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Abstract.  The formation of luminescent colour centres in the LiF 
crystal under the action of femtosecond pulses of the first harmonic 
of a Ti : sapphire laser is experimentally studied. The experiments 
were carried out at low- and high-aperture focusing of radiation. 
The effect of both single pulses and multi-pulse trains on the crys-
tals was studied. Channelling of laser radiation in the waveguides, 
induced by the filaments of the first pulses, is found. The multi-
photon mechanism of interband absorption is confirmed. The optimal 
conditions of laser impact for designing luminescent emitters in the 
LiF crystal are determined. 
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1. Introduction

Formation  of  luminescent  regions  (emitters)  in  the  bulk  of 
transparent materials  using  laser  radiation  has  been  exten-
sively studied in recent time, because in the future they can be 
useful  for  developing  novel  methods  of  digital  and  visual 
information storage. The research in this field is carried out 
using different materials. Bellec et al. [1] used the zinc-phos-
phate glass,  in which  the photosensitivity  to  laser  radiation 
was  provided  by  adding  the  traditional  for  photochemistry 
compounds of silver. In Ref. [2] the laser structuring was based 
on the transformation of two types of luminescent colour cen-
tres  in  sapphire  crystals.  The  role  of  photosensitive  centres 
interacting with laser radiation was played by colour centres, 
the concentration of which cannot be significant. The same 
can be said about Ref. [3], where the glass with the addition 
of  only  a  small  fraction  (0.5%)  of  samarium  fluoride  was 
used. 

Based  on  our  research  [4 – 6]  and  the  results  of  other 
authors [7, 8], we came to the conclusion that it is more prom-
ising to study other types of media, namely, the crystal mate-
rials that allow luminescent colour centres to be formed under 
the action of  femtosecond  laser pulses. An example of such 
materials is presented by alkali-halide crystals. In the present 
work  we  have  chosen  lithium  fluoride  (LiF)  as  an  experi-

mental medium. As shown by the studies, such media possess 
sufficient photosensitivity, which, in contrast to the majority 
of other materials that require a large number of pulses of the 
same energy, allows recording the result of action even for a 
single femtosecond pulse. Moreover, the resolution of the media 
with  intrinsic  (provided  by  each  molecule  of  the  medium) 
photosensitivity is essentially higher than that of media with 
photosensitivity,  provided  by  the  impurity  molecules,  the 
content  of  which  is  usually  smaller  than  1 %.  Signi ficantly 
higher  nonlinearity  of  the  photosensitivity  of  our media  than 
that of the media used in the referred papers provides smaller 
size of the emitters, induced by laser radiation, which allows 
the formation of nanoscale emitters (nanoemitters).

Moreover, formation of the colour centres  in LiF under 
the action of femtosecond laser pulses allows the spatial pat-
tern  of  their  filamentation  to  be  investigated.  Particularly 
interesting  is  the  study  of  filamentation  of  single  pulses  in 
comparison with  the  filamentation  caused  by  a multi-pulse 
train,  because  in  the majority  of  other  works  dealing  with 
other materials, as a rule, the latter variant is used. 

2. Experiment and its discussion

The studies were performed using two regimes of irradiation 
of the material with femtosecond pulses of the FemtoPower 
Compact  PRO  Ti : sapphire  laser  (0.8  mJ,  30  fs,  800  nm, 
0 – 1000 Hz). In the first regime (the regime of  low-aperture 
focusing  of  laser  radiation),  the  properties  of  formation  of 
the luminescent colour centres under the conditions of highly 
linear  interaction of  light with  crystals were  studied.  In  the 
second regime (high-aperture focusing), the formation of lumi-
nescent emitters and their properties were investigated.

In the low-aperture focusing regime the lens with the focal 
length 30 cm was used. The crystal was mounted so that the 
geometric focus of the lens was inside it and no plasma torch 
was observed at  the entry  surface. The  irradiation was per-
formed using a variable number of pulses, from one to a few 
hundred thousands. The spatial distribution of the lumines-
cent  centres  (colour  centres),  induced  in  the  crystal  by  the 
femtosecond laser radiation, the kinetics, and the spectra of 
their emission were investigated by means of a usual micro-
scope, as well as the Micro Time 200 confocal scanning lumi-
nescence microscope with  temporal  resolution, operating  in 
the regime of time-correlated photon counting. 

