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Abstract: We report on an experimental investigation of the incubation effect during 
irradiation of stainless steel with bursts of ultrashort laser pulses. A series of birefringent 
crystals was used to split the pristine 650-fs pulses into bursts of up to 32 sub-pulses with 
time separations of 1.5 ps and 3 ps, respectively. The number of selected bursts was varied 
between 50 and 1600. The threshold fluence was measured in case of Burst Mode (BM) 
processing depending on the burst features, i.e. the number of sub-pulses and their separation 
time, and on the number of bursts. We found as many values of threshold fluence as the 
combinations of the number of bursts and of sub-pulses constituting the bursts set to give the 
same total number of impinging sub-pulses. However, existing incubation models developed 
for Normal Pulse Mode (NPM) return, for a given number of impinging pulses, a constant 
value of threshold fluence. Therefore, a dependence of the incubation coefficient with the 
burst features was hypothesized and experimentally investigated. Numerical solutions of the 
Two Temperature Model (TTM) in case of irradiation with single bursts of up to 4 sub-pulses 
have been performed to interpret the experimental results. 
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1. Introduction 
The increasing demand for high-throughput industrial use of ultrafast laser sources has driven 
tremendous progress in the development of high average power and high repetition rate 
femtosecond and picosecond laser sources. Nowadays, industrial ultrashort pulsed lasers are 
commercially available with average powers in the range of 100 W, pulse energies up to 400 
µJ and repetition rates from several hundred KHz up to several MHz [1–3]. In addition, 
ultrafast laser sources with average powers of more than 1 kW and/or pulse energies up to the 
Joule level have been demonstrated on a laboratory scale [4-5]. New potential applications of 
such recently available laser technology are under investigation [6]. As regards possible 
exploitation in high-precision manufacturing, the expected advantage in terms of higher 
productivity is counterbalanced by other drawbacks such as heat accumulation. It occurs 
typically at repetition rates above several hundred kilohertz. Then, the time separation 
between consecutive pulses is too short for the fraction of laser energy released onto the 
target in the form of heat to diffuse out of the irradiated volume [7–9]. Pulse after pulse the 
target temperature increases until the surroundings of the ablated region undergo irreversible 
thermal damage, such as cracks or melting, which are detrimental to the quality and precision 
of the manufacturing process [10]. Therefore, the development of high-speed beam handling 
technologies, as well as optical components able to withstand laser beams of such high 
intensity, is becoming of paramount importance. 

A possible method to overcome the limitations due to heat accumulation at high repetition 
rates is to use groups (or bursts) of several ultrashort laser pulses, so called Burst Mode (BM) 
processing. Bursts can be obtained by grouping together sequences of a few to a few tens of 
pulses [11], splitting each laser pulse into sub-pulses [12,13] or using Spatial Light 
Modulators (SLM) [14–16]. The intra-burst pulse-to-pulse time separations are of the same 
order of magnitude or shorter than the laser source repetition rate, typically from a few tens of 
nanoseconds [17,18] to a few microseconds [11]. The expected advantage from BM 
processing is a reduced heat load and, consequently, reduced stress and thermal damage 
during the manufacturing processes. In case of pulse splitting, the sub-pulses peak intensity is 
lower than the pristine pulse, which has been shown to prevent plasma formation and the rise 
of screening effects [19]. Although several experimental investigations have been performed 
on laser milling [18,20] and drilling [21–23] with bursts of ultrashort pulses, researchers have 
yet to gain a thorough understanding of the laser-matter interaction mechanisms during BM 
processing. For instance, a phenomenon that has attracted the interest of many researchers is 
that during BM processing the ablation threshold is lowered due to an effect called 
“incubation” [24]. 

A better understanding of the physical mechanism behind incubation could open the 
possibility to enhance the volume ablation rate by using suitable bursts of pulses depending 
on the material to be ablated. On the other hand, if incubation is responsible for a decrease of 
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the beam steering optics damage threshold, this could represent a severe problem for 
exploitation of BM processing. For this reason, it is very important to study incubation and 
threshold effects during laser ablation with bursts of ultrashort pulses. 

