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Abstract.  A colour-centre structure formed in a LiF crystal under 
filamentation of a femtosecond mid-IR laser pulse with a power 
slightly exceeding the critical power for self-focusing has been 
experimentally and theoretically investigated. Strictly periodic 
oscillations have been detected for the first time for the density of 
the colour centres induced in an isotropic LiF crystal under fila-
mentation of a laser beam with a wavelength tuned in the range 
from 2600 to 3350 nm. The structure period is found to be about 30 
mm. With an increase in the laser radiation wavelength, the period 
of the oscillations decreases and their amplitude increases. The 
maximum colour centre density, observed under filamentation of a 
3100-nm beam, is related to the increased contribution of the direct 
generation of colour centres as a result of the absorption of an inte-
ger number of photons by the exciton band. It is numerically shown 
that the formation of a periodic colour-centre structure in LiF is 
due to the periodic change in the light field amplitude in the light 
bullet (1.5 optical periods long) formed under filamentation.

Keywords: filamentation, femtosecond pulses, anomalous disper-
sion, light bullets, colour centres, LiF.

1. Introduction 

The development of high-power laser systems made it possi-
ble to localise light fields without any waveguide systems; this 
localisation manifests itself in the form of extended filaments 
of high energy density [1 – 4]. Russian researchers played an 
important  role  in  all  stages  of  studying  the  phenomena  of 
laser beam self-focusing and filamentation [5].

The concentration of laser energy in an extended filament, 
generation of supercontinuum and THz radiation, formation 
of plasma channels, and other effects accompanying femto-
second  filamentation  immediately  attracted  attention  of 
researchers in view of the practical importance of these phe-
nomena. The effects occurring under femtosecond filamenta-
tion expand the range of application of new laser technologies 
in ecology, biophysics, atmospheric optics, microoptics, and 

other fields. Examples are as follows: energy transfer by dis-
tances  of  several  kilometres  to  form  optical  breakdown 
plasma and luminescence signal in distant monitoring of con-
taminations,  broadband  laser  environmental  sensing  [6,  7], 
use  of  plasma  channels  for  directed  microwave  radiation 
transfer [8] and design of microoptics elements [9, 10].

Much  attention  is  paid  to  the  filamentation  regime,  in 
which  simultaneous  laser beam self-focusing and pulse  self-
compression  lead  to  the  formation of  so-called  light bullets 
(LBs)  [11].  A  necessary  condition  for  implementing  this 
regime  is  the  existence of anomalous group-velocity disper-
sion  (GVD), which,  in  the case of  self-phase modulation of 
the light field in a medium with Kerr nonlinearity, may cause 
formation of an LB  (wave packet  compressed  in  space and 
time). Under conditions of anomalous GVD, the phase-mod-
ulated light field is ‘contracted’ to the centre of the pulse from 
its leading and trailing edges [12]. The pulse compression in 
time and in space as a result of its compression under anoma-
lous GVD and self-focusing due to the Kerr nonlinearity, self-
steepening of the leading and trailing edges, and defocusing of 
the pulse tail  in the  induced plasma form an LB in the fila-
ment [13 – 15]. As was shown in [13 – 15], the peak intensity in 
the bullet reaches 5 ´ 1013 W cm–2, and its diameter (in fused 
silica)  is  20 mm. The  shape of  the LB  field  envelope differs 
strongly from Gaussian. At the centre wavelength (l0 = 1800 
nm),  the LB width amounts  to 13.5  fs,  i.e., about  two  light 
field oscillation periods. The evolution of the LB spatial and 
temporal structure at l0 = 1800 nm in sapphire was investi-
gated by Majus et al. [16]. They proposed a scenario, accord-
ing  to which an LB,  like a Bessel beam, consists of a high-
intensity core (containing more than 25 % of the total energy) 
and a low-intensity periphery.

The question about the behaviour (quasi-steady-state [17] 
or recurrence [13 – 15]) of LB propagation in a medium is still 
debated. A long luminous channel of scattered supercontin-
uum radiation in the visible range, formed under filamenta-
tion at l0 = 1900 nm in fused silica, was interpreted in [17] as 
a long-lived quasi-soliton, which is retained at a distance of 
several centimetres. The possibility of forming a sequence of 
LBs during filamentation under anomalous GVD conditions 
was  numerically  investigated  in  [18]. According  to  [19],  the 
formation of subsequent LBs in a sequence may be violated 
both at low GVD (due to the insufficient compression of the 
phase-modulated field) and at high GVD (because of the sig-
nificant broadening of the pulse during its propagation before 
the  filament  formation).  The  generation  of  a  sequence  of 
short-lived LBs was confirmed both experimentally (by auto-
correlation measurements) and theoretically in [14, 15, 20]. It 
was established in [21, 22] that the formation of each LB in a 
sequence is accompanied by ‘ejection’ of an equal amount of 
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supercontinuum energy in the visible range. The LB energy is 
transformed  into  the  supercontinuum  energy  in  the  entire 
spectral range; this process is the main channel of LB degra-
dation. It was found that LB is a stable self-organizing object, 
which is independent of the input parameters, such as the spa-
tial and temporal shape of the pulse and its phase. An impor-
tant  (and  still  poorly  studied)  problem  of  filamentation  is 
related to the influence of the absolute phase [23] in the case 
of  propagation  of  LBs  containing  few  light-wave  periods 
through a transparent medium [24].