Figure 1 presents the shape of the luminescent channels, 
induced by the radiation, focused by the lens into the bulk of 
the  sample.  The  channel  shape  is  similar  if  the  crystal  is 
mounted behind the geometric  focus of  the  lens. The  initial 
(non-coloured) zone corresponds to the region of self-focus-
ing of the laser radiation with the growing intensity. When the 
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intensity becomes  sufficient  for  efficient  interaction of  light 
with matter,  colour  centres  are  formed. The  length  of  the 
non-coloured zone is determined by the peak power of laser 
pulses and the nonlinear refractive index of LiF, as well as 
by  the  type  of  inhomogeneity  in  the  initial  profile  of  the 
beam, leading to multiple filamentation. The peak power of 
the pulses in the present experiment exceeds by three orders 
of magnitude the critical self-focusing power, which is about 
8.8 MW for LiF [9].

Higher spatial resolution shows that the channels (Figs 2 
and 3) consist of a variety of individual thin traces, induced 
by the filaments of laser radiation under the conditions of its 
multiple filamentation in the course of self-focusing. The pre-
sented data show that in the fresh crystal directly after irra-
diation with a single pulse, the traces induced by filaments are 
thin and short. This means that the filaments themselves were 
thin  and  short. The  fact  that  attracts  attention  is  that with 
increasing number of laser pulses the number of traces does 
not essentially increase; however, they become longer (in the 
direction  of  laser  radiation  propagation)  and  thicker.  We 
associate these phenomena with the effect of guiding the laser 
radiation by the traces, created by the earlier pulses. 

As  seen  from  the  spectral-kinetic  studies,  the  induced 
traces consist of an ensemble of long-living electronic F-, F2-, 
F3+-  colour  centres  and  the  centres  of  interstitial  void  type, 
complementary to them. The change in refractive index within 
the traces, associated with these centres, provides the wave-

guide character of channelling of the femtosecond laser radia-
tion  that  determines  the  elongation  and  thickening  of  the 
traces at the expense of creating additional centres on the way 
of  the  filaments  passing.  A  similar  effect  was  discussed  in 
Ref.  [10],  where  a  photosensitive  polymer  was  irradiated 
using trains of a large number of femto second laser pulses. In 
[10] the formation of prolonged tracks was observed, which 
was explained by the authors as a consequence of permanent 
modification of the polymer refractive index due to the cumu-
lative effect of consequent pulses. How ever, in this paper no 
experimental evidence of the track length increase with grow-
ing number of pulses was presented, no images of the entrance 
surface of the sample and the beginning and end of the tracks 
were shown, which could make it possible to see the region of 
self-focusing. 

Let us consider the results of the experiments on irradiat-
ing  LiF  in  the  second  regime,  the  regime  of  high-aperture 
focusing of individual femtosecond pulses of the Ti : sapphire 
laser  (800 nm). The combination of a  large numerical aper-
ture  and  a  sufficiently  small  energy  of  femtosecond  pulses 
makes it possible to create colour centres within a small vicin-
ity of the geometric focus without self-focusing and filamen-
tation. In LiF the most interesting from the practical point of 
view are  the F2- and F3+-  colour  centres  that possess a high 
luminescence yield in the visible spectral region.

The  laser  pulses were  focused  into  the  crystal  using  the 
Olympus Plan N 40´ microscope objective with the numerical 
aperture 0.65 through the polished crystal surface. The energy 
of individual pulses at the laser output in this series of experi-
ments amounted to 0.55 mJ. For producing emitters such an 
energy is too high, which leads to the crystal damage in the 
focus region, including the formation of cracks. To reduce the 
energy of pulses to the acceptable level, we used two diffraction 
attenuators. The first attenuator had the transmission coeffi-
cient T1 = 0.11. The transmission coefficient of the second atten-
uator was sequentially set to be 0.022, 0.078, 0.11, 0.18, 0.22, 
0.32, 0.430, 0.720, and 0.95. Therefore, the mutual transmis-
sion coefficient of the two attenuators varied from 0.0024 to 
0.1.  The  objective  transmitted  only  about  half  the  incident 
radiation because of a relatively small diameter of its aperture 
as compared to the diameter of the laser beam. The operation 
in  the  resulting  interval  of  laser  pulse  energies  allowed  the 
study of the action of pulses on the crystal in the range of ‘the 
absence of any detectable fingerprints of the material-destruc-
tive action’. The laser pulse repetition rate amounted to 10 Hz. 
To obtain the traces of individual pulse action the crystal was 
moved perpendicularly to the beam axis by means of an elec-
tric  drive with  the  velocity  0.125 mm  s–1.  For  each  of  nine 