First studies on incubation have been performed by irradiating steel targets with trains of 
N laser pulses [24]. The trend of the ablation threshold depending on the number of applied 
pulses was interpolated by a power law, which introduced an incubation coefficient S. Typical 
values of S between 0 and 1 were found, thus indicating a decrease of the threshold fluence 
with N due to incubation. Similar results were found for other metals [25,26], as well as 
semiconductors [27] and dielectrics [28–30]. Di Niso et al. [31] observed that increasing the 
number N of applied pulses above a certain value does not lead to a further reduction of the 
damage threshold. Therefore, they introduced a saturation value of the threshold fluence for 
infinite number of pulses, as it was also proposed by other groups in case of multi-pulse laser 
ablation of dielectrics [32]. Incubation is often ascribed to a damage accumulation 
mechanism, which is considered to be responsible for the lowering of the damage threshold 
pulse after pulse. Nonetheless, the physics of such an effect is not completely understood, yet. 
Sun et al. [33] have proposed that the material absorption of the laser radiation changes 
according to the laser fluence and in case of multi-pulse irradiation. Studying incubation 
during BM processing would be helpful to better understand the physical mechanism behind 
this effect. 

So far, most experimental data available on BM processing are limited to the case of 
bursts of pulses with intra-burst delays in the nanosecond range [17,18,20]. Generation and 
exploitation of bursts with picosecond time separations between sub-pulses is almost 
unexplored. Investigating laser ablation of metals with bursts in the picosecond time domain 
would be very interesting to understand the physics of ultrafast laser-matter interaction and 
incubation, because the transfer of the absorbed energy from the electronic subsystem to the 
lattice takes place just on this time-scale [34]. 

In this work, we have studied incubation during laser ablation with bursts of 650 fs pulses 
at a wavelength of 1030 nm with intra-burst time separation of 1.5 ps and 3 ps. The ablation 
threshold obtained in BM processing as well as in Normal Pulse Mode (NPM) were 
determined and compared, keeping the laser repetition rate at 100 kHz. In particular, we 
aimed at investigating whether the burst features, i.e. the number of sub-pulses and the time 
delay, influence the ablation threshold and the incubation effect. The experimental data were 
interpreted based on the results of numerical simulations solving the Two Temperature Model 
[35] and calculating the temporal and spatial evolution of the lattice temperature after laser 
irradiation with single pulse, two and four pulses with 1.5 and 3 ps time delays, respectively. 

2. Experimental set-up 
The ultrafast laser source used for this study is a high-average-power, high-repetition-rate 
fiber chirped pulse amplification (CPA) system (mod. Sci-series) from Active Fiber Systems 
GmbH. It delivers a linearly polarized laser beam with Gaussian profile ( 2 1.25M 

) at a 
wavelength of 1030 nm, with tunable pulse duration in the range 650 fs  ̶ 20 ps. The 
maximum achievable pulse energy and average laser power are 100 μJ and 50 Watt, 
respectively, in a tunable range of repetition rates from 50 kHz to 10 MHz. An external 
acousto-optic modulator allows picking from single to any desired number N of pulses at the 
selected repetition rate. In this work, the laser has been operated with the shortest pulse 
duration of 650 fs and at a fixed repetition rate of 100 kHz. Bursts have been generated by 
using an array of five birefringent calcite crystals which split the linearly polarized 650 fs 
laser pulses exiting from the laser source into n sub-pulses having the same pulse duration of 
the pristine pulses and equal fractioned energy. The number n depends on how the optical 
axes of the crystals are oriented with respect to the polarization of the incident pulses. By 
finely adjusting the orientation of each crystal of the array, it is possible to change the number 
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of sub-pulses in the burst, from 2 up to 32. More details on the burst generator set-up can be 
found in [12,13]. 

Experiments consisted in producing several craters by laser ablation on polished stainless 
steel (AISI304) targets either by focusing trains of undivided laser pulses of energy Ep in 
NPM or by employing bursts with equivalent total amount of energy Eb in BM. The laser 
beam was focused using a 100-mm focal length plano-convex lens at normal incidence to the 
targets surface. Samples were placed on the lens focal plane and translated through a 
motorized XY linear stage. Ablation was performed in ambient air without any gas shielding. 

Bursts with different number of sub-pulses (n = 2, 4, 8, 16 and 32), two time separations 
Δt between sub-pulses (1.5 ps and 3 ps) and variable burst energy Eb in the range 5-25 µJ, 
were used. The number N of pulses in NPM or, equivalently, the number of bursts in BM was 
also varied in the range from 50 to 1600. Table 1 reports a summary of the set of parameters 
used for ablation experiments. 

