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Abstract.  We compare the thermal effect exerted by femtosecond 
and millisecond pulses during microsurgical procedures on embryos. 
The linear and nonlinear absorption of laser pulses in an aqueous 
medium, as well as heat transfer from the focusing region of the 
laser beam to adjacent regions, are considered.

Keywords: femtosecond pulses, multiphoton absorption, avalanche 
ionisation, aqueous medium, millisecond pulses, dissector, thermal 
effect, embryo.

1. Introduction 

Modern sources of ultrashort laser radiation pulses (hereafter, 
we mean a duration tL < 10 ps) are widely used in applications 
based on laser-induced plasma formation processes, including 
photomodification of biomolecules [1, 2] and in laser surgery 
[3 – 5]. The advent of femtosecond lasers opened up new possi-
bilities in the field of refractive keratoplasty [4, 6] and contrib-
uted to the development of Femto-LASIK technology, which 
made it possible to eliminate the use of mechanical instruments. 
However, in the field of assisted reproductive technologies 
(ARTs), ultrashort duration radiation sources have not yet 
received the recognition they deserve. Currently, millisecond 
laser dissectors are widely used for embryonic microsurgery 
(mainly for affecting the transparent membrane of the embryo, 
referred to as the zona pellucida ) [7]. The arsenal of commer-
cially available systems includes the ZILOS-tk® (Hamilton 
Thorne), Saturn 5™ (CooperSurgical®) and OCTAX Laser 
Shot™ (MTG) models. They differ in degrees of automation 
and gradually replace mechanical instruments and chemical 
techniques in clinical practice. At the same time, their use has 
certain risks associated with thermal damage to the embryo 
cells, closely adjacent to the zona pellucida of the embryo from 
the inside. In studies [7, 8] devoted to the search for safe regimes 
of laser exposure, it was shown that the temperature at the cen-
tre of the beam reaches several hundred degrees and remains at 
a level of ~100 °C even at a distance of 10 mm. Thus, when 
using millisecond dissectors for embryonic microsurgery, it is 
necessary to comply with a number of strict safety require-
ments to eliminate the risk of damage to embryonic cells [9]. 

Femtosecond laser dissectors are a promising alternative 
to millisecond ones, since the nonlinear mechanisms of 
absorption of femtosecond laser radiation in an aqueous 
medium make it possible to localise the interaction area, sig-
nificantly increasing the accuracy of microsurgical proce-
dures. This, in turn, will improve the safety of laser microsur-
gery of embryos and expand the scope of lasers in demanded 
ART tasks. For example, the technology of noncontact laser 
marking of preimplantation embryos was recently imple-
mented based on a femtosecond laser dissector to identify 
them and eliminate the risk of mix-up [10], as well as the tech-
nology of controlled laser hatching at the late stages of preim-
plantation development [11]. 

A large number of studies have been devoted to the descrip-
tion of the interaction of femtosecond laser pulses with dielec-
tric media, including the formation of an electron – hole 
plasma, optical breakdown, and shock waves (see, e.g., 
[12 – 17]). However, the assessment of the thermal impact of 
femtosecond laser pulses with parameters corresponding to 
those optimal for performing embryo microsurgical proce-
dures has not been previously carried out. In the present work, 
we obtained data on the spatial and temporal distributions of 
temperature in the area affected by a femtosecond laser pulse 
and compared it with the result of exposure to a millisecond 
pulse. For this purpose, we used a model previously devel-
oped and described in detail by a group of authors in a series 
of papers of 2003 – 2019 [18 – 21]. The model serves to calcu-
late the energy density of laser-induced electrons in the focus-
ing region, which determines the spatiotemporal profile of a 
heat source when solving the heat transfer problem. 