Figure 1. Shape of luminescent channels, induced by laser radiation in 
the crystal (propagation from left to right). The wavelength of the ra-
diation,  exciting  the  photoluminescence  for  the  channel  imaging  is 
470  nm, the sample length is 20 mm. 

Figure 2. Longitudinal structure of the induced channel under magnifi-
cation. The upper panel – after irradiation with 10 000 pulses, the lower 
panel – after a single pulse (the trace diameter, 1.3 – 2 mm; the length, 
~30 mm). The  traces grow  in  the direction of  radiation propagation. 
Due  to elongation of  the channel,  its  image  in  the  top photograph  is 
shifted to the left. The vertical line in the bottom photograph is the en-
trance surface of the sample. The measurements were carried out using 
the Olimpus IX 71 luminescence microscope. 

Figure 3. Transverse  structure of  the  induced  channel  after  25 pulses 
(left) and 1000 pulses in a similar sample (right). The mean diameter of 
the traces is ~5 mm (right). The measurements were carried out using 
the MicroTime 200 microscope.
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values of the transmission coefficient T a series of 80 emitters, 
located along a straight line in the crystal, was obtained.

The emitters  (Fig. 4) were  investigated using  the Micro-
Time 200  laser confocal  scanning  luminescence microscope. 
To excite  the  luminescence of F2- and F3+- colour centres  in 
the emitters the  laser radiation with the wavelength 470 nm 
was used. The excitation of luminescence and its detection was 
implemented through the same Olympus Plan N 40´ objective 
as  the  formation of  the  emitters. The minimal  energy of a 
femtosecond pulse, at which the colour centres were  found, 
amounted to about 3 mJ (the transmission coefficient of two 
attenuators  being  0.11).  No  traces  were  observed  after  the 
action  of  pulses  with  lower  energy.  It  was  established  that 
the pulses with the energy about 5 mJ (the transmission coef-
ficients being 0.11 and 0.18) create emitters with the lumines-
cence  intensity  of  the F2-  colour  centres  by  three  orders  of 
magnitude  greater  than  the  pulses  with  lower  energy.  The 
ratio of pulse energies (and, therefore, their intensities) amounts 
to  nearly  1.6  here. Therefore,  the  intensity  of  luminescence 
of the emitter is proportional to the 14th – 16th power of the 
intensity of the femtosecond laser pulses. Improving the pre-
cision of this result requires conduction of an experiment with 
wider variation of the pulse energy.

Since the concentration of F2- colour centres is quadrati-
cally related to the concentration of F-centres [11], the con-
centration of the latter should be proportional to the 7th – 8th 
power of the femtosecond pulse intensity. At the same time, 
the concentration of F-centres is proportional to the concen-
tration of electron-hole pairs and excitons, produced by the laser 
pulse. Hence, we conclude that we obtained an experimental 
proof of the implementation of a high-nonlinear multiphoton 
intrinsic absorption of femtosecond laser pulses by the elec-
tronic  subsystem of  the LiF  crystal,  supposed  earlier.  Such 
absorption may  be  due  to  either  the  interband  transitions, 
or  the excitation of  excitons. The width of  the band gap  in 
LiF, according  to  the data  from different  sources, amounts 
to 11.8  [9], 13.6 or 14.2 eV [12], while the energy of exciton 
creation  is  12.9  eV  [12].  The  indicated  values  are  approxi-
mately eight times greater than the energy of the laser radia-
tion quanta, used by us (1.55 eV). 