In  this paper, we  report  the  results of  experimental and 
theoretical  study of  a periodic  colour-centre  (CC)  structure 
induced in an isotropic LiF crystal by a single LB, formed in 
the  single-filamentation  mode  by  a  femtosecond  mid-IR 
(2600 – 3350 nm) laser pulse with a power slightly exceeding 
the critical power for self-focusing. Based on numerical simu-
lation  data,  it  is  shown  that  the  observed  CC  structure  is 
formed due to the periodic oscillations of the maximum light 
field amplitude in an LB with a width of 1.5 optical oscilla-
tions during its propagation in a dispersive medium.

2. Experimental technique 

The LB dynamics was studied using the method proposed in 
[25], which is based on the generation of stable luminescence 
CCs in a LiF crystal under laser irradiation. The LiF photo-
sensitivity is sufficiently high to record LB tracks under fila-
mentation  of  single  femtosecond  laser  pulses.  The  spatial 
luminescence  intensity  distribution  for  the  recorded  CCs 
reproduces the density of laser-induced electronic excitations 
in a filament. The CC luminescence  intensity distribution  is 
analysed  by  optical  microscopy,  with  illumination  at  the 
absorption wavelength for these CCs.

Alkali metal fluorides are promising materials for study-
ing the filamentation in the mid-IR range, because they have 
anomalous GVD in this spectral region (a necessary condi-
tion for the LB formation). The spectral transparency win-
dows of fluorides overlap the UV and IR ranges; this is an 
important  condition  for  supercontinuum  generation.  The 
generation  of  a  broadband  supercontinuum  was  investi-
gated under filamentation of radiation with l0 = 2000 nm in 
CaF2  [26] and l0 = 800, 1380, and 2200 nm  (falling  in  the 
ranges of normal, zero and anomalous GVD) in BaF2 and 
CaF2  [27]. Alisauskas et al.  [28], who  investigated  the  fila-
mentation of radiation at l0 = 3900 nm in CaF2 and some 
other crystals, observed radiation in the form of a supercon-
tinuum in the visible range, without spectral broadening in 
the  vicinity  of  the  fundamental  frequency;  they  explained 
this effect by the CC luminescence. A study of the filamenta-
tion of mid-IR radiation in BaF2 and CaF2 [29] revealed an 
isolated band in the visible spectral range; the blue shift of 
this band increases and its width decreases from 50 – 70 nm 
to 14 nm with an increase in the radiation wavelength from 
3000 to 3800 nm.

The  choice  of  LiF  as  a  material  for  studying  the  LB 
dynamics  is  determined  by  the  highest  intensity  of  the  CC 
luminescence in it in comparison with other alkali halide crys-
tals, due to which one can observe a laser-induced modifica-
tion of material under single-pulse filamentation. In addition, 
CCs in LiF have high thermal and optical stability at room 
temperature; hence, CC structures can be investigated by dif-
ferent  methods  after  recording  them.  Finally,  LiF  is  less 
hygroscopic and more convenient  for mechanical  treatment 
in comparison with many other alkali halide crystals.

The CCs in LiF that are most appropriate for investigat-
ing  filamentation  are  F2  and  F3+,  which  emit  in  the  visible 
range. These centres are, respectively, a dyad and a triad of 
anionic  vacancies  in  neighbouring  lattice  sites,  with  a  cap-
tured electron pair. The luminescence bands of these centres 
are  peaking  near  l  =  650  and  550  nm,  respectively  [30]. 
Centres of both  types are excited by blue  light.  It  is known 
[31] that an irradiation of LiF by a femtosecond laser beam 
with l0 = 800 nm leads to preferred generation of F3+ centres, 
whereas the generation of F2 centres is dominant upon X-ray 
excitation.

The colouring of a material can be explained by both non-
linear photoexcitation of its electron subsystem with the for-
mation  of  excitons  and  electron – hole  pairs  via  avalanche, 
tunnel and multiphoton ionisation and through direct excita-
tion of excitons [32 – 34]. The decay of excitons and electron--
hole pairs  leads  to  the  formation of  the  simplest F  centres, 
which are  single anionic vacancies with a  captured electron 
[35].  The  characteristic  time  of  this  process  in  alkali  halide 
crystals  is several picoseconds  [36]; therefore,  it occurs after 
the passage of a femtosecond laser pulse. An aggregation of 
different  numbers  of  anionic  vacancies  and F  centres  gives 
rise  to  luminescence  aggregate  CCs,  including  F2  and  F3+, 
which emit light under blue illumination.

