. 27 and 28.

Valence holes are generated in ionization cascades pro-
duced by fast electrons. The appearance of the two main
segments in the initial radial distribution of valence holes
can be described by the existence of two processes governing
spatial spreading of these electrons from the SHI trajectory:
(a) the ballistic spreading, when collisions change the momen-
tum of a fast electron only slightly, and (b) the diffusion, when
frequent collisions result in chaotic and considerable changes
of the momentum of a moving electron.4

The emergence of (∼1/r2) dependence was described
in Ref. 26 by the constant deceleration rate of ballistic
δ-electrons moving away from the SHI trajectory or, more
exactly, when the Rutherford cross section (small angle
scattering) was applied to describe the collision kinetics of
these electrons.26–28,35 For high-energy electrons (>180 eV
according to Ref. 28), the ballistic motion dominates forming
a radial dependence of the density of ionized states very close
to the inverse square one at distances r > 2–3 nm from the
ion trajectory. A deviation of the initial radial distribution
of valence holes in this region from the inverse square one
(∼1/rk , k≈1.9	=2) results from a little contribution of the
diffusion process in the spatial propagation of fast electrons5

(rear events with considerable momentum transfer).
The radial dependence of the concentration of valence

holes deviates from the above mentioned dependencies in
the immediate vicinity of the ion trajectory (r < 2 Å) where
material ionization is produced by a projectile directly. On-line
x-ray spectroscopy experiments36 provided to us information
about the relaxation kinetics of the highly ionized region in the
immediate vicinity of the ion trajectory (r < 2 Å). This infor-
mation was used to test the developed MC model of excitation
of the electronic subsystem in SHI tracks (see Refs. 3 and 4).

Figure 4 demonstrates that fast electrons create also valence
holes at large distances (r � 500 nm) from the ion trajectory
forming the outer part of the region affected by a projectile.
This region accumulates a negligible part of generated valence
holes and affects insignificantly the number of detected color
centers. However, the effects of these regions can be observed
in experiments. Indeed, overlapping of these outer regions
from neighboring tracks occurs at low fluences (0.5 – 1) × 108

cm−2. These fluences coincide with the incubation fluences
�inc providing the initial changes of the optical properties of

alkali halides irradiated with SHIs (e.g., bleaching).14,20 These
changes can be ascribed to a neutralization of trace elements by
free carriers (holes and electrons). Therefore we can conclude
that the incubation fluence corresponds to the overlap of the
outer regions of electronic excitations from different ions.

It should be noted that rare ionization events in the
electronic subsystem at large distances from the SHI trajectory
lead to rather large statistical fluctuations in realizations of the
numerical algorithm. In order to reduce these fluctuations, we
introduced in the MC model a logarithmic scale for the radial
distribution of electron and hole densities. In this case, a low
number of ionization events is partly compensated by a larger
volume, over which the density is defined. This significantly
reduces the number of MC iterations necessary to obtain
smooth distributions.

C. Spatial redistribution of valence holes before their
self-trapping

Analysis of the calculated initial radial distribution of
valence holes by the time the ionization cascades are finished
(�10 fs, see Ref. 4) demonstrates that, even if we take
into account the largest conversion efficiency β ≈ 0.04 � 1,
the initial concentration of holes is too low at distances r

>5 nm from the ion trajectory and too high in the central
track region in order to reproduce the parameters Rd and
〈CF 〉 of the radial distribution of F centers detected in
the experiments (see Fig. 5). The following mechanisms could
be assumed to describe the difference between parameters of
the calculated initial radial distribution of valence holes and
the detected radial distribution of color centers in an SHI track:
(a) fast spatial redistribution of valence holes in the vicinity of
the ion trajectory before their self-trapping (τ = 0.5–1 ps),
(b) diffusion of formed defects before the spectroscopy
measurements, and (c) diffusion of self-trapped holes before
their decay. As discussed below, only diffusion of valence
holes can be responsible for this difference.

FIG. 5. (Color online) Comparison between the calculated ini-
tial concentrations of valence holes and the concentrations 〈CF 〉
(β−1〈CF 〉) of detected F centers averaged over the defect halo
(hatched areas) in irradiated LiF crystals. R is the radial distance
from the ion trajectory. β = 0.008–0.04 is the portion of the initial
valence holes transforming finally into F centers (see Table I).
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First of all, this conclusion is confirmed by the difference
between the radial distributions of holes and color centers
observed in the cryogenic (8 K) irradiations of LiF with
2187 MeV Au ions, when the negligible diffusion lengths of
point defects are dramatically insufficient to form the detected
radius of the defect distribution. Indeed, Ref. 14 demonstrates
that the diffusion of even the faster H - and I -interstitial color
centers is frozen in SHI tracks in LiF crystals irradiated at 8 K.

