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INTRODUCTION

It is known that luminescent defects are effectively
created when dielectric crystals (preferably with an
excitonic defect formation mechanism) are irradiated
with intense femtosecond laser pulses [1, 2]. Simple
and aggregate color centers, which are typical of radi�
ation coloring, are induced by femtosecond laser
pulses in such crystals [3, 4]. They are formed as a
result of the multiphoton absorption of laser radiation
energy by the electronic subsystem of the irradiated
material with the production of electron�hole pairs
upon an increase in intensity, due to the self�focusing
and filamentation of the excitation femtosecond laser
radiation [5]. The production of color centers in a
material exposed to femtosecond laser radiation
involves the highly nonlinear generation of electron–
hole pairs in the region of filament propagation, their
recombination with the production of anionic exci�
tons, the decay of excitons into Frenkel defects, the
charge exchange between them, and their migration
and aggregation [6].

The aim of this work was to investigate the mecha�
nisms of energy storage in lithium fluoride crystals
irradiated with femtosecond laser pulses, the forma�
tion of structural defects that accumulate laser radia�
tion energy, the transfer of this energy to recombina�
tion centers, and its release. The release of energy in
the form of a light sum of thermally stimulated lumi�
nescence, stored under conditions of the self�focusing
and multiple filamentation of femtosecond laser radi�
ation was studied for the first time.

EXPERIMENTAL

Our experiments were conducted using model
wide�bandgap crystals of lithium fluoride (LiF) grown
by the Kyropoulos method in air. Samples in the shape

of rectangular blocks with cross sections of around
10 × 10 mm2 and lengths of 30–35 mm were fabri�
cated. The surfaces of these samples were natural
cleavage planes, and the crystals’ end faces, which
were subjected to laser irradiation, were polished. The
samples were transparent and colorless prior to irradi�
ation, and their IR absorption spectra revealed the
presence of oxygen and hydroxyl impurities that were
identified based on the literature data.

The experiments on irradiating these crystals with
femtosecond laser radiation were conducted using a
titanium–sapphire laser that generated pulses with a
duration of 50 fs and an energy of about 6 mJ. The
maximum of the emission spectrum of this laser was at
the wavelength of 950 nm. The excitation radiation
was focused with a lens having a focal length of
425 mm.

The mode of interaction between the light and the
samples corresponded to the conditions of small�
aperture external focusing (the excitation laser radia�
tion pulses were focused with a lens having a long focal
length). The sample could be moved along and trans�
verse to the laser beam. The sample’s transverse
motion allowed us to resolve spatially the effects pro�
duced by isolated laser irradiation pulses, while its
motion along the beam helped to vary the intensity of
laser radiation within the crystal. The total energy of
laser radiation propagating through the sample was
determined from the number of pulses.

The topology of defect formation and the photolu�
minescence of the irradiated samples were studied
using a MicroTime 200 (PicoQuant) high�sensitivity
scanning confocal fluorescence microscope with
picosecond time resolution and spatially selective
time�correlated single photon counting. The spectra
of photoluminescence produced by picosecond laser
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pulses in the spectral region of absorption of induced
color centers (370–640 nm) were recorded with an
Ocean Optics 65000 spectrofluorimeter.

The storage of energy in crystals irradiated with
intense femtosecond laser pulses was characterized by
thermally stimulated luminescence (TSL) at tempera�
tures of 20 to 400°С at a constant rate of 0.25 deg/s. A
proprietary specialized setup was used. Each sample
was cut into slabs about 1 mm thick to investigate the
axial (in the direction of laser radiation propagation)
spatial distribution of stored energy. Thermolumines�
cence curves were recorded for each slab, and the
stored light sum was determined as an integral under

the thermoluminescence curve. Having found the
light sums stored in each slab, we plotted the depen�
dences of the axial spatial distribution of energy stored
in the studied samples.

RESULTS AND DISCUSSION

Our experiments showed that lithium fluoride crys�
tals irradiated with intense femtosecond laser pulses
stored energy that could be released in the form of
thermally stimulated luminescence during subsequent
heating (Fig. 1). The major TSL peaks were located at
200–300 K. The obtained data generally agreed with
the results from studies of the TSL of nominally pure
radiation�colored lithium fluoride crystals [7].

The presented axial dependences show that energy
was not stored in the initial part of the crystal. The
dependences corresponding to isolated femtosecond
laser pulses or short series of such pulses were of a
ragged, nonmonotonic nature. When the number of
irradiating pulses was increased, the dependences of
the stored light sum became smooth and turned into
asymmetric curves with a single maximum (Figs. 1b
and 1c). Microscopic studies of the topography of
channels in the crystal irradiated with laser pulses were
conducted to indentify the reasons for this behavior of
the dependences. Since luminescent color centers
were produced in the crystal by these pulses, time�
resolved luminescence microscopy was used in our
study.