2. Modelling the interaction process 

2.1. Ionisation of water 

In 1986, it was experimentally shown [22] that the breakdown 
thresholds in water and in biological tissues are very close, 
which subsequently led to the use of water parameters in 
modelling the processes of ultrashort pulse (USP) action on 
biological tissues. Williams et al. [23] proposed to consider 
water as an amorphous semiconductor. Water spectroscopy 
data obtained over the past two decades have allowed the 
concept of its band structure to be refined. According to mod-
ern concepts, a direct transition of an electron from the 
valence band (VB) to the conduction band (CB) (ionisation) 
is possible at electron energies of at least 9.5 eV [24, 25]. What 
previously was considered as an ionisation energy of 6.5 eV is 
the minimum energy required for direct excitation of an elec-
tron from the VB to the solvated state [26]. In this case, ioni-
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sation can be considered as a two-stage process, including the 
creation of solvated electrons e –aq with their subsequent transi-
tion to the CB (Fig. 1). This intermediate energy level, located 
6.6 eV above the upper boundary of the VB, has a final capac-
ity ctrap » 1019 cm–3, which is approximately three traps per 
1000 water molecules [27]. The solvated electrons e –aq can eas-
ily be transferred to the CB because the energy difference is 
only 3 eV. In the case of IR laser pulses, the process occurs 
either due to multiphoton absorption or stepwise, through 
intermediate p states [28]. 

Thus, the excitation of an electron with its transition from 
the VB to the CB occurs through strong field ionisation (SFI) 
and can occur both directly and through an intermediate level 
with the energy Eini (called ‘initiation channel’ in Refs [20, 27]). 
Hereafter, we will adhere to the same terminology. The SFI 
rate is determined by the expression 
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rini, Egapr , and rSFI are the electron concentrations achieved 
in CB through the initiation channel or by direct excitation 
from the VB to the CB across the bandgap Egap, and the total 
value obtained as a result of SFI (i.e., without taking into 
account avalanche ionisation), respectively; and max

inir  is the 
maximum concentration value for the initiation channel, 
which is assumed in Ref. [20] to be ~1019 cm–3. The function 
hSFI(. . .) is a set of Keldysh expressions [19, 29]. The total 
energy required for the transition of an electron from the VB 
to the CB is determined by the ionisation potential Du , which 

takes into account both the width of the band gap itself and 
the energy of vibrations of free electrons in strong electro-
magnetic fields [20, 29]: 

E E2 1

1

1
gap

2

2p g
g

g
D =

+

+

u e o,	 (4) 

where

e I

m cn Egap0 0
g w e
=

l

is the Keldysh parameter that determines the SFI regime: tun-
nelling at g <<  1 and multiphoton at g >>  1; w is the circular 
frequency of the laser pulse electric field; e is the electron 
charge; n0 is the refractive index of the medium at frequency 
w; c is the speed of light in vacuum; e0 is the permittivity; I is 
the intensity of the laser pulse; m' is the reduced exciton 
mass (taken equal to half the electron mass) [30, 31]; and the 
function E(. . .) is an elliptic integral of the second kind. 

It can be seen from Fig. 1 that UV radiation requires a 
significantly smaller number of photons involved in the ioni-
sation process than radiation in the visible or IR range. As a 
result, at the same intensity for the UV laser pulse, the process 
of multiphoton absorption at the front of the laser pulse 
‘turns on’ earlier than for visible and IR radiation. Taking 
into account these differences, an approximation was pro-
posed in [27] that provides good agreement between the 
threshold of water breakdown intensities Ith( l) for nanosec-
ond laser pulses, which was subsequently used in [20] for fem-
tosecond pulses: 
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where the energy Eini is expressed in eV. To estimate the elec-
tron concentration achieved through the initiation channel, 
Eqn (5) was substituted into Eqn (3). 

Electrons in the CB, having received through inverse 
Bremsstrahlung absorption (IBA) the energy Ecrit sufficient 
for impact ionisation, contribute to the further generation of 
free electrons. To fulfil the laws of energy and momentum 
conservation, the energy of the incident electron must be 
greater than the effective ionisation potential Du . For a 
parabolic band gap, the minimum energy is Ecrit = (3/2)Du  
[13, 19, 32]. The distribution of excess electron energy remain-
ing after impact ionisation is considered in detail in Ref. [21]. 