Table 1. Summary of investigated working parameters in BM. 

Number of sub-pulses in the 
burst, n 2 4 8 16 32 

Time separation between sub-
pulses, Δt 

1.5 ps 
3 ps 

1.5 ps 
3 ps 

1.5 ps 
3 ps 

1.5 ps 
3 ps 1.5 ps 

Burst energy, Eb 5 – 7.5 – 10 – 12.5 – 15 – 20 – 25 μJ 

Number of bursts, N 50 – 100 – 200 – 400 – 800 – 1600 

After ablation, in order to estimate the ablation threshold for each process condition, the 
crater diameters were measured with an optical microscope Nikon Eclipse ME600. Five 
replicas of each experimental condition have been performed for averaging the results. 

3. Numerical model 
The experimental measurements were supplemented with numerical simulations to calculate 
the temporal and spatial evolution of the lattice temperature during the laser heat treatment 
process. An objective is to evaluate the time and the laser energy needed for the lattice to 
reach the melting temperature. For ultrashort laser pulses, thermal non-equilibrium between 
metal electrons and lattice is known to occur [36]. A two-step heating model for metals under 
conditions of strong electron-phonon non-equilibrium was thus employed [37,38]. The model 
consists of two energy conservation equations expressed in one-space dimension 

 ( ) ( ) ( )  ,t e e x e x e e lC T T G T T Qλ∂ =−∂ ∂ − − +  (1) 

 ( ) ( ) ( )  ,t l l x l x l e lC T T G T Tλ∂ =−∂ ∂ + −  (2) 

which govern the electron temperature, ( , )e eT T x t= , and the lattice temperature, ( , )l lT T x t= . 
( )e e eC C T=  and lC  are the volumetric specific heats, ( )e e eTλ λ=  and lλ  the thermal 

conductivities; the subscripts e  and l  denote electron and lattice, respectively. ( )eG G T=  is 
the electron-phonon coupling factor, and ( , )Q Q x t=  the heat source term related to laser 
power density input. The lattice thermodynamic properties were assumed constant and set to 

lC  = 4.1496 × 106 J K−1 m−3 and lλ  = 18 W K−1 m−1 [39,40]. The electron thermodynamic 
properties were expressed as functions of the electron temperature 

 4 528.02 9.29 ln( 10 0.03) 10   ,e eC T − = + × + ×   (3) 

and 
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 ( )4 30.535  10 0.004 10  ,e eTλ − = × − ×   (4) 

where eC  is in 1 3   J K m− − ,   eλ  in 1 1   W K m− − , and eT  in K . Equation (3) and (4) were 
obtained fitting analytic expressions to the experimental data provided in [41] for stainless 
steel. The electron-phonon coupling factor was expressed as an analytic function of the 
electron temperature by fitting the experimental data in [40], 

 17
4

24.2528.68 10    .
10 1.271 exp

0.23
e

G
T −

 
 
 = + ×  × −
 +  
   

 (5) 

In Eq. (5), G  is in 1 3   W K m− −  and eT  is in K. The two-step heating model (1)-(5) was 
implemented in the open source computational software OpenFOAM®. It should be noticed 
the model is valid when Tl ≤ Tm where Tm denotes the melting temperature, and it becomes 
oversimplified when Tl exceeds Tm since the energy sink term of fusion enthalpy is not taken 
into account in (2). In addition, the optical properties, i.e. absorption length and reflectivity, 
of the solid material are considered constant during irradiation. 

4. Results and discussion 
4.1 Numerical simulations 

The model described in section 3 was applied to calculate the electron and lattice 
temperatures as functions of time and position through the thickness of a sample. The laser 
power density source term was given by 

 ( )( ) ( )1       ,Q I t R exp xα α= − −  (6) 

where R  is the reflectivity of the irradiated surface, and 1α −  the optical penetration depth. 
These parameters were set to 0.9R =  and 451  10  α = ×  cm−1 [42,43]. The laser beam time 
profile ( )I I t=  was given by 

 
( )( )2

1
 0

2
0

   Δ
   

n
o

i

t i t tI
I exp

n
β β
π τ

−

=

 − +
 = −
  

∑   

where 4 ln 2β = , 0 0 / ,I F τ=  τ  denotes the pulse duration, and 0t  is the time at which the 
laser source is switched on. 0F  is the peak laser fluence defined as a function of the pulse 
energy E  and the laser spot radius w on the sample surface. These parameters were set to 

650τ =  fs, w = 21.5 μm, 5E =  μJ, and 0 5t =  ps. Three cases were calculated: single pulse 
( 1),n =  two sub-pulses ( 2) n =  and four sub-pulses ( 4n = ). 
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Fig. 1. Laser power density as a function of time calculated on the top surface of the sample 
(i.e. in 0x = ) in case of constant burst energy. On the left: NPM and BM with time 
separation of 1.5ps and 2 and 4 sub-pulses; on the right: NPM and BM with time separation of 
3ps and 2 and 4 sub-pulses. 