3. Experimental results

Experiments were  performed using  a  laser  radiation  source 
based  on  a  femtosecond  Tsunami  generator  (Ti:sapphire 
laser) with a cw solid-state Millenia Vs pump laser, regenera-
tive  Spitfire  Pro  amplifier  with  a  pumping  solid-state 
Empower 30 laser, and a tunable parametric TOPAS ampli-
fier. The pulse FWHM was 100 fs, the spectral half-width was 
200 – 250  nm  and  the  pulse  repetition  rate was  varied  from 
1 kHz to the minimum (single-pulse regime). The pulse energy 
(measured by a Fieldmax sensor with a PS-10 detector) was 
about 10 mJ. Laser pulses were focused by thin CaF2  lenses 
with a focal length F = 15 or 10 cm in a 40-mm-long LiF sam-
ple  at  a  distance  of  several millimetres  from  its  input  face. 
When recording CCs in the single-pulse exposure regime, the 
sample  was  displaced  in  the  direction  perpendicular  to  the 
laser beam after each pulse. CCs were recorded in LiF sam-
ples by beams with three wavelengths: 2600, 3100 and 3350 
nm; both lenses were alternately used. To implement the sin-
gle-filamentation  regime  with  variation  in  wavelength,  the 
energy of pulses was changed so as to make their peak power 
somewhat  exceed  the  critical  power  for  self-focusing.  The 
pulsed radiation energy at l0 = 2600, 3100 and 3350 nm was, 
respectively, 10.1, 11.5 and 13.5 mJ. In addition,  the sample 
was irradiated at l0 = 3100 nm with a change in energy from 
9 to 15.6 mJ.

To perform high-quality  analysis  of  recorded CC  struc-
tures, we used an Euromex Oxion 5´ microscope with illumi-
nation by a cw laser beam at l = 450 nm; the  luminescence 
signal  was  detected  by  a  Nikon  D800  digital  camera.  The 
scattered excitation light was cut off by an auxiliary yellow-
green  light  filter.  Photographs  of  a  series  of  luminescence 
structures induced in LiF at l0 = 3100 nm are shown in Fig. 1. 
An irradiation of an immobile crystal with a pulse repetition 
rate of 100 Hz led to the formation of intense luminescence 
tracks in the sample, which can be seen in Fig. 1 as the bright-
est  horizontal  lines  of  large  thickness  and  extension. When 
the sample was displaced, luminescence CC structures induced 
by single pulses were observed between its stop points; they 
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can be seen in Fig. 1 as thin horizontal lines with a periodi-
cally  varied  brightness.  The  random  longitudinal  displace-
ment of the induced structures along the filament is caused by 
laser pulse energy fluctuations. The characteristic length of the 
structures is about 1 mm, and their transverse size is 2 – 3 mm.

The  detection  of  two CC  luminescence  colours  (Fig.  1) 
confirms  the presence of F2 and F3+ centres  in  the  recorded 
structures. Radiation with l = 450 nm excites simultaneously 
F2 and F3+ centres. At low excitation intensities, the lumines-
cence of F3+ CCs with a maximum at l » 550 nm is dominant, 
whereas  the  contribution  of  the  luminescence  of F2  centres 
with a maximum at l » 650 nm to the total luminescence sig-
nal is small. At high excitation intensities, an effect related to 
the transition of F3+ CCs to the metastable nonradiative state 
with a lifetime of several seconds manifests itself. This circum-
stance  leads  to  a decrease  in  the observed F3+  luminescence 
intensity  in  comparison  with  the  luminescence  of  F2  CCs, 
which do not pass to the nonradiative state, and the lumines-
cence of the latter becomes dominant. The lines in the right 
column in Fig. 1 were obtained at l = 450 nm with a higher 
excitation  intensity  than  the  lines  in  the  left  column, which 
resulted  in  different  luminescence  colours  of  laser-induced 
structures: orange and green colours on the right and on the 
left, respectively.