To track the dynamics of the electron energy distribution 
in the CB during femtosecond breakdown, it was proposed in 
2004 to use a multi-rate equation (MRE) [13], which allows 
the contributions of SFI and avalanche ionisation (AI) to be 
taken into account. Within the framework of this approach, a 
set of energy levels in the CB is introduced and the population 
dynamics at each of them is monitored. For long pulses (the 
criterion concerning the pulse duration is given below), an 
asymptotic solution was found in which avalanche ionisation 
was described by a single-rate equation (SRE), which does 
not allow information about the energy spectrum and volume 
energy density in the dielectric to be obtained. The solution to 
the problem was proposed [31] in the form of taking into 
account the distributions of the residual energy after impact 
ionisation over energy levels, introduced in the classical model 
described by the MRE. However, this approach turned out to 
be extremely resource-intensive and demanding on the com-
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Figure 1.  (Colour online) Schematic of water ionisation under the influ-
ence of laser radiation pulses.
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puting power. Therefore, in [21], the limits of applicability of 
all three mentioned models were estimated from the point of 
view of the laser radiation intensity and wavelength. The use 
of the SRE is acceptable under the following conditions: 

tL >>   tasymp,   aimp >>   W1pt,	 (6) 

where tL is the laser pulse duration (FWHM); tasymp is the 
time for the process to reach the stationary regime with a con-
stant ionisation rate; aimp is the ionisation rate taken in [21] to 
be 1015 s–1; and W1pt is the single-photon excitation rate in the 
Drude model, which is a function of the intensity and carrier 
frequency of the laser pulse. It was shown that condition (6) is 
satisfied for a pulse with duration tL = 250 fs and intensity I 
= 8.3 ´ 1012 W cm–2, which corresponds to the threshold 
intensity of water breakdown both at the fundamental fre-
quency ( l = 1028 nm) and at the frequency of the second 
harmonic ( l = 514 nm). In this case, the SRE gives slightly 
overestimated values of the electron density in the CB com-
pared to the MRE, which, however, is easily compensated 
by an increase in the effective collision time in the Drude 
model: tcoll = 1 fs for the SRE and tcoll = 0.9 fs for the MRE 
[20]. 

In the present work, the asymptotic avalanche ionisation 
model in combination with the two-channel SFI model was 
used in calculations, and the general equation for assessing 
the electron dynamics in the CB was 
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where hrec is the velocity recombination, which is taken equal 
to 1.8 ´ 1012 cm3 s–1 in calculations and is the average value of 
the rates obtained in Refs [33] (2 ´ 1012 cm3 s–1) and [34] (1.6 ´ 
1012 cm3 s–1); and rc is the electron concentration. To estimate 
the avalanche ionisation rate in the asymptotic approxima-
tion, one can use the relation [20]
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where the laser pulse is approximated by the Gaussian func-
tion

( ) /exp lnI t I t4 2 L0
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and the peak value of the pulse intensity is

I0 = 2(ln 2/p)1/2F0 /tL.	 (10) 

Here F0 is the energy density of the laser beam. The spatial 
intensity distribution at the focus of the laser beam, by anal-
ogy with Ref. [19], is determined by the expression
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where r is the radial coordinate corresponding to the distance 
from the laser beam axis; a and b are the minor and major 
axes of the ellipse-shaped focal spot of the laser beam (the 
cross section has a Gaussian shape, the values are taken at the  
1/e2 level) with the central intensity I(0, 0) = I0. The z axis 
coincides with the laser beam axis and is directed towards its 
propagation. The beam waist plane has the coordinate z = 0. 

