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Abstract.  A method for comparing experimental and simulation 
results obtained when transmitting a femtosecond laser pulse 
through a material is proposed. This method is based on computer 
reproduction of photographs recorded using femtosecond interfer-
ometry. A numerical analysis of the spatial and temporal evolution 
of an intense (~1013 W cm–2) pulse propagating in the bulk of 
yttrium aluminium garnet is presented.

Keywords: femtosecond laser radiation, fast processes in solids, 
femtosecond interferometry.

1. Introduction

The possibility of bulk laser structuring of transparent mate-
rials  stimulates  undiminishing  interest  of  researchers  in  the 
processes of interaction of high-power radiation with solids. 
Nonlinear  absorption  in  the  focal  waist  region  may  cause 
strong excitation of material and lead to its permanent modi-
fication (e.g., densification [1], colouration [2], allotropic trans-
formation  [3, 4], amorphisation  [5], nanoscale structurisation 
[6])  or  destruction  [7]).  Note  that  nonlinear  interaction  of 
radiation with a medium changes significantly the propaga-
tion path, as well as the spatial and temporal shape of intense 
ultrashort laser pulse focused in the bulk of material. Actual 
is the problem of measuring, predicting, and controlling the 
light-induced excitation of a medium.

Femtosecond interferometry [8, 9] is a convenient tool for 
such  measurements,  because  it  allows  one  to  estimate  the 
change  in  the refractive  index  in  the  laser-irradiated region. 
The  data  obtained  with  this  method  contain  information 
about the local radiation intensity, density of excited free car-
riers and transient bound states, etc. In essence, an interfer-
ence photograph is a spatial and temporal convolution of the 
distribution  of  light-induced  change  in  the  refractive  index 
(Dn) and the electromagnetic field of probe pulse in the mate-
rial. The spatial resolution of interferometric images is limited 
by the diffraction limit, while the temporal resolution is deter-
mined by the pulse width. 

To interpret the information present in interference photo-
graphs,  one  must  perform  their  deconvolution.  However, 
deconvolution is an ill-posed problem, i.e., a problem in which 
small errors in the initial data lead to a strong distortion of the 
solution. Since interference photographs contain a rather large 
number  of  artefacts  (related  to  optical  system  aberrations, 
matrix  noises,  and  probe  beam  diffraction),  one  can  hardly 
directly extract information about the field distribution and the 
state of the medium from them; this is a hindrance for direct 
comparison of theoretical and experimental data.

Previously, a method based on comparing the dynamics 
of probe-beam phase shift Dj(t) at a chosen point of opti-
cal axis [10] was proposed to correlate the results of numer-
ical  simulation  and  femtosecond  interferometry  data. 
Theoretical dependences were obtained by integrating the 
calculated Dn value. A drawback of this method is the use 
of only a small amount of data  (related  to a given point) 
from all the dataset.

In this paper we consider an alternative method for com-
paring  simulation  and  experimental  femtosecond  interfer-
ometry  data.  Computer  reproduction  of  interferometric 
images is performed based on calculations, and then repro-
duced  images  are  compared  with  experimental  ones.  The 
applicability of  this method  is evaluated by an example of 
propagation of a femtosecond laser pulse in yttrium alumin-
ium garnet (YAG).

2. Experimental

The  radiation  source  was  a  800-nm  Tsunami  Ti : sapphire 
laser (Spectra Physics) equipped with a regenerative Spitfire 
amplifier  (Spectra  Physics).  The  pulse width was  140  fs. A 
pump pulse was focused by an aspherical lens with a focal 
length f = 30  mm in a polished YAG sample at a depth of 
300 mm from the surface.

The induced polarisability of the medium was studied by 
femtosecond  interferometry.  A  probe  beam  passed  (after  a 
delay line) through the focal waist of the pump beam perpen-
dicular to its optical axis. An objective (NA = 0.40) and a lens 
( f =  500 mm),  arranged  in  a  telescope  configuration, were 
used  to  image  the  focal  region on a CCD matrix. After  the 
telescope  the parallel probe beam passed  through a Sagnac 
interferometer, which formed a broadband interference pat-
tern. The inset in Fig. 1 presents two images corresponding to 
different interferometer arms. A local change in the refractive 
index in the irradiated region caused a local phase shift of the 
probe beam wavefront, which, in turn, led to a change in the 
brightness of both images. A detailed description of this tech-
nique can be found in [10].
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3. Simulation

Experimental data were compared with the results of numeri-
cal  simulation. The  transmission of  a  laser pulse  through a 
medium  and  excitation  of  the  electron  subsystem  of  YAG 
crystal was described by the system of equations
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Equation (1) is a wave equation for the complex electromag-
netic  field  amplitude  E  in  the  slowly  varying  amplitude 
approximation (see, e.g.,  [11]). The first  term on the right-
hand  side  of  Eqn  (1)  is  the  diffraction  one.  The  second, 
third,  and  fourth  terms  correspond,  respectively,  to  the 
group-velocity dispersion, nonlinear beam  focusing due  to 
the  optical  Kerr  effect,  and  five-photon  absorption.  The 
fifth  term  describes  the  effect  of  radiation-induced  short-
lived  bound  states  in YAG. As was  shown  in  [10],  bound 
states in YAG are generated directly during light absorption 
rather than through relaxation of free carriers (presumably, 
as well as in CaWO4 crystals [12]). Equation (2) describes the 
generation of these states. Since their experimentally found 
lifetime turned out to be 150 ps [13], the relaxation was dis-
regarded.