4. Processing of experimental results

4.1. Period of CC density oscillations

To study in detail the periodic changes in the CC structures 
induced by single pulses in LiF, we used an Olympus IX 71 
microscope with a 10´ objective and an Olympus E520 digital 
camera  with  a  yellow-green  filter,  which  cuts  off  scattered 
excitation radiation at l = 450 nm. When recording series of 
luminescence structures by the camera, the exposure time was 
chosen sufficiently short to exclude saturation of the photo-
sensitive camera array by the luminescence signal. The period 

of CC density oscillations in the induced structures was found 
using digital processing of the photographs, in which a two-
dimensional  coloured  image was  transformed  into a mono-
chromatic one by summing the red and green components of 
pixels  in  digitised  photographs  (the  blue  component  was 
rejected as containing no useful signal), after which the values 
for the pixels in the cross section perpendicular to the struc-
ture axis were summed. The background (assumed to be equal 
to the signal for the pixels located beyond the structure image) 
was subtracted from the total luminescence signal. The thus 
obtained  luminescence  signal  profiles  for  individual  struc-
tures induced by femtosecond pulses are presented in Fig. 2 
(solid curves). The  initial  image of  the corresponding struc-
ture is located under each profile. The luminescence signal is 
proportional to the  linear CC density  in the structures. The 
longitudinal  luminescence  intensity profiles exhibit CC den-
sity  oscillations  against  the  background  of  regular  slow 
changes, obtained by smoothing the corresponding structural 
profiles (dashed curves). Note that the amplitude of CC den-
sity  oscillations  increases  significantly  with  an  increase  in 
wavelength  from  2600  to  3350  nm.  The  distance  on which 
CCs are generated is ~1 mm, which corresponds to the inter-
val of existence of filamentation-induced LB [21, 22].

Figure 3 shows deviations of CC density from the regular 
background  for  a  structure  induced  at l0 =  3100 nm  (solid 
curve). It can be seen that the amplitude of CC density oscil-
lations  is  maximum  in  the  range  of  highest  luminescence 
intensity (and, correspondingly, the strongest light field in the 
LB). To measure the period of CC density oscillations along 
the structure axis, they were automatically compared with the 
corresponding sinusoid (dashed curve). The result of this pro-
cedure (see Fig. 3) demonstrates strict periodicity of CC den-
sity  oscillations  along  the  filament  practically  in  the  entire 
range  of  existence  of  a  LB  by  an  example  of  the  structure 
induced at l0 = 3100 nm and F = 10 cm (the pulse propagated 
from the left to the right).

´3 ´3´3 ´3

Figure 1. (Colour online) Photographs of  the  same series of  lumines-
cence  structures  induced  in  LiF  by  a  pulsed  laser  beam  with  l0  = 
3100 nm and different energies (from 9 mJ in the lower fragment of the 
image to 15.6 mJ in the upper fragment). The bright lines dividing frag-
ments correspond to recording CCs under multipulse exposure, and the 
thin lines in the fragments were obtained with a single-pulse exposure. 
The luminescence signal was excited by a cw laser at l = 450 nm (the 
excitation power for the right column exceeds that for the left column). 
Image  fragments magnified  thrice  are  shown  in  the bottom;  they  ex-
hibit periodic changes in the luminescence brightness for the structures 
induced by single pulses. 
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Figure 2. Longitudinal luminescence intensity profiles (solid curves) for 
the CC structures induced in LiF by single 100-fs pulses, regular slow 
changes  in  intensity (dashed curves) and the corresponding  images of 
the initial structure (bottom) under the following conditions: (a) radia-
tion wavelength l0 = 2600 nm and pulse energy W = 10.1 mJ, (b) l0 = 
3100 nm and W = 11.5 mJ and (c) l0 = 3350 nm and W = 13.5 mJ. The 
laser beam propagates from the left to the right. The lens focal length 
F = 10 cm.
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The  period was measured  on  samples  from 25  lumines-
cence structures for each femtosecond laser wavelength and 
two  values  of  the  lens  focal  length.  The  induced  structure 
periods were 36.5 ± 0.5, 31.2 ± 0.1 and 29.0 ± 0.1 mm when 
focusing  by  a  lens with F  =  10  cm  at  l0 =  2600,  3100  and 
3350 nm, respectively, and 36.2 ± 0.5 and 31.0 ± 0.2 mm when 
focusing by a lens with F = 15 cm at l0 = 2600 and 3100 nm, 
respectively. The results of this analysis show that the period 
of  induced  structures  increases  with  decreasing  radiation 
wavelength and is independent of the lens focal length within 
the  experimental  error. The measurements  of  the  period  of 
the structures induced at l0 = 3100 nm and pulse energy var-
ied  in  range of  9 – 15.6 mJ  showed  that  the period does not 
change within an error of 3 %. Thus, the period of CC density 
oscillations in the induced structures is a function of the exci-
tation radiation wavelength and barely depends on the exter-
nal  focusing conditions and pulse energy. This  finding con-
firms that the CC structures are induced in a filament by LBs, 
which are stable light field structures [21, 22].

The  modulation  depth  of  the  longitudinal  profiles  of 
induced  luminescence  structures  decreases  with  decreasing 
femtosecond  radiation wavelength  (Fig.  2).  In  the brightest 
parts  of  the  structures,  induced  at  l0  =  2600,  3100  and 
3350 nm, the measured values of the  luminescence  intensity 
modulation depth, (Imax – Imin)/(Imax + Imin), turned out to be 
about 5, 20 and 30 %, respectively.

