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Abstract.  We report the results of numerical studies of the impact 
of asymmetric femtosecond pulses focused in the bulk of the mate-
rial on the femtosecond modification of fused silica. It is shown that 
such pulses lead to localisation of absorption in the process of femto-
second modification and to a decrease in the threshold energy of 
modification. It is found that the optimal asymmetry parameters for 
reaching the maximum plasma density in the focusing region depend 
on the pulse energy: at an initial energy of about 100 nJ, it is prefer-
able to use pulses with positive TOD; however, when the energy is 
increased, it is preferable to use pulses with negative TOD. This is 
explained by differences in the dynamics of the processes of absorp-
tion of energy of a pulse propagating in the material. 

Keywords: femtosecond modification, laser micromachining, refrac-
tive index, nonlinear Schrödinger equation. 

5. Introduction 

Femtosecond laser technologies making it possible to produce 
high-energy  ultrashort  pulses  are  increasingly  used  in  laser 
processing of materials, called femtosecond micromachining. 
In  comparison  with  other  well-developed methods  of  laser 
processing  (cutting,  ablation,  polymerisation,  etc.),  the  key 
advantage of femtosecond micromachining is the possibility 
of a local change in the refractive index of nonphotosensitive 
transparent materials, which allows one to create elements of 
integrated optics, i.e., three-dimensional waveguide structures 
in  insulators  (mainly  fused  silica). Various  optical  elements 
fabricated using this method have already been demonstrated: 
fibre Bragg gratings [1], phase masks [2], couplers [3], planar 
waveguides in various materials [4, 5], devices for biomedical 
applications [6]. 

Investigation of the effect of radiation characteristics on 
the  modification  parameters  (shape,  size,  refractive  index 
change) is an urgent task. To date, the effect of focusing con-
ditions  [7],  femtosecond  laser  writing  [8],  polarisation  [9], 
energy  [10] and wavelength  [11] of  radiation on  the modifi-

cation parameters has been studied. Temporal characteristics 
of radiation are additional important factors determining the 
process  of writing,  since  it  is  the  temporal  dynamics  of  the 
interaction of various physical processes  (multiphoton  ioni-
sation, avalanche ionisation, plasma absorption, thermal relax-
ation)  that  determine  the  inscription  process.  It  has  been 
shown that the use of radiation with a high pulse repetition 
rate (above 1 MHz) to produce waveguide structures makes it 
possible to obtain higher quality waveguides at a lower pulse 
energy compared to the case kilohertz repetition rates. This is 
explained as follows: when the time between pulses is less than 
the thermal relaxation time (~1 ms), the accumulation effect 
comes to the fore, and so subsequent pulses affect the heated 
area, which requires less energy for modification [12]. 

Englert  et al.  [13] presented  experimental  results  for  the 
ablation of fused silica by a femtosecond pulse with an asym-
metric temporal shape. The authors used the type of asymmetry 
that  is equivalent  to  the accumulated chromatic  third-order 
dispersion  (TOD).  It  was  shown  that  for  certain  values  of 
TOD,  it  is  possible  to  obtain  the  modification  size  that  is 
smaller  than  the  diffraction  limit  and  that  is  less  than  the 
impact of a symmetric pulse. The effect of the pulses is also 
dependent on the sign of TOD: positive TOD (when first the 
main pulse arrives) requires less energy per pulse to form the 
same  region  as  in  the  case of  negative TOD. The  reason  is 
that, for the ablation process it is important to reach a certain 
critical value of the electron density. In the first case (TOD > 0), 
the main peak produces due to multiphoton ionisation a cer-
tain number of electrons, which may be insufficient to reach a 
critical value, while the secondary peaks (smaller in amplitude) 
increase the number of electrons due to avalanche ionisation 
up to a critical value. In the second case (TOD < 0), secondary 
peaks with a lower amplitude, which is insufficient for multi-
photon ionisation, first exert influence. In this case, multipho-
ton ionisation can only be caused by subsequent (with a larger 
amplitude) secondary peaks; therefore, only the remaining part 
of the pulse can produce electrons due to avalanche ionisation. 
More energy is required in this case, compared to TOD > 0. 
For this reason, pulses with TOD > 0 are more preferable for 
the material ablation. 