In  Eqns  (1)  and  (2),  /t t n z c0/ -l ;  k0  and w0  are  the 
wave number and angular light frequency, respectively; kll= 
98.5 fs2 cm–1 is the group-velocity dispersion [14]; n0 = 1.82 
is the linear refractive index of YAG; n2 = 6.5 ́  10–16 cm2 W–1 
is  the  nonlinear  [15]  refractive  index  of  YAG;  b(5)  =  3.1 
´ 10–51  cm7  W–4  is  the  five-photon  absorption  coefficient 
[16]; rt is the density of bound states; and ntrt is the contribu-
tion of bound states to the refractive index. The parameter nt 
was  varied  in  the  calculations.  The  calculation  results  pre-
sented below were obtained with nt = 1.5 ́  10–24 cm3. Note 
that a variation in nt in the vicinity of this value or below it did 
not lead to any significant change in the results of solving sys-
tem (1), (2).

The initial laser pulse had a Gaussian spatial and tempo-
ral shape with a width tFWHM = 140 fs;  it was focused by a 
lens with a numerical aperture NA = 0.1 at a depth of 300 mm 
from the sample surface. 

4. Reproduction of femtosecond 
interferometry data

To compare the results of numerical calculations with experi-
mental data, we simulated the transmission of a probe pulse 
through the laser-irradiated region at different delay times td. 
To  this  end,  the  distribution  of  induced  refractive  index  in 
YAG, Dn(r, z, t) = n2 | E(r, z, t) | 2 + ntrt(r, z, t), with a transition 
to the laboratory time, was calculated. Then the phase delay
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was determined for a thin time layer of a probe pulse propagat-
ing along the Y axis, and a time convolution was performed:
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The  thus  obtained  datasets  B(x, z)  are  interference  photo-
graphs  (reproduced  in  the  calculations)  corresponding  to 
those experimentally obtained using the schematic presented 
in Fig. 1. Note that these photographs are idealised, because 
the calculations were performed disregarding the diffraction 
from thin objects, absorption, and imperfection of the optical 
system.

5. Results and discussion

The  interference photographs recorded with different probe 
beam delays are shown in Fig. 2a. The pump pulse energy was 
0.52 mJ. The bright regions correspond to positive phase shifts 
of the probe beam, i.e., positive values of induced refractive 
index. The bright wide ‘cloud’ moving from right to left is due 
to the optical Kerr effect; it is a pump pulse image. The nar-
row  band  at  the  centre  of  photographs  corresponds  to  the 
region  containing  light-induced  bound  states.  Note  that 
intense femtosecond irradiation of YAG crystal does not lead 
to the occurrence of regions with a reduced refractive index, 
which occur in most solids as a result of free-carrier genera-
tion (see, for example, [17]).

The numerically calculated interference photographs are 
shown  in  Fig.  2b.  The  calculated  and  experimental  images 
obtained with time delays of 0 and 350 fs are in good agree-
ment. It can be seen that the pulse narrows and becomes more 
intense  when  approaching  the  focal  region.  Note  that  the 
pump pulse power at an energy of 0.52 mJ exceeds the critical 
power for self-focusing by a factor of almost 4; therefore, the 
beam focusing is significantly nonlinear in this case because 
of the optical Kerr effect.

When the pulse reaches the focal region (delay of 520 fs), 
diffraction bands can be observed in the experimental images. 
This  diffraction  is  due  to  the  presence  of  bound  electronic 
states in the irradiated region. According to the calculations, 
the  perturbed-region  diameter  is ~500  nm. The  strong  dif-
fraction does not make it possible to compare quantitatively 
the  experimental  and  theoretical  data  for  the  focal  region; 
however, they are qualitatively consistent.

Laser
‘Probe’

‘Pump’ Delay line

Lens

YAG

Objective

Interferometer

CCD 
camera

Figure 1. Irradiation scheme in femtosecond interferometry. The inset 
shows a typical interference pattern observed on CCD camera display.
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When the pulse leaves the focal region (delay of 800 fs), 
the good correspondence between the calculated and experi-
mental results is recovered. However, according to the simu-
lation results, a secondary maximum (indistinguishable in the 
experiment) arises in the beam at this instant. Apparently, the 
reason  is  that  the  fine  details  of  the  observed  pattern  are 
obscured because of the insufficiently high spatial resolution 
of the optical system.