4.2. Peak CC density and diameter of induced structures 

The  induced  structures  were  thoroughly  studied  using  a 
PicoQuant  MicroTime  200  confocal  laser  luminescence 
microscope with a 20´ objective and radiation at l = 470 nm 
for CC excitation. This tool made it possible to record images 
of induced structures with a resolution of 6.4 pixels m–1 on a 
80-mm scale (the resolution was limited by the working range 
of  the  piezoelectric  scanner  of  the  confocal  microscope). 
Figure 4 shows an image of a luminescence structure induced 
in a filament at l0 = 3100 nm. Dependences of the CC density 
on  the  structure  axis  and  its  diameter  (determined  at  half 
maximum) on the longitudinal coordinate were obtained by 
processing the transverse profiles of images (Fig. 4). It can be 
seen that the structure diameter oscillates along the axis; these 
oscillations are phase-shifted with respect to the CC density 
oscillations on the axis. A similar phase shift of the diameter 
and axial density oscillations was found in the images of the 
structures induced in a filament by beams with l0 = 2600 and 
3350 nm.

Figure 5 shows transverse profiles of CC density ( l0 = 
3100  nm), measured  in  the  cross  sections with maximum 

[Fig. 4, line ( 3 )] and minimum [Fig. 4, line ( 4 )] diameters. 
The standard deviations of the profile width, obtained by 
averaging  over  five  measurements,  did  not  exceed  0.5 %. 
The  average  diameters  of  the  structures  induced  at  l0  = 
2600,  3100  and  3350  nm  are,  respectively,  about  1.9,  3.0 
and 3.2 mm;  these values are close  to  the  radiation wave-
lengths.

4.3. Influence of laser radiation wavelength  
on the induced-CC density 

An  analysis  shows  that  the  CC  density  in  the  structures 
induced  at  l0  =  3100  nm  reaches  larger  values  than  in  the 
structures induced at l0 = 2600 and 3350 nm. Figure 6 shows 
dependences of the axial luminescence intensity on the longi-
tudinal coordinate, obtained at equal intensities but different 
wavelengths l0 of the excitation beam. Here, a region with the 
highest CC density was  chosen  in  each  structure.  It  can be 
seen that the highest CC density is obtained in the structure 
recorded at l0 = 3100 nm. This may be caused by direct gen-
eration  of  excitons  during  laser  beam  absorption  in  the 
medium. The efficiency of the direct excitonic channel of CC 
generation in alkali halide crystals is known to be comparable 
with that of the electron – hole channel [35]. We suggest that, 
in the case of multiphoton absorption of IR radiation, a reso-
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Figure 3. Determination of the period of CC density oscillations by an 
example of a structure induced by radiation with l0 = 3100 nm (focus-
ing by a lens with F = 10 cm; the pulse propagates from the left to the 
right). The solid oscillating curve shows rapidly changing deviations of 
the CC density from a regular dependence (see Fig. 2). The dashed sinu-
soid demonstrates periodicity of changes  in  the CC density along the 
filament.
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Figure 4. Continuous-tone image of a luminescence structure induced 
in LiF by a single 100-fs laser pulse at l0 = 3100 nm (bottom) and the 
dependences of the ( 1 ) axial luminescence intensity and ( 2 ) the struc-
ture diameter at half maximum on the longitudinal coordinate z, found 
based on  this  image. Curve  ( 1 )  is normalised  so as  to provide visual 
alignment with curve ( 2 ). Vertical lines ( 3 ) and ( 4 ) indicate the points 
on the axis that correspond to the maximum and minimum diameters. 
The laser pulse propagates from the left to the right.
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Figure 5. Normalised  profiles  for  the  luminescence  CC  structure  in-
duced by femtosecond radiation with l0 = 3100 nm, which were mea-
sured in the cross sections with the maximum and minimum diameters 
[see vertical lines ( 3 ) and ( 4 ) in Fig. 4]. The horizontal lines indicate the 
FWHM values for the profiles.
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nance occurs when the sum of the energies of an integer num-
ber K of IR photons coincides with energy Eex of the exciton 
absorption band:

K hc Eex
0l
= ,  (1)

where h is Planck’s constant and c is the speed of light. Then, 
the  concentration  of  generated  excitons  and,  correspond-
ingly,  the  CC  density  should  periodically  change  with  an 
increase  in  the  photon  energy. According  to  [36],  the  peak 
energy in the exciton absorption band, Eex, is 12.8 eV, and the 
bandwidth is 0.25 eV. Radiation wavelengths l0 = 2600, 3100 
and 3350 nm correspond  to numbers of photons K = 25.8, 
32.0 and 33.6,  respectively. The deviation of  the number of 
photons, DK, with allowance for the exciton band and pulse 
spectrum widths, is ±0.5. For l0 = 3100 nm, K is most close to 
an  integer.  Therefore,  the  radiation  at  this  wavelength  is 
closer to the resonance (1) than at wavelengths l0 = 2600 and 
3350 nm.