At the energy of femtosecond pulse from 7 mJ and greater 
in the vicinity of the objective focus the appearance of cracks 

in the crystal is observed. The greater the corresponding pulse 
energy, the larger the cracks. In this case, the integral lumines-
cence intensity of the emitters (within the experimental error) 
is directly proportional to the energy of the emitter-forming 
pulses.  This  fact  does  not  contradict  the  above  conclusion 
about the high degree of nonlinearity of generating excitons 
and electron – hole pairs, but it indicates the necessity to con-
sider  additional  channels  of  energy  consumption,  due  to 
which the energy, absorbed by the electronic subsystem of the 
crystal, may be lost for creation of the colour centres. 

The transverse size of the emitters increases with increasing 
energy of laser pulses that give them rise. Figure 5 presents the 
scanned luminescent image of the cross section of the emitter, 
produced in LiF by a femtosecond laser pulse with the energy 
5  mJ.  The  observed  half-maximum  width  of  the  transverse 
profile is about 700 nm. 

The emitter size is smaller than the focal waist diameter of 
the  laser  radiation beam because  of  the  nonlinearity  of  the 
medium photosensitivity. The beam waist diameter is calcu-
lated using the well-known formula d = 1.22 l/NA. Therefore, 
for l = 800 nm and NA = 0.65 we get d = 1.5 mm. According 
to  the calculation,  the 14th – 16th power of nonlinearity  for 
the formation of F2 colour centres with respect to the inten-
sity of  laser radiation results  in the reduction of the emitter 
width by 3.7 – 4 times as compared to the waist diameter in the 
objective  focus  (the  transverse  intensity  profile  in  the waist 
being assumed Gaussian). In this case the calculated emitter 
width  equals  370 – 400  nm  for  the  used  objective,  which  is 
smaller than the resolution of the objective. The use of objec-
tives with greater numerical apertures for focusing the femto-
second laser radiation will allow significant reduction of the 
size of nanoemitters and  the minimal pulse energy  for  their 
formation. 

3. Conclusions

The studies carried out allow the following conclusions.
In the case of low-aperture focusing the filamentation of 

femtosecond laser radiation in LiF demonstrates elongation 
of the tracks (traces of filaments) and, therefore, of the filaments 
themselves, with  the  growth  of  the  number  of  laser  pulses. 
The  number  of  filaments  in  this  case  grows  insignificantly. 
These phenomena are due to the channelling of the laser radi-
ation by the traces, created by the earlier pulses. The change 
in the refractive index due to the formation of colour centres 
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Figure 4. Shape  variation  of  the  cross  section  of  the  induced  emitters 
with the growth of the laser radiation pulse energy (at each photo the 
transmission  coefficients  of  the  attenuator  pair T  is  indicated). The 
images are obtained under the excitation at the wavelength lex = 470 nm.
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Figure 5. Measured  transverse profile of  the emitter  luminescence  in-
tensity (thick line) and the fitting Gaussian curve. The data were ob-
tained suing the confocal microscope, lex = 470 nm.
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in the traces leads to waveguide propagation of laser radiation 
along them. This result can be generalised over other materi-
als and should be taken into account when comparing theo-
retical models of filamentation with the experimental data for 
large number of pulses.

The  existence  of  high-nonlinear  multiphoton  interband 
absorption of femtosecond laser pulses by the electronic sub-
system of LiF, supposed earlier, is experimentally confirmed. 
The nonlinearity power, obtained in the experiment, is seven – 
eight. This result may be specified in subsequent papers.

It is experimentally established that the emitter size is sig-
nificantly smaller than the diameter of the focal waist of the 
femtosecond  laser  radiation  beam,  producing  the  emitters. 
This is due to the high nonlinearity of the LiF material photo-
sensitivity.

When using the objective with the numerical aperture 0.65, 
the optimal energy of a  femtosecond  laser pulse  for emitter 
formation  in LiF amounts  to 3 – 5 mJ. Higher-energy pulses 
cause  the material destruction, and  the pulses having  lower 
energies practically do not produce colour centres. 

The  additional  (with  respect  to  the  formation of  colour 
centres)  channels  of  expenditure  of  the  femtosecond  laser 
pulse  energy,  absorbed  by  the  electronic  subsystem  of  the 
crystal, essentially decrease the efficiency of colour centre for-
mation. The relation between the appearance of cracks in the 
crystal and the transition to linear dependence of the colour 
centres concentration increment with the growth of the femto-
second pulse energy was experimentally observed. 
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