Thus, the low resolution of the optical system is a critical 
problem. To perform a quantitative comparison of the theo-
retical  and  experimental  results,  one  must  calculate  more 
accurately the interference photographs, taking into account 
both the probe beam diffraction from subwavelength objects 
and the aberration of the optical system. Nevertheless,  the 
above-reported data  indicate  that Eqns  (1)  and  (2), which 
take into consideration the formation of short-lived bound 
states  directly  via  five-photon  absorption,  describe  cor-
rectly  the  light-induced  processes  occurring  in  the  YAG 
crystal.

The calculations made  it possible  to trace,  in particular, 
the change in the intensity and shape of the pump pulse dur-
ing its passage through the focal region. Note that at powers 
above  critical  a  typical  regime  of  pulse  propagation  in  the 
medium is filamentation [11], which is mainly due to the bal-
ance between the self-focusing of the beam and its defocusing 
by  the  free-carrier  plasma.  In  the  case of YAG crystal,  the 
absence of defocusing led to a peculiar propagation regime, 
differing from the classical filamentation.

The  spatial  distribution  of  light  intensity  at  the  instants 
indicated in Fig. 2 is shown in Fig. 3. It can be clearly seen that 
the pulse shape changed significantly during motion through 
the focal region. The critical factor in this process was the five-
photon absorption, which limited the intensity to a value not 
larger  than  3.5 ́  1013 W  cm–2. As  a  result  of  the  interaction 
between the self-focusing and absorption processes, the propa-
gating pulse narrowed  in  the  radial direction and was essen-
tially  elongated  both  in  the  axial  direction  and  in  time.  For 
example, at a time delay of 350 fs, the radius (at the 1/e level) 
and  width  (at  half  maximum)  were,  respectively,  1  mm  and 
100 fs. At a delay of 800 fs, the radius decreased to 0.8 mm, while 
the  width  increased  to  200  fs.  The  beam  propagated  in  this 
regime until  its  power decreased below  the  critical  level,  after 
which the beam became divergent due to  diffraction.

As was said above, a key condition for establishing and 
maintaining  the aforementioned beam propagation  regime 
is  to  limit  the  beam  intensity  via  multiphoton  absorption 
under  strong  self-focusing  conditions.  The  characteristic 
self-focusing length is Lsf =  1/(n2k0I )  (see  [11]), where I  is 
the intensity on the beam axis. The characteristic length of 
K-photon absorption  is Lmpa = 1/(2b (K )I K –1).  It  is  reason-
able to suggest that the rise in intensity under focusing con-
ditions is suppressed when the values Lsf  and Lmpa become 
close. Neglecting diffraction and other effects, one can pro-
pose the following formula to estimate (for K ³ 3) the inten-
sity  at  which  a  balance  between  the  absorption  and  self-
focusing processes occurs:

Ilim = a(K )[n2k0/(2b (K ))]Z. (5)

Here, Z = 1/(K – 2); a(K ) is a dimensionless factor on the order 
of unity.

To  analyse  the  applicability  of  formula  (5), we  calcu-
lated the dependence of the saturation intensity Ilim on the 
five-photon absorption coefficient (Fig. 4). To this end, we 
used Eqn (1) disregarding the terms describing the group-
velocity dispersion and refraction due to the occurrence of 
bound states. The b(5) value was varied from 3.1 ́  10–52 to 3.1 
´ 10–50  cm7  W–4.  The  approximation  of  the  dependence 
Ilim ( b(5)) by formula (5) at Z = 1/3 is shown by a dotted line; 
in this case, a(5) = 1.48. The approximation with Z = 1/3.5 
(the  solid  line)  turned  out  to  be  much  more  exact.  The 
observed discrepancy is related to the diffraction [disregarded 
when deriving estimation formula (5)].

Thus, a method for computer calculation of femtosecond 
interferometry  photographs was  proposed  for  correct  com-
parison of experimental data and results of numerical simula-
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Figure 2. Interference  photographs  for  a  0.52  mJ  femtosecond  laser 
pulse propagating (from right to left) in a YAG crystal: (a) experiment 
and ( b) simulation.
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Figure 3. Change in the intensity of a 0.52 mJ pulse during its propaga-
tion through the focal region in the YAG bulk. 
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tion of the interaction of femtosecond pulse with a medium. 
This  approach  showed  good  correspondence  between  the 
theory and experiment for yttrium aluminium garnet. A key 
problem remains to be the imperfection of interference photo-
graphs, which is primarily related to the probe beam diffrac-
tion. A numerical experiment demonstrated a regime of laser 
pulse propagation through a YAG crystal, in which the pres-
ence of Kerr self-focusing and absence of plasma defocusing 
led to strong beam narrowing and pulse elongation.
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Numerical simulation
Approximation by Eqn (5):

Z = 1/3
Z = 1/3.5

10 100
b(5)/1052 cm7 W– 4

8

6

7

5

4

3

2

I l
im

/1
013

 W
 c

m
–

2

Figure 4. Calculated dependence of the saturation intensity on the five-
photon absorption coefficient for a 0.52 mJ pulse. 