4.4. Luminescence spectra of induced structures

Using a PicoQuant MicroTime 200 confocal microscope and 
an Ocean Optics QE65000 optical spectrometer, we recorded 
luminescence spectra of the induced structures in LiF. Figure 
7 shows the luminescence spectrum of the structure induced 
at l0 = 3100 nm. Photoexcitation was performed by a  laser 
with a sufficiently short wavelength (l = 405 nm), which lies 
beyond  the CC  luminescence  range. The  spectrum contains 
two overlapping luminescence bands of CCs: one centred at l 
» 550 nm for F3+ CCs and the other centred at l » 650 nm 
for F2 CCs.

5. Numerical simulation

Numerical simulation reveals the scenario of the formation of 
the LB temporal structure, which leads to the observed modu-
lation of the CC density. The formation and propagation of 
an  LB  in  a  medium  was  simulated  using  the  equation  for 
slowly  varying  complex  field  amplitude A(r, z, t) with mini-
mum approximation [37, 38], which is valid for wave packets 
with a width comparable with the optical oscillation period. 
The problem under consideration [22] was formalised taking 
into account the wave packet diffraction and dispersion, Kerr 
self-focusing, photoionisation and avalanche ionisation of the 
medium, defocusing  and absorption of  light  in  the  induced 
plasma, and the pulse self-steepening. The material dispersion 
of  LiF was  calculated  from  the  Sellmeier  formula,  and  the 
photoionisation rate was determined using the Keldysh for-
malism  [39].  The  initial  condition  in  the  simulation  corre-
sponded  to  a  pulse  with  a  Gaussian  temporal  and  spatial 
intensity distribution,  the parameters of which were  consis-
tent with the experimental ones: the pulse FWHM was 100 fs 
and the pulse energy was 10.5, 15.5 and 18.0 mJ at l0 = 2600, 
3100 and 3350 nm, respectively; this set corresponds to a peak 
power of about 1.5Pcr, where Pcr is the critical power for self-
focusing in LiF.

The calculated distributions of light field intensity I(r, t) µ 
|A(r, t)|2 at l0 = 3100 nm and distances z = 7.26 and 7.59 mm 
from the input of the medium are shown in Fig. 8 in the local 
frame of reference for a pulse with a coordinate t = t – z/ug, 
where  ug  is  the  pulse  group  velocity.  A  logarithmic  colour 
scale was used to expand the range of reproducible intensities 
up  to  four  orders  of  magnitude.  The  peak  pulse  intensity 
begins to grow rapidly at a distance of z = 7.26 mm (Fig. 8a); 
this  rise  corresponds  to  the  LB  formation  onset.  The  peak 
pulse intensity becomes as high as ~2 ´ 1014 W cm–2 at a dis-
tance of z = 7.56 mm (i.e., exceeds initial intensity I0 by a fac-
tor of 150); this value is sufficient to implement multiphoton 
and  avalanche  ionisation  and  generate  excitons  [34]  in  a 
medium. In the case of strong anomalous GVD, the light field 
intensity increases due to the simultaneous spatial self-focus-
ing and temporal self-compression of the pulse, which leads 
to  the  formation  of  an  extremely  compressed  LB  [21,  22] 
(Fig. 8b). The LB intensity FWHM becomes approximately 
10 fs, which is about 10 % of the initial pulse width. The thus 
formed LB  is  a  stable wave  packet, which  contains  several 
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Figure 6. CC luminescence intensity on the structure axis, obtained at 
equal  luminescence  excitation  intensities  in  the  structures  induced by 
femtosecond radiation with l0 = ( 1 ) 2600, ( 2 ) 3100, and ( 3 ) 3350 nm. 
The dashed lines show the average intensity values. 
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Figure 7. Luminescence spectrum (excitation at l = 405 nm) of F3+ and 
F2 colour centres in a structure induced by LB in LiF.
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Figure 8. (Colour online) Spatial and temporal distributions of inten-
sity I in an LB formed from a 100-fs pulse with energy of 15.5 mJ at 
l0 = 3100 nm: (a) LB formation onset at z = 7.26 mm (peak intensity 
3 × 1013 W cm–2, FWHM = 25 fs) and (b) the end of LB formation at 
z = 7.56 mm (2 × 1014 W cm–2, 10 fs). 
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light field oscillations and propagates with a group velocity in 
a medium at a distance of about 1 mm.