2.2. Dynamics of the thermal effect 

The thermal effect of a femtosecond pulse was estimated ear-
lier [19, 20], where the temperature increase DT in the region 
of laser radiation focusing was estimated through the electron 
energy density 

U Ec kinr D= +u r^ h,	 (12) 

where Ekinr  is the average the kinetic energy of electrons, 
which, assuming a uniform distribution of electrons over 
energy levels in the CB, is equal to ( / )5 4 Du  [20]. Then, taking 
into account the density r0 and specific heat capacity Cp of 
water, the temperature increase can be estimated as
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This approach makes it possible to estimate the maximum 
temperature in the affected area; however, to study the tem-
perature dynamics, the solution of the heat conduction prob-
lem is required. 

2.2.1. Modelling area: geometry and boundary conditions. 
Consider the procedure of laser microsurgery of the embryo in 
more detail. A typical view of a preimplantation mammalian 
embryo in the early stages of development is shown in Fig. 2. 
Similar to an oocyte, a protective glycoprotein shell (zona pel-
lucida) surrounds the embryo in the first five to seven days of its 
development. The most popular embryo microsurgical proce-
dures are precisely the laser effect on the tprotective shell [35]. 
Laser USPs have been successfully used to dissect the zona pel-
lucida and form a hole in it [36] for further taking of cellular 
material and performing preimplantation genetic diagnosis 
(the so-called polar body biopsy [37]), as well as for biopsy of 
trophectoderm cells [38] and fusion of blastomeres [39, 40]. 
The impact of femtosecond laser pulses with the aim of par-
tial or complete disruption of the integrity of the zona pellu-
cida at various stages of preimplantation development of 
embryos to stimulate their hatching from the shell and 
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Figure 2.  (Colour online) Explanations for the procedure of embryo 
microsurgery with femtosecond laser pulses: (a) side view and (b) the 
trajectory of the beam in the equatorial plane.
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increase the chances of successful implantation in the uterine 
cavity has also been demonstrated in recent publications [11, 
41]. Using femtosecond laser pulses, it became possible to 
develop a technology that involves applying a unique alpha-
numeric code to the protective shell of embryos to identify 
embryos at all stages of preimplantation development and 
eliminate the risk of their ‘mix-ip’ [42,  43]. 

Briefly, the procedure for laser microsurgery of the shell 
of embryos using femtosecond laser pulses is performed as 
follows. Embryos obtained according to precise protocols 
[44] are cultivated to the required developmental stage in an 
incubator under optimal conditions (37 °C, 5 % CO2). Before 
carrying out microsurgical procedures, they are removed 
from the incubator and transferred to a specialised environ-
ment for manipulations in a Petri dish with a glass bottom. 
Then the Petri dish is fixed on the motorised object stage of 
the inverted microscope, which is part of the femtosecond 
scalpel-optical tweezers setup [45]. Next, the operator finds 
the selected embryo in the cup, marks the beam trajectory in 
specialised software, and launches an automated laser expo-
sure procedure. Microsurgical impact is implemented by a 
sequence of laser pulses while moving the object relative to 
the fixed beam. The duration of the procedure is a few sec-
onds. After that, the operator removes the Petri dish into the 
incubator. Since the total time the dish is outside the incuba-
tor does not exceed 5 min, the initial temperature T0 of the 
medium (water) in the simulation is taken to be 37 °C. 

We consider the case of laser beam focusing through the 
glass bottom of a Petri dish in the equatorial plane of the 
embryo (the plane of the largest section). The latter is located 
at a distance of ~75 mm above the surface of the cup bottom 
(Fig. 2). Thus, when modelling the laser action, the medium 
has the shape of a cylinder with a radius bc and a height hс, the 
axis of which coincides with the axis of the laser beam (Fig. 3). 
The temperature of the cylinder walls is taken equal to a 
constant (T = T0), and the boundary conditions correspond 
to the Dirichlet conditions. The upper surface of the cylin-
der is the water – air interface, the temperature of which 
under the lid of the Petri dish is assumed to be constant 
(T0 = 37 °C). 