With femtosecond material modification it is also neces-
sary to reach a certain concentration of free electrons, which 
provide local heating of the material and a subsequent change 
in its physical properties (e.g., change in the refractive index). 
Because  fabrication  of  many  optical  components  (wave-
guides,  Bragg  gratings)  requires  action  in  the  bulk  of  the 
material,  the  study  of  the  influence  of  the  temporal  pulse 
shape with TOD > 0, focused into the material, on femtosec-
ond modification is an urgent task. 
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6. Mathematical model 

To study numerically propagation of a femtosecond pulse in 
the  material  we  have  selected  a  model  in  which  plasma  is 
formed  in  the  focusing region due to multiphoton and ava-
lanche  ionisation.  This  model  was  proposed  in  [14]  and  is 
widely used for such calculations [15]: 
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where k = nb k0  is the wave vector  in the medium; k0 = w/c; 
nb  is  the  refractive  index,  calculated  by  the  Sellmeier  equa-
tion [16] for fused silica at 800 nm;  kll  is the group velocity 
dispersion; n2 is the nonlinear coefficient describing the Kerr 
nonlinearity; sbs  is the inverse bremsstrahlung cross section; 
t  is the electron relaxation time; Eg is the ionisation energy; 
b(K) = K'ws (K ) is the multiphoton absorption (MPA) coeffi-
cient; K is the order of the MPA; s (K ) is the parameter charac-
terising multiphoton ionisation. 

The  wave  equation  (1)  for  the  complex  amplitude  e  of 
the electric field in the paraxial approximation describes the 
propagation  of  a  femtosecond  pulse  in  the  material  along 
the coordinate z with  light diffraction  (second  term), group 
velocity  dispersion  (third  term),  Kerr  nonlinearity  (fourth 
term), avalanche and multiphoton absorption (fifth and sixth 
terms, respectively) taken into account. Equation (2) for the 
plasma density r  contains  terms  that are responsible  for an 
avalanche ionisation (first term) and multiphoton ionisation 
(second term). 

As an initial condition for equation (1) we used a focused 
Gaussian beam with a nonzero TOD component. The expres-
sion for such a pulse in the frequency domain is given by [17] 
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where e0  is  the  initial amplitude of  the  field; Dt  is  the pulse 
width  (FWHM);  r0  is  the  initial  beam  radius;  f  is  the  focal 
length of the lens; f3 is the TOD parameter, which determines 
the asymmetry of the beam in time (hereinafter referred to as 
TOD = f3/6). When TOD > 0, a decrease in the modulation 
amplitude with time is observed (Fig. 1); when TOD < 0, there 
is an inverse dependence, i.e., an increase in the modulation 
field amplitude with time. 

The  calculations  were  carried  out  with  the  following 
parameters: wavelength, l = 800 nm; the order of the MPA, K 
= 5; pulse duration, Dt = 50 fs; initial beam radius, r0 = 2.5 
mm;  numerical  aperture  of  the  lens,  NA  =  0.5;  ionisation 
energy, Eg = 7.6 eV [18]; group velocity dispersion parameter, 
k'' = 361 ́  10–28 s2 m–1 [18]; nonlinear coefficient, n2 = 3.2 ́  10–20 W 
m–2 [16]; multiphoton ionisation parameter, s(5) = 1.3 ́  10–75 m10 s–1 
W–5  [18];  electron  relaxation  time,  t  =  1.7  fs  [19];  critical 
plasma density, rBD = e0 me e–2 w2 = 1.74 ́  1027 m–3. The  pulse 
energy was 115 nJ and TOD varied from ±106 fs3 to 0. 

7. Results of calculations 

Figure 1 shows the time dependences of the intensity of asym-
metric  pulses  with  TOD =  3 ́  105,  6 ́  105  and  1 ́  106  fs3  at 
z = 0, normalised to the intensity of multiphoton absorption 
Impa = 2.72 ́  1017 W m–2. The time t is normalised to the value 
tp = Dt/ ln2 2 . The distribution for TOD < 0 has a similar 
form, but is mirrored around zero. The inset image shows a com-
parison of the reduced intensity amplitudes with a symmetric 
pulse amplitude (TOD = 0). One can see that the amplitude 
of the symmetric pulse is seven times higher than that of the 
asymmetric pulse, which is caused by the redistribution of the 
pulse energy to the additional smaller-in-amplitude peaks. 