The  expression  for  the  light-wave  electric  field  strength 
E(r, z, t) in the LB wave packet can be written as [37, 40]

( , , ) ( , , )E r z A r z
2
1t t=

  exp i iz 1 1
g ph

0 0# w t w u u+ - +c m; E  c.c.,  (2)

where A(r, z, t) = |A(r, z, t)|exp[ix(r, z, t)] is the calculated pulse 
complex envelope, w0 = 2pc/l0 is the pulse carrier frequency, 
and uph = c/n(l0) is the phase velocity. This equation describes 
the light field evolution in the wave packet with a change in 
envelope  amplitude  |A(r, z, t)|,  envelope  phase  x(r, z, t)  and 
phase j(z) = zw0(1/ug – 1/uph). Envelope phase x(r, z, t) deter-
mines the spatial and temporal distribution of the phase shift 
of oscillations of the electric field E(r, z, t) in the wave packet, 
which  is  caused  by  nonlinear  optical  conversion  of  light, 
whereas  phase  j(z)  determines  the  time  shift  of  light  field 
oscillations with respect to the envelope peak; this shift is due 
to the difference between group velocity ug of the wave packet 
in the medium and phase velocity uph at frequency w0 in the 
dispersive medium. Note that, according to [1, 3, 4], a super-
continuum is generated under filamentation due to the self-
phase modulation of the light field, at which the broadening 
of the frequency spectrum of the pulse is related to the tempo-
ral gradient of envelope phase x(r, z, t), whereas the angular 
spectrum broadening is related to spatial gradient x(r, z, t).

Figure  9а  shows  the  light-wave  electric  field  strength 
E(r  =  0, t)  on  the  wave  packet  axis  at  a  distance  of  z  = 
7.26 mm, which corresponds to the initial stage of LB forma-
tion  (see Fig. 8a). The pulse envelope contains  several  light 
wave cycles, and the peak electric field amplitude increases by 
a factor of about 5. At z » 7.56 mm, the pulse is extremely 
compressed, and a wave packet containing one optical oscil-
lation  is  formed  (Figs 9b  – 9d). Because of  the difference  in 

the phase and group velocities, Du = uph – ug, the light wave 
moves more rapidly than the wave packet envelope. It can be 
seen that, at z1 = 7.559 mm (Fig. 9b), the maximum of the LB 
wave  packet  envelope  coincides  with  the  maximum  of  the 
light-wave amplitude, whereas at z2 = 7.579 mm (Fig. 9c) the 
light wave shifts by a quarter of period and the resulting peak 
amplitude of  the  light  field  strength  in  the LB decreases by 
more than 20 %. At z3 = 7.596 mm (Fig. 9d), the maximum of 
the LB wave packet envelope coincides with the minimum of 
the light-wave amplitude, and the electric field strength ampli-
tude becomes maximum again. Thus, when an LB propagates 
as a wave packet containing one light-wave period, the field 
amplitude  periodically  changes  because  of  the  difference  in 
the group and phase velocities. These oscillations of the elec-
tric field peak amplitude occur in the entire range of LB exis-
tence.

The corresponding continuous-tone images of the distri-
bution of light field strength E(x, y = 0, t) in the wave packet 
cross section are shown in Figs 9e – 9h. It can be seen that the 
light field wavefront is bent in the paraxial region of the newly 
formed  LB;  this  bending  is  determined  by  envelope  phase 
x(r, z, t).  The  wavefront  curvature  for  the  first  and  central 
field oscillations in the LB is negative (which corresponds to 
positive Kerr nonlinearity of the medium) and positive for the 
field oscillations on the LB tail because of the defocusing in 
the self-induced laser plasma.

The LB diameter at an amplitude level of 80 % of maxi-
mum  is about 5 mm;  this value  is  consistent with  the  trans-
verse  size  of  the  experimentally  observed  CC  structures 
(Fig. 4). A comparison of the images in Figs 9f – 9h shows that 
the  LB  transverse  size,  as  well  as  the  maximum  light  field 
amplitude on the bullet axis, change periodically during LB 
propagation.

At l0 = 3100 nm, the band gap between the state of tightly 
bound  exciton  and  the  valence  band  (12.8  eV  [36])  corre-
sponds to the total energy of 32 laser photons. Therefore, a 
relatively small variation  in  the  light  field causes significant 
oscillations of CC density. These regular changes of the light 
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Figure 9. (Colour online) (a – d) Light field profiles on the LB axis and (e – h) continuous-tone images of the distribution of light field strength 
E(x, y = 0, t) at the following distances from the input of the medium: (a, e) z0 = 7.26 mm (initial stage of LB formation), (b, f) z1 = 7.559 mm (the 
maximum of the LB wave packet envelope coincides with the maximum light-wave amplitude), (c, g) z2 = 7.579 mm (the maximum of the LB wave 
packet envelope coincides with zero field in the light wave) and (d, h) z3 = 7.596 mm (the maximum of the LB wave packet envelope coincides with 
the minimum of the light-wave amplitude); A0 = |A(0, 0, 0)|. 
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field amplitude  in LB,  caused by  the  changes  in phase j(z) 
during LB propagation in a medium, lead to the formation of 
a  periodic CC  structure  under  filamentation  in  the mid-IR 
range. The phase j(z) affects the nonlinear optical interaction 
between a laser pulse containing one field oscillation period 
and a medium with a characteristic time comparable with the 
optical  oscillation  period  [40].  According  to  the  numerical 
simulation  data,  period  Dz  =z z3 1-   of  the  peak  light  field 
amplitude in the LB is 37.0 ± 0.5 mm at l0 = 3100 nm; at l0 = 
3350 nm it decreases to 34.0 ± 0.5 mm, while at l0 = 2600 nm 
it rises to 42 ± 1 mm. The change in the obtained values of 
period Dz with variation  in wavelength corresponds  to  that 
observed in the experiment (see Subsection 4.1). The quanti-
tative difference between the calculated and measured peri-
ods is related to possible deviation of the parameters of the 
medium used in the simulation from real ones.