The calculations were done for two values of the time between sub-pulses, Δ 1.5t =  ps 
and Δ 3t =  ps. The laser power density on the top surface of the sample (i.e. in 0x = ) is 
plotted as a function of time in Fig. 1 for these different combinations of n and Δt. As clearly 
shown in Fig. 1, the numerical simulations were carried out by keeping fixed the total laser 
intensity impinging on the sample (i.e. the laser energy heat source), both in NPM and BM. 

It was assumed that heat transfer to the surroundings is negligible during the short time 
interval of interest in this study (the time needed for the lattice to reach melting). Sample 
cooling by natural convection and radiation were thus neglected and Neumann boundary 
conditions with zero gradient set in 0x = : 

 ( ) ( )and0, 0 0, 0.x e x lT t T t∂ = ∂ =        

It was verified for each of the test cases that a computational domain of thickness reduced to 
L = 1000 μm (while the samples had a thickness of 2 mm) was sufficient to allow setting the 
following boundary conditions in x L= : 

 ( ) ( )and, 0        , 0.x e x lT L t T L t∂ = ∂ =   

The initial conditions were set to 

 ( ) ( ),0 ,0 300 K f 0 .ore lT x T x x L= = ≤ ≤     

The domain was meshed with uniform cells; it was verified that a cell size of 1nm was 
sufficient to reach convergence in mesh. The time step was set to 0.0001ps to satisfy a 
convergence criteria of 10−6 (residual in L2 norm). 

The electron and lattice temperatures calculated as functions of time in 0x =  for the 
different combinations of sub-pulses n and time between sub-pulses Δt are plotted in Figs. 2-
3. The laser source power density is also drawn in the same plots. 
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Fig. 2. Laser source power density, electron and lattice temperature as functions of time 
calculated on the top surface of the sample (i.e. in x = 0), in NPM. The black curve represents 
the laser power density. The dashed line corresponds to the melting temperature of stainless 
steel. 

 

Fig. 3. Laser source power density, electron and lattice temperature as functions of time 
calculated on the top surface of the sample (i.e. in x = 0), in BM. (a) n = 2 and Δt = 1.5ps; (b) n 
= 4 and Δt = 1.5ps; (c) n = 2 and Δt = 3ps; (d) n = 4 and Δt = 3ps. The dashed line in each plot 
corresponds to the melting temperature of stainless steel. 

It can be observed in Fig. 2 that in NPM the lattice reaches the melting temperature Tm 
after the laser is over (i.e. after the trailing tail of the laser pulse). On the contrary, it can be 
seen in Fig. 3 that in case of BM melting is achieved before the irradiation stops (i.e. before 
the burst is over). Therefore, it can be concluded that less energy is needed in BM for 
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reaching Tm. This indicates that using bursts of sub-pulses with ps delays enables a more 
efficient transfer of the laser energy to the material. This is better depicted in Fig. 4, where the 
normalized laser energy Em needed to reach melting of the lattice is plotted as a function of 
the burst features. 

 

Fig. 4. Normalized energy for reaching melting versus number of sub-pulses, for Δt = 1.5ps 
and Δt = 3ps. For comparison, the dashed line represents the NPM case, where all the laser 
energy is needed to reach melting. 

According to the simulation results, in NPM the entire amount of the laser energy 
absorbed by the sample is needed for melting to take place. The same occurs in BM with n = 
2 and Δt = 3ps. However, as the pulse splitting increases from 2 to 4, less energy Em is 
required for reaching melting. Results of this analysis are summarized in Tab. 2. 

Table 2. Normalized energy needed for reaching the melting temperature in NPM (i.e. n 
= 1) and BM. 