2.2.2. Heat transfer problem. It should be noted that the 
problem of assessing the thermal effect of laser pulses on the 
embryo was considered earlier [7, 8] for pulse durations tL = 

0.6 and 3 ms at a wavelength of 1480 nm, typical for com-
mercially available laser dissectors in in vitro fertilisation 
(IVF) clinics. Comparison of the results of solving the prob-
lem for millisecond and femtosecond pulses is of interest 
from the point of view of assessing the thermal effect exerted 
on the embryo. Therefore, we simulated the impact of a fem-
tosecond pulse using the geometry of the problem solved 
earlier [7, 8].

The heat conduction equation in cylindrical coordinates 
can be written in the form
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where the water density r0 is taken in kg m–3, and its specific 
heat Cp is in J K–1 kg–1; and S is the power density of the 
source. The dependence of the thermal conductivity of water 
k(T) (in W m–1 K–1) on temperature in the range of 0 – 100 °C 
was presented earlier in Ref. [46]:
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2.2.3. Heat source function. When using millisecond 
pulses, the linear absorption process plays a key role, since the 
laser pulse heats up the medium as it propagates. In this case, 
the heat source function can be represented separately for the 
waist region with radius r0 = a [8]:
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as well as for the convergent and divergent regions of the 
focused laser beam: 
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where P is the source power; q is the cone angle for the con-
vergent and divergent regions of the laser beam; and a is the 
absorption coefficient, which at the wavelength of the milli-
second laser dissector (as in [8]) is taken equal to 21 cm–1 [47]. 
The angle q is determined by the numerical aperture NA of 
the focusing microscope objective and the refractive index of 
the medium: q = arcsin(NA/n0). 

When exposed to a millisecond pulse, in [7, 8] the time 
profile of the power density of the heat source had a stepped 
form and was specified by the condition
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where SS = S0 + S±. 
When exposed to a femtosecond laser pulse, the time pro-

file of the power density of the heat source is determined by 
the dynamics of the electron concentration in the CB and 
their energy density U:
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Figure 3.  (Colour online) Boundary conditions for the heat transfer 
problem: ( 1 ) medium at temperature T = T0; ( 2 ) region of laser beam 
waist.
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Since the transfer by an electron of the energy accumulated in 
the focusing region in Eqn (7) is determined by the term 
describing recombination, expression (19) can be written as 

S » 
d

d

t4
9 c

rec

r
Duc m .	 (20) 

To study the temperature dynamics, differential equations 
(14) – (20) were solved using the finite element analysis (FEA) 
method, by analogy with Ref. [7]. 

3. Simulation results 

To estimate the thermal effect of a femtosecond laser pulse, 
two problems are to be solved: to calculate the dynamics of 
the free electron concentration that determine the time profile 
of the heat source in the focusing region, and to calculate the 
temperature field T (r, z) after the end of the laser pulse at dif-
ferent moments of time. To check the correctness of the solu-
tion of the corresponding problems, the initial parameters of 
the model were taken from previously published papers, and 
then the obtained dependences were compared. At the end of 
this section, the results of the calculation for the parameters 
of the laser pulse used for microsurgery of the embryo are 
presented. 

3.1. Estimating the free electron concentration  
in the focusing region 

To calculate the dynamics of the electron density rc, Eqn (7), 
taking into account Eqns (1) – (5) and (8) – (10), was solved 
numerically by the Runge – Kutta method with an adaptive 
step. The results obtained (Figs 4 – 6) are compared with those 
of Ref. [20], in which an additional initiation channel was 
introduced into the model for the first time. In this work, the 
emission intensity I0 of a laser pulse with a duration tL = 
250 fs was 8.25 ´ 1012 W cm–2 (chosen as the average value 
corresponding to the experimentally measured intensity of 
the water breakdown threshold in the wavelength range of 
330 – 1090 nm). Figure 4 shows the multiphoton ionisation 
rates hSFI depending on the laser wavelength. Velocities 
decrease with increasing wavelength and number of photons 
required to overcome the band gap. The latter circumstance 
also explains the stepped profile of the curve. The obtained 

values (points in Fig. 4) demonstrate good agreement with the 
calculation results [20]. 