Of course, the increase of the irradiation temperature from
8 to 300 K intensifies the defect kinetics in a relaxing track
in alkali halides (aggregation and recombination, see Refs. 14
and 20 for details). In particular, the temperature stimulated
defect kinetics results in a decrease of the number �NF

of F centers remained in a track after its cooling down
(�NF = 115 × 104 at 8 K versus �NF = 73 × 104 at 300 K
for Au 2187 MeV, see Table I) as well as in the smaller radius
Rd of the region containing the kinetically active defect con-
centration (Rd (8 K) = 45.2 nm versus Rd (300 K) = 25.0 nm
for Au 2187 MeV, see Fig. 6). However, such increase of
the temperature can accelerate diffusion of only H centers.14

Due to the high value of the migration barrier of F centers in
LiF (UF = 1.5 eV, Refs. 37 and 38), their diffusion is frozen
up to temperatures ≈420 K (see Ref. 14). Therefore the low
heating (∼100 K) of SHI track in LiF detected in Ref. 14
and confirmed by calculations (see Ref. 39) cannot explain
the difference between the initial radial distribution of valence
holes and the radial distribution of F -color centers detected by
spectroscopy measurements in LiF crystals irradiated at room
temperature.

The high ionization density, which can occur at the initial
stage of track relaxation, may cause a transient modification
of the interatomic potential in the close vicinity of the SHI
trajectory. This can stimulate a transient decrease of the
diffusion barrier of color centers or may even cause nonthermal
melting of the lattice there.40,41 To the best of our knowledge,
there are no data about the diffusion barrier of F centers
in the highly ionized lattice of LiF. For an estimation, we
use the lowest reported value of the barrier realized for
photoexcited F centers (F ∗ centers) in alkali halides (0.2 eV
in KCl, KBr, which is comparable to the diffusion barrier
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FIG. 6. (Color online) The dependencies of the detected number
of F centers per unit surface area (nF) on the fluence (�) for LiF crys-
tals irradiated with 2187 MeV Au ions at room temperature and at 8 K.

of H and I centers).42,43 But even for this extremely low
diffusion barrier, the short transient state of the ionized lattice
(10−14–10−11s) would result in diffusion lengths of F centers
too short to describe the observed difference between the radial
distribution of valence holes and the radial distribution of
F centers detected in a track. The diffusion coefficient of
self-trapped holes is also too low18,30 to provide the necessary
long distance diffusion before their decay.

Finally, conversion of even only 1% of the initial valence
holes into Frenkel pairs would result in a concentration of F

centers CF >1021 cm−3 in the central track region (r � 3 nm).
Effects of such extremely high defect concentration would
be detected in experiments (defect aggregates, amorphization,
phase explosion, etc.). However, LiF crystals demonstrate
no amorphization or other considerable structure and phase
transformations under SHI irradiation at fluencies investigated
in this work. Taking into account the low diffusivity of color
centers, this can be described by fast escape of valence holes
from the central region of an SHI track.

Therefore based on the argumentation above, we can
conclude that the fast spatial redistribution of valence holes
before their self-trapping governs the formation of the initial
radial distribution of defects (the “defect halo”) in SHI tracks
in the irradiated LiF crystals.

As it was demonstrated above, the initial radial distribution
of holes obtained in the MC simulations by the time the
ionization cascades are finished has the following form:

C0(r) = C0R
k
0

rk
, (6)

where k = k1 ≈ 1.3 when r < Rc ≈ 2–3 nm, and k = k2 ≈
1.9 < 2 when r>Rc. This initial distribution (6) results in the
following form of the solution (5) of the diffusion equation (4)
(see Ref. 44):

Ch(r,t) = C0

(
R2

0

4Dht

)k/2

�(1 − k/2) exp

(
− r2

4Dht

)

× 1F1

[
(1 − k/2); 1;

r2

4Dht

]

= 21−nC0�(1 − k/2)

4k(Dht)n/2+1
exp

(
− r2

4Dht

)

×
[

(2kDht − r2)L0
k/2

(
r2

4Dht

)
+ r2L1

k/2

(
r2

4Dht

)]
,

(7)

where �(x) is the Gamma function,

1F1(α; γ ; z) =
∞∑
0

(α)m
(γ )m

zm ,

(8)

(a)m = a(a + 1) . . . (a + m − 1) = �(a + m)

�(a)

is the confluent hypergeometric function, and

Lλ
n(z) = (λ + 1)n

n!
1F1(−n; λ + 1; z)

= (λ + n)!