Figure 2 shows the dependences of the pulse energy on the 
propagation coordinate z for different values of TOD and the 
initial energies of 115 and 200 nJ. As can be seen, the absorbed 
energy at TOD > 0 is higher than at TOD < 0, which is con-
sistent with  the  results  for  the  ablation  of  fused  silica  [13]. 
However, the absorbed energy for a symmetric pulse is con-
siderably higher than that of the asymmetric pulse and absorp-
tion begins at lower z. 

At the same time, the data presented in Figure 3 indicate 
that the density of the plasma generated at the axis (r = 0) is 
maximal both in the case of positive TOD and pulse energy 
of 115 nJ and in the case of negative TOD and pulse energy of 
200 nJ. The time integrated distributions of the density of the 
generated plasma are shown in Figs 4 and 5 for both cases. 
The plasma density for the symmetric pulse is localised in a 
larger volume; therefore, as a result of plasma absorption the 
pulse is absorbed stronger and the total absorbed energy will 
be higher. 

Figure 6 shows the change in the plasma density with time 
at z = 0.181 mm (at the peak of the plasma density, see Fig. 3). 
At 115-nJ pulse energy, the plasma density for TOD > 0  is 
higher than for TOD < 0, which explains the greater absorp-
tion of the initial stage of pulse propagation (Fig. 2). One can 
see that at TOD < 0, the plasma density increases only in the 
vicinity of zero because of the formation of a plasma under 
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Figure 1. Time dependences of the amplitudes of pulse intensities with 
TOD = 3 ́  105 ( 1 ), 6 ́  105 ( 2 ) and 1 ́  106 fs3 ( 3 ). 
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Figure 2. Dependences of the pulse energy on the z coordinate for the initial pulse energies 115 (a) and 200 nJ (b) and TOD = 0 ( 1 ), –106 ( 2 ) and 
106 fs3 ( 3 ). 
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Figure 3. Longitudinal distributions of the plasma density on the beam axis (r = 0) for the energies 115 (a) and 200 nJ (b) and TOD = 0 ( 1 ), –106 ( 2 ) 
and 106 fs3 ( 3 ).
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Figure 4. Plasma density distribution for the pulse energy 115 nJ and TOD = 0 (a), –106 (b) and 106 fs3 (c). 
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the influence of the main peak; in this case, the peaks with a 
smaller amplitude do not contribute significantly to the gen-
eration of plasma. If TOD > 0, the situation is different: after 
exposure  to  the  peak with  a maximum amplitude  a  certain 
electron density is generated, which is increased under the action 
of  subsequent  smaller-in-amplitude  peaks  due  to  avalanche 
ionisation. Thus, the resulting plasma density  in the case of 
TOD > 0 becomes higher. 

However, when  the pulse energy  is 200 nJ,  the maximal 
plasma density is reached at TOD < 0, which can be explained 
as follows. With increasing initial energy, the pulse undergoes 
deformation during propagation (Fig. 7), which depends on 
the sign of TOD. For TOD > 0 (Fig. 7, left), the pulse experi-
ences deformation in the radial direction because of plasma 
absorption and defocusing; as a result,  the secondary peaks 
at r = 0 almost vanish and do not contribute to the generation 
of plasma due to avalanche ionisation. At the same time, for 
TOD < 0 (Fig. 7, right), when secondary peaks with a lower 
amplitude come to the fore and the effect of the absorption 
of subsequent peaks is smaller, there remains the effect of sec-
ondary peaks and their contribution to the generation of plasma 
through avalanche  ionisation. For  this reason,  the resulting 
plasma density is higher in this case. 

8. Conclusions 

We have shown that the use of pulses with TOD ¹ 0  leads to 
localisation of absorption in the process of femtosecond modi-
fication. The density of  the plasma generated  in  this case  is 
higher, which indicates the possibility of obtaining the modi-
fication  at  a  lower  pulse  energy  than  in  the  case  of  a  sym-
metric pulse. In this case, the optimal values of TOD depend 
on the energy of the pulse. At the initial pulse energy of about 
100 nJ, it is preferable to use pulses with TOD > 0. When the 
energy increases above this value, it is preferable to use pulses 
with TOD < 0,  i.e., at a  lower energy  the behaviour of  the 
dependence is the same as in the case of ablation of the mate-
rial, while at a higher energy the effects associated with  the 
propagation of the pulse in the material come to the fore. 
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