The contribution of each of the ionisation channels can 
be clearly seen in the dynamics of the free electron concen-
tration (Fig. 5), calculated for the wavelength l = 520 nm. 
The concentration in the initiation channel rapidly saturates 
and by the time point corresponding to the maximum inten-
sity of the laser pulse (t = 0) already reaches its maximum 
value   max

inir   = 1019 cm–3 [20]. Avalanche ionisation  ( rAI = rс – 
rSFI) also begins to manifest itself closer to the intensity max-
imum (shown by the arrow), when a sufficient number of 
free electrons has been accumulated, and its contribution is 
rAI /rSFI = 17. In the general case, the contributions of multi-
photon and avalanche ionisation depend on the laser pulse 
duration, band gap, and medium parameters that determine 
collisional processes. Any intermediate energy levels between 
the VB and the CB that exist in transparent dielectrics are also 
important. As noted earlier, the presence of an intermediate 
level with the energy Eini in water is due to the special geom-
etry of the molecular arrangement supported by weak hydro-
gen bonds. The latter can be destroyed by the electric field of 
CB electrons if they are accumulated in sufficient amount. 
The value max

inir   = 1019 cm–3, coinciding with the capacitance 
ctrap of the initiation channel, is an empirical parameter 
obtained in Ref. [20] by fitting the calculated value of the 
water breakdown threshold intensity Ith( l) to the experimen-
tal value in a wide wavelength range: l = 330 – 1100 nm. In 
accordance with the observations of the authors of the pres-
ent work, saturation occurs only for wavelengths l < 530 nm. 
For longer wavelength radiation, the number of photons 
required for the transition of an electron to a level with energy 
Eini changes from 3 to 4, and the value of /max

ini trapr c  becomes 
less than 60 %. 

Figure 6 illustrates estimates of the volume energy density 
U of electrons depending on the laser pulse intensity obtained 
in Ref. [21] for a pulse with duration tL = 250 fs at a radiation 
wavelength l = 515 nm. The temperature increment was cal-
culated using Eqn (13). The results of calculations performed 
in the present work (points in Fig. 6) demonstrate good 
agreement with the results obtained in Ref. [21] using SRE. 
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The dependence found makes it possible to estimate the tem-
perature increment in the range of laser pulse intensities used 
for the embryo microsurgery. Thus, at a typical value of I0 = 
2.5 ´ 1012 W cm–2, the expected temperature increase is a few 
degrees. At the same time, the value I0 = 7.5 ´ 1012 W cm–2, 
which is the limit value [43] for microsurgery at a wavelength 
l = 515 nm due to the onset of cavitation bubbles formation, 
corresponds to a temperature increase DT » 100 °C. 

3.2. Calculation of the temperature field  
after the end of the laser pulse action

To assess the dynamics of the spatial distribution of tempera-
ture, it is necessary to solve equations (15) – (17) given in 
Section 2.2. To estimate the accuracy of solving the heat 
transfer problem, we compared the results of the temperature 
assessment obtained in the present work with the results of 
Ref. [8] for a submillisecond pulse. 

In laser dissectors used in clinical practice, the power of 
the radiation source is constant, and the pulse energy is con-
trolled by changing its duration. Obviously, as the latter 
grows, the heating in the affected area will only increase; 
therefore, to estimate the minimum possible thermal effect on 
the embryo, the minimum achievable laser pulse duration 
tL = 0.6 ms was used in the calculations. At the same time, it 
should be noted that in Ref. [8] there is a reference to proto-
cols for microsurgery of human embryos for IVF clinics, in 
which the typical duration value is 0.8 ms.

The accuracy of solving the heat conduction problem was 
estimated by comparing the calculation results with the data 
obtained in Ref. [8] for P = 245 mW and tL = 0.6 ms. The 
angle q in Eqn (17) is determined by the numerical aperture of 
the microscope objective and, taking into account the refrac-
tive index of water for a collimated beam 1.3 mm in diameter 
entering the objective, amounts to 12.6°; the waist radius is 
a = 2 mm [8], and its length  b = 2acot q » 18 mm (see Fig. 3). 