A simple analytical estimate of the period of the light field 
peak amplitude  in  the LB can be  found from the condition 
j(Dz*) = p, which neglects the influence of nonlinearity on the 
wave packet group velocity and phase modulation:

( )
z

n2 g
0

0

l u
l uD D=* .  (3)

At l0 = 3100 nm, formula (3) yields Dz* = 35 mm, which is in 
good agreement with  the value  found by numerical  simula-
tion.  At  l0  =  2600  and  3350  nm,  we  have Dz*  =  42.6  and 
32.4 mm, respectively;  these values coincide with  the experi-
mentally found periods of the filament-induced CC structures 
in LiF.

The origin of the above-considered periodic structures in 
an isotropic LiF crystal differs from the nature of the struc-
tures observed previously in other media. The intensity oscil-
lations along a filament in birefringent media are due to the 
periodic change in the pulse polarisation and the difference in 
the multiphoton absorption cross sections for linear and cir-
cular polarisations  [41].  In  this  case,  the period of  intensity 
oscillations along  the  filament  increases with an  increase  in 
the laser wavelength, in contrast to the structures induced in 
isotropic LiF. In the filamentation regime similar to the wave-
guide propagation under normal GVD conditions, which was 
studied numerically for a condensed medium [42] and for air 
[43],  the  period  of  the  refocusing-induced  intensity  oscilla-
tions  along  the  filament  decreases  (in  comparison with  the 
critical power  for  self-focusing) with a decrease  in  the  laser 
pulse  power.  In  a  quasi-periodic  sequence  of  LBs  formed 
under filamentation in a medium with anomalous GVD, the 
gap  between  neighbouring  bullets  is  not  strictly  periodic; 
moreover, its value exceeds greatly the CC density oscillation 
period in the structure induced in LiF under filamentation in 
the mid-IR range. The physical reason of the found periodic 
modulation of the CC density in LiF is the cyclic  light field 
conversion in the LB propagating in LiF, which is caused by 
the change  in the phase shift  for the carrier wave and pulse 
envelope  (due  to  the  difference  in  the LB group  and phase 
velocities).

6. Conclusions

The periodic changes in the CC density in a structure induced 
in an  isotropic LiF crystal under filamentation of a mid-IR 
beam are caused by regular changes in the light field ampli-
tude in the LB with a width of 1.5 periods, which are due to 
the  difference  between  the LB  envelope  group  velocity  and 

the  light-wave  phase  velocity.  The  periodic  CC  structures 
with a diameter close to the light wavelength are formed by an 
LB in the entire range of its existence (about 1 mm long). The 
period of changes in the CC density and diameter of induced 
structures  is  about  30 mm. The  induced  structure  period  is 
independent  of  the  external  focusing  conditions  and  pulse 
energy,  which  confirms  the  stability  of  the  LB,  which  is  a 
result of the self-organisation of intense light field at its non-
linear  optical  interaction  with  a medium  under  anomalous 
GVD conditions. The study of the CC structures recorded in 
LiF  under  filamentation  at  different  wavelengths  revealed 
that the period of the CC density oscillations in the induced 
structures decreases with an increase in wavelength, whereas 
their amplitude increases. The highest CC density is obtained 
under filamentation at a wavelength of 3100 nm, which is due 
to the enhanced contribution of direct CC generation under 
absorption of an  integer number of photons by  the exciton 
band.

A numerical analysis of the light field evolution in an LB 
with a width of 1.5 optical periods  revealed  that a periodic 
change in the light-wave field strength amplitude during LB 
propagation  leads  to modulation of  the CC density  in LiF. 
The  numerical  simulation  data  are  in  agreement  with  the 
experimental  results. The generation of  stable  luminescence 
CCs  in an  isotropic LiF crystal, which are characterised by 
high thermal and optical stability, makes it possible to inves-
tigate the spatial and temporal evolution of the LBs formed 
under filamentation of femtosecond mid-IR laser beams.
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