The photographs of luminescent channels
obtained with an Olympus IX 71 microscope after the
samples were irradiated with femtosecond pulses of a
titanium–sapphire laser are shown in Fig. 2. Spurs
(the tracks left by filaments) and channels were visual�
ized by inducing the photoluminescence of the prod�
ucts of chemical reactions occurring within the crys�
tals during irradiation with femtosecond pulses and
after such irradiation. The wavelength of radiation
inducing the luminescence was 450 nm.
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Fig. 1. (a) Curves of thermally stimulated luminescence of
LiF crystal samples irradiated with (1) 25, (2) 125, (3) 625,
(4) 3125, and (5) 15 625 pulses. (b, c) Axial distribution of
TSL light sum along the length of LiF crystal samples irra�
diated with (b) 10 and (c) 1000 pulses of femtosecond laser
radiation.

(a)
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Fig. 2. Photographs of the spatial distribution of intensity
of photoluminescence of centers produced in crystals by
irradiating them with (a) a periodic series of pulses and
(b) a single femtosecond pulse. The size is 80 × 300 µm.
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The topography of defect formation and the photo�
luminescence of samples irradiated with laser pulses
were studied in more detail using a MicroTime 200
(PicoQuant) high�sensitivity scanning confocal fluo�
rescence microscope with a picosecond time resolu�
tion and spatially selective time�correlated single pho�
ton counting. The results from scanning a spur formed
by a single filament of a femtosecond pulse of near�
threshold (for filamentation) intensity in the longitu�
dinal and transverse directions are presented in
Fig. 3a.

The data obtained in our microscopic study indi�
cate that the ragged, nonmonotonic nature of the axial
dependence of the stored light sum (Fig. 1a) resulted
from the energy being stored in the regions of the self�
focusing filaments of laser radiation. At the initial
stage of irradiation, these regions were few and small
(length, ~30 µm; diameter, ~2 µm). The length of
spurs induced by filaments in the crystal and their
diameters grew upon an increase in the number of
laser pulses, and the axial dependence of the stored
energy was smoothed (Figs. 1b, c). Since the energy
was stored only under the conditions of filamentation
due to self�focusing (and self�focusing in turn
occurred at a certain distance), there was no such
energy in the initial part of the crystal, and storage was
characterized by a certain spatial offset (see Fig. 1).

The light sum of thermally stimulated lumines�
cence emitted by irradiated crystals first grew superlin�
early upon an increase in the number of pulses of laser
irradiation, then reached its maximum and fell after�
wards (Fig. 4a). The results from microtime spectral
probing of luminescence over the cross sections of the
spurs (Figs. 3b and 3c) induced by laser radiation
showed that the observed effect of the saturation of the
stored light sum was induced by the density, the degree
of aggregation, and the variety of color centers in
the central paraxial region of spurs being greater than
the corresponding parameters in the peripheral

region; the yield of luminescence of  and F2 centers,
which play a critical part in the thermoluminescence
process, was therefore higher in the peripheral region.
At the same time, the spur diameters (and thus the vol�
umes of their paraxial regions with low luminescence
yields) grew upon an increase in the number of irradi�
ation pulses. This led to a reduction in the intensity of
thermally stimulated luminescence. The spectral
sweep of TSL peaks showed that F2 centers made the
main contribution to luminescence. This follows from
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Fig. 3. (a) Results from scanning a single spur in longitudi�
nal and transverse directions. (b, c) Transverse distribution
of the intensity of luminescence of color centers in spurs
(scanning region, 25 × 25 µm) induced in a crystal irradi�
ated with (b) 25 and (c) 1000 laser pulses. The minimum
spur length was 32 µm; the minimum diameter, 2.0 µm.
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Fig. 4. (a) Dependence of the TSL light sum on the num�
ber of laser irradiation pulses. (b) Spectra of the thermally
stimulated luminescence of a LiF crystal measured upon
heating at temperatures of (1) 200, (2) 240, (3) 260,
(4) 270, (5) 280, (6) 300, (7) 350, and (8) 400°C.
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the shape of the spectra in Fig. 4b. This was the pri�
mary emission center that emitted luminescence
quanta at the final stage of thermoluminescence. The
question of the nature of kinetic particles and the cen�
ters of their recombination that could yield excited
F2 centers now arises. It is important to understand
which particles are kinetic (i.e., which particles are
freed from their localization sites) and recombine with
other particles, thus inducing the emission of TSL
quanta (luminescence photons of F2 centers). We may
assume that interstitial fluorine ions (I centers) are
kinetic particles. They are produced as a result of the

thermal decomposition of  centers into I centers

and  molecules. I centers recombine with  cen�
ters and turn the latter into excited F2 centers (i.e., into
excited emission centers that produce the characteris�
tic spectrum of the thermally stimulated luminescence
of F2 centers).
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