The temperature dynamics in the waist plane T (r, z = 0) 
is shown in Fig. 7. A series of curves is shown for various 
values of r, which make it possible to estimate the heating 

temperature at a given distance from the laser beam axis. Due 
to the small size of the heat source, there is a rapid cooling of 
the heated region after the end of the laser pulse – the tem-
perature decreases by a factor of two from the maximum 
value of ~370 °C in a time of ~6 ms. One can note good agree-
ment between the obtained temperature values (points in 
Fig. 7) and the results of the calculation (curves) performed in 
Ref. [8]. Discrepancies within 5 % are due to the finite step Dr 
of the coordinate grid and the inaccuracy of the interpolation 
of values at the points specified by the section planes. 

3.3. Comparison of the thermal effects of femtosecond  
and millisecond pulses during the embryo microsurgery 

Here are the results of modelling the interaction of a femto-
second pulse with an aqueous medium for the values of the 
radiation parameters used in the microsurgical procedure of 
assisted hatching or marking of the zona pellucida [10, 43]. 
The calculations were performed for the laser pulse at a wave-
length l = 514 nm having a Gaussian intensity time profile 
with a peak value I0 = 2.5 ´ 1012 W cm–2, FWHM duration tL 
= 280 fs, focused by an Olympus UPLFLN 20´ microscope 
objective with a numerical aperture NA = 0.5 into a spot 
1.9  mm in diameter at the 1/e level. 

Figure 8 shows the time dependences of the laser pulse 
intensity I(t) and the volume power density of the heat 
source S(t) at the centre of the waist (r = 0, z = 0) of the laser 
beam. Note that for a laser pulse duration of several hun-
dreds of femtoseconds, the value of S(t) decreases by a fac-
tor of two on a time scale of the order of hundreds of pico-
seconds. Thus, the duration of the cooling stage under the 
action of laser USPs significantly exceeds the duration of the 
heating stage, which was qualitatively demonstrated by the 
authors of Ref. [48]. This circumstance suggests that there is 
a potential possibility of using picosecond laser sources in 
microsurgery. 

Assuming the electron concentration in the CB at the end 
of the laser pulse to be proportional to Ikl, the spatial distri-
bution can be written as 

( , ) ( (0,0))expr z I k
a
r
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z2max max 2

2

2

2

r r= - +lc m; E,	 (21) 

10–4

10–1

10–2

10–1

101

100

100 101

102

104

10–7

10–5

10–3

DT
/K

U
/4

.2
 k

J 
cm

–3

SRE
MRE
MRE

I0/TW cm–2

Figure 6.  (Colour online) Dependences of the volume energy density U 
on the laser pulse intensity I0 for a femtosecond pulse with duration 
tL = 250 fs at a radiation wavelength l = 515 nm. The temperature in-
crement DT due to the energy contribution is determined by Eqn (13). 
Curves are data from Ref. [21] (two models for MRE were used); dots 
are the results of the present work.
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where rmax is the maximum value of the electron concentra-
tion; and kl is the number of photons required for multipho-
ton ionisation. The radiation wavelength l = 514 nm falls on 
the boundary of the transition from three-photon to four-
photon absorption. The calculation of the dependence of the 
maximum concentration values on the laser pulse intensity 
rmax(I) at the point (0, 0) showed (points in Fig. 9) that the 
best agreement with Eqn (21) is achieved at kl = 3 – 4. The 
data obtained allowed estimating the temporal and spatial 
profiles of the heat source power density to solve the heat 
transfer problem formulated in Section 2.2.2. 

To demonstrate significant differences, Fig. 10 shows the 
spatial distributions of maximum temperatures in the focus-
ing region, achieved as a result of exposure to millisecond 
(Fig. 10a) and femtosecond (Fig. 10b) pulses. In the first case, 
the distribution T(r, z) was obtained at the time t = 0.6 ms, 
i.e., at the end of the laser pulse. In the second case, the maxi-
mum temperature is reached at times t » 10 ns (Fig. 10c) after 
the end of the pulse. The white lines in Figs 10a and 10b show 
the geometry of the laser beam. Isotherms are plotted in 20 °C 
increments. 