λ!n!
1F1(−n; λ + 1; z) (9)
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is the generalized Laguerre function of a degree n and index
λ45.

The following relations are used in Eq. (7):

1F1

[
(1 − k/2); 1;

r2

4Dht

]
= L0

k/2−1

(
r2

4Dht

)
, (10)

(n + λ)Lλ
n−1(z) = zLλ+1

n (z) + (n − z)Lλ
n(z). (11)

As mentioned above, the little deviation of the radial
dependence of the initial spatial distribution of valence holes
from the inverse square one (∼1/rk , k≈1.9 	= 2) results from
a small contribution of the diffusion to the spatial spreading
of fast electrons in a track. Nonetheless, this little deviation
from the ∼1/r2 dependence has a significant importance for
the application of the diffusion model [see Eq. (4)] to the
description of spatial redistribution of valence holes. Indeed,
for Dh = const, the real solution (7) of Eq. (4) with initial
conditions (6) exists only for k < 2 (see Ref. 45). Therefore the
initial conditions based on the inverse square dependence (or
higher, k � 2) cannot be used for modeling of diffusion of holes
from the ion track. In this case (k � 2, e.g., Ref. 27), a short
temporal mesodiffusion stage46 should be taken into account
to interpret a fast transition of the initial radial distribution
of holes into that providing the appearance of the diffusive
behavior in their spatial spreading.

The radial distributions (7) of the concentration of valence
holes in SHI tracks obtained from the solution of the diffusion
equation (4) with the initial condition (6) corresponding to the
outer region r > Rc = 2–3 nm of the initial radial distribution
of valence holes resulted from MC simulations (k = k2 ≈ 1.9,
see Fig. 4) are presented in Fig. 7 for different times after the
projectile passage (Au 2187 MeV). Figure 7 demonstrates that
the solution (7) tends quickly to a plateaulike radial distribution
of the concentration whose height decreases with time. It is
worth to note that the plateaulike radial distributions of valence
holes are favorable for using the averaged parameters 〈CF 〉
and Rd characterizing the spatial distribution of defects in the
vicinity of the SHI trajectory as well as the averaged conversion
efficiency of holes β in the estimations made in this paper.

To the best of our knowledge, there are no data available for
the diffusivity of valence holes in strongly excited nanometric
SHI tracks in alkali halides. However, this diffusivity can be
estimated by fitting of the experimentally detected effective
radius Rd of the spatial distribution of F centers with the
diffusion length of valence holes (7) by the time of their
self-trapping (τst = 0.5–1 ps). The conversion efficiency β � 1
(〈CF 〉β−1) must be taken into account in such a fitting.
The estimated values of the averaged diffusion coefficients
Dh of valence holes are collected in Table I demonstrating
that Dh ranges from 0.1 cm2/s to 1.4 cm2/s in tracks of
different ions. These values are much larger than the diffusion
coefficients of color centers (UF = 1.5 eV, Refs. 37 and 38) and
self-trapped holes (see Refs. 18 and 30). As it was mentioned

FIG. 7. (Color online) Build-up of the plateaulike form of the
radial dependence of the concentrations of valence holes in a track
of Au 2187 MeV ion, resulting from the solution (7) of the diffusion
problem (4). The used initial condition corresponds to the outer region
r > Rc = 2–3 nm of the initial radial distribution of valence holes
resulted from MC simulations (k = k2 ≈1.9).

above, the values of the effective diffusion coefficients of holes
Dh depend on the irradiation conditions and the values of the
parameters characterizing the transient states of excited elec-
tronic and ionic subsystems realized in tracks of different ions.

V. CONCLUSIONS

The importance of the relaxation kinetics of the valence
band on structure transformations in SHI tracks is demon-
strated by the effect of fast long-range spatial redistribution
of valence holes on the creation of the ensemble of point
defects (color centers) in SHI tracks in LiF. The values of the
key parameters governing the kinetics of valence holes in a
relaxing SHI tracks in LiF at the picosecond time scale after
the projectile passage were estimated, and they are (a) the
average diffusion coefficient of valence holes (Dh = 0.016 –
1.4 cm2/s) and (b) the conversion efficiency of valence holes
into color centers (β = 0.01–0.04).
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