Δt 
n 1.5 ps 3 ps 

1 100% 100% 
2 99.9% 100% 
4 75.0% 99.1% 

4.2 Ablation thresholds 

The threshold fluence Fth in case of NPM and BM has been estimated by using the method 
proposed by Liu [44], which assumes a Gaussian profile for the spatial energy distribution of 
the laser beam, and is based on the following equation: 

 2 2 02 ln ,
th

F
D w

F
 

=  
 

 (7) 

where D is the crater diameter, and w the laser spot radius on the sample surface. F0 is the 
peak laser fluence given by 

 0 2

2 ,EF
wπ

=  (8) 

where E is the energy of the undivided pulses Ep in NPM, while in BM it indicates the sub-
pulse energy Esp. 
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Fig. 5. Semi-log plot of squared diameters versus sub-pulse energy for n = 16 sub-pulses in the 
bursts with a time separation of (a) 1.5 ps and (b) 3 ps, for stainless steel when irradiated with 
N = 50, 100, 200, 400, 800, 1600 bursts. 

The fits plotted in Fig. 5 show a linear dependence for each value of investigated N. This 
trend is confirmed for all the combinations of explored parameters reported in Table 1. 
Furthermore, the fitting lines are almost parallel, thus indicating that uniform focusing 
conditions were kept during the experiments. Therefore, the beam spot size on the target 
surface was determined from the slope of the linear fit, based on Eq. (7). The resultant 
average value of the laser spot radius is 43.1 ± 3.8 μm. This procedure for determining the 
beam spot size is based on the hypothesis that the ablated diameter is only a function of the 
beam energy profile because the pulse duration in the ultrashort regime implies negligible 
heat diffusion. 

The threshold fluence was estimated from the intersection of the linear fits with the x-axis. 
Figure 6 shows the trend of the threshold fluence as a function of the total number of sub-
pulses, Ntot = N·n, for the two different time separations. The threshold fluence measured in 
case of NPM (black squares) is also reported for comparison. A decrease of the threshold 
fluence is clearly observed as the total number of impinging sub-pulses Ntot increases. This 
result is in agreement with other literature data and is ascribed to incubation [24,26–31]. 

 
Fig. 6. Bi-log plot of threshold fluence as a function of the total number of sub-pulses Ntot = 
N∙n. The time separation between consecutive sub-pulses in the burst is (a) 1.5 ps and (b) 3 ps. 

n = 2, n = 4, n = 8, n = 16,  n = 32.  NPM. 

In Fig. 6 it is evident that the decrease of damage threshold in BM is mainly due to the 
growth of the number of sub-pulses constituting the burst, rather than the number of bursts 
itself. In fact, for Δt = 1.5 ps a threshold reduction of 93% was found when increasing Ntot 
from 100 to 1600, while keeping the same number of bursts N = 50 and just changing the 
number of sub-pulses per burst from 2 to 32. Similarly, 83% reduction of the threshold 
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fluence was observed for Δt = 3 ps and N = 50, when increasing the number of sub-pulses 
from 2 to 16, and thus increasing Ntot from 100 to 800. On the other hand, the threshold 
fluence shows a slower decrease when increasing the number of bursts N and keeping the 
same number of sub-pulses n. This can be observed in e.g. the cases of Δt = 1.5 ps, n = 2, and 
N from 50 to 800 and Δt = 3 ps, n = 2 and N from 50 to 400. In both of these cases, the 
measured reduction of the threshold fluence was 28%. 

A further characteristic result emerging from the analysis of the experimental data 
obtained in BM is that for a fixed total number of sub-pulses Ntot different damage threshold 
values were found for each combination of N and n. This is better highlighted in Table 3 
summarizing data for Ntot = 1600. The literature models introduced to interpret incubation 
effect in NPM do not take into account this behavior since they all return one single value of 
threshold fluence once the number of impinging pulses is fixed [24,26,31–33]. 

Table 3. Threshold fluences for the combinations of N and n giving Ntot = 1600. 

Number of 
bursts 

N 

 Sub-pulses 
in the burst 

n 

 Total number 
of sub-pulses 

N tot 

 Threshold fluence 
Fth [Jcm-2] 

 Δt =1.5 ps Δt =3 ps 
800  2    0.0328 0.0332 
400  4    0.0207 0.0211 
200  8  1600  0.0111 0.0116 
100  16    0.0056 0.0067 
50  32    0.0034  

4.3 Incubation 

In order to directly compare BM and NPM and to investigate the influence of burst features 
on the incubation behavior, the Jee’s model [24] has been extended to fit also experimental 
data of BM processing. In that aim, a dependence of the incubation coefficient S on the 
characteristics of the bursts is here introduced: 

 ( ) ( ) ( )1
, , 1 ,nS

th b th bF N F N −= ⋅  (9) 

where Fth,b(N) represents the threshold fluence with N bursts, while Fth,b(1) is the threshold 
fluence for a single burst. It is worth noticing that Eq. (9) represents also the case of NPM 
when n = 1. 

The incubation coefficient Sn for each investigated values of n and Δt was obtained and its 
dependence from n is shown in Fig. 7. The value of the incubation coefficient obtained in 
NPM is also reported for comparison. 

 

Fig. 7. Incubation coefficient Sn versus the number n of sub-pulses in the burst for the two 
different time separations, 1.5 and 3 ps. The dashed line represents the incubation coefficient 
in case of Normal Pulse Mode. 
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It can be observed that the BM incubation coefficient Sn noticeably decreases with the 
number of sub-pulses in the burst, thus revealing that the higher the pulse splitting, the 
stronger is the incubation effect, independent of the time separations. The NPM incubation 
coefficient, which is equal to 0.91, is in very good agreement with values reported by Di Niso 
and Mannion [26,31]. It can also be seen that the NPM incubation coefficient is always higher 
than in BM, thus indicating that the use of bursts enhances the incubation effect. The origin of 
the increased incubation observed when using bursts of pulses can be of different nature, like 
e.g. damage accumulation that weakens the molecular bonding, changes in the surface 
chemistry and/or topography. All these mechanisms may contribute to the lowering of the 
damage threshold and/or to the variation of the absorption length, so that the deposited energy 
is increased during multi-burst laser irradiation [45]. Results of numerical solutions of TTM 
presented in section 3, indeed highlight that the laser energy input needed to reach the melting 
temperature is lower in BM than in NPM and it tends to diminish as the pulse splitting 
increases (as it is shown in Table 2 from n = 2 to n = 4). 

In Fig. 7 a dependence of BM incubation coefficient on the separation time between sub-
pulses can also be noticed. In particular, with a shorter intra-burst delay of 1.5 ps we obtained 
lower incubation coefficient values compared to 3 ps. Since from the numerical simuliations 
it was shown that the shorter the time separation, the smaller the laser energy needed for the 
lattice to reach the melting temperature, it can be argued that such a different rate of energy 
deposition has an influence on incubation. 

Although results of the numerical simulations are limited to single bursts with maximum 
pulse splitting of 4 sub-pulses, they indicate a clear trend which is expected to be enhanced in 
case of multi-burst irradiation and higher pulse splitting. 

5. Conclusion 
An experimental study on the laser ablation threshold fluence using bursts of 650-fs ultrashort 
pulses at repetition rate of 100 kHz and 1030 nm have been conducted on stainless steel 
targets. The number n of sub-pulses in the bursts was varied from 2 up to 32 while the intra-
burst delay was 1.5 ps or 3 ps. For comparison, analogous experiments have been carried out 
with undivided pulses (Normal Pulse Mode) in the same experimental conditions. 

For both processing modes, it was found that the threshold fluence decreases when 
increasing the total number of sub-pulses. In particular, in NPM the trend of threshold fluence 
Fth versus the number of undivided pulses N was fairly well described by the Jee’s model. It 
resulted in an estimated value of the incubation coefficient S = 0.91 that is in good agreement 
with the literature [26,31]. In case of BM processing, for a given total number Ntot of 
impinging sub-pulses different values of the threshold fluence were found depending on the 
burst features, i.e. the combinations of N and n resulting in the same value of Ntot. Such a 
result cannot be explained with any of the existing incubation models developed for NPM. 

Therefore, the existing model was extended also to BM by introducing an incubation 
coefficient Sn which takes into account the burst features, i.e. the number of sub-pulses in the 
bursts. Such model was found to fit the experimental data in all the investigated conditions. It 
was found that in BM the incubation factors Sn are always lower than the corresponding 
coefficient S obtained in NPM. A significant decrease of Sn is observed with the number of 
sub-pulses n in the burst, independently of the intra-burst time separation, thus indicating an 
enhancement of incubation with the pulse splitting. This behavior can be explained in terms 
of different concurring mechanisms, like e.g. damage accumulation or change in surface 
chemistry and topography, which result in a more efficient deposition of the