For a millisecond pulse, the calculation was performed for 
the values of the parameters used in Ref. [8] for microsurgery 

of the zona pellucida of mouse, hamster, and cow embryos, 
which provide the minimum energy input, namely, P = 
180 mW, tL = 0.6 ms. As a result of pulse absorption, a region 
of superheated water is formed in the form of a cylinder with 
a diameter of ~20 mm and a height of ~100 mm. In the case of 
a femtosecond pulse, the change in temperature does not 
exceed 2.5 °C. The calculation results demonstrate a signifi-
cantly better temperature localisation for femtosecond pulses, 
which is due to the geometry of the heat source described by 
expressions (19) – (21). 

The dynamics of the spatial distribution of temperature is 
shown in Fig. 11 for millisecond and femtosecond laser pulses. 
With a millisecond exposure, the temperature reaches more 
than 80 °С in the vicinity with a radius of 10 mm from the 
centre of the beam and 50 °С in the vicinity with a radius of 
20 mm. This circumstance imposes significant restrictions on 
the performance of microsurgical procedures (drilling, thin-
ning, ‘opening’ the zona pellucida) due to the high risks of 
thermal damage to the embryonic cells adjacent to the zona 
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pellucida from the inside. When a femtosecond pulse is 
absorbed, the size of the thermal impact area is comparable to 
the diameter of the laser radiation focusing spot, which cre-
ates the prerequisites for safe microsurgical procedures with 
the zona pellucida even when the embryonic cells are directly 
adjacent to the membrane in the impact area. 

4. Conclusions

The aim of this study was to evaluate the thermal impact of 
femtosecond laser pulses during microsurgical procedures 
within the ART. We used the model of absorption of fem-
tosecond pulses in an aquatic environment, which was 
described in detail by a group of authors in a series of papers 
of 2003 – 2019 [18 – 21], to estimate the dynamics of electrons 
in the focusing region. The reliability of the simulation results 
was confirmed earlier by the authors of the mentioned papers 
in experimental studies of water breakdown by laser radiation 
pulses [49]. 

The model equations were solved numerically in the 
MATLAB environment. The spatial and temporal character-
istics of the heat source were obtained by solving the heat 
transfer problem to estimate the spatial distribution of tem-
perature after the end of the laser pulse. The parameters of 
femtosecond laser pulses used for the successful implementa-
tion of such microsurgical procedures as dissection and 
microengraving of the zona pellucida ( l = 514 nm, tL = 280 fs, 
I0 = 2.5 ´ 1012 W cm–2) were taken as input parameters of the 
model. As a result, the spatial distribution of temperature in 
the focusing region was found, and the dynamics of the tem-
perature field after the end of the femtosecond pulse action 
was studied. The obtained results are compared with the data 

for the parameters of laser pulses used in millisecond laser 
dissectors in IVF clinics.

It is shown that the maximum temperature reached in the 
centre of the focusing region under the action of a femtosec-
ond laser pulse and at the parameters we specified is 39.5 °C, 
which is much lower than the temperature reaching 350 °C 
under the action of a millisecond laser pulse. In addition, in 
the case of femtosecond pulses, the processes of nonlinear 
(multiphoton) absorption make it possible to localise the 
impact area to the limit. Thus, the radius of the generated 
heat source is approximately two times smaller than the waist 
radius of the laser beam, which opens up the possibility of 
performing microsurgical procedures with subdiffraction 
accuracy. 

It is also worth noting that the duration of the existence of 
a heat source created in the focusing region is several orders 
of magnitude longer than the duration of the laser pulse itself. 
This circumstance creates prerequisites for the use of picosec-
ond laser sources for performing microsurgical procedures. 
However, the answer to the question of its expediency requires 
additional studies and is beyond the scope of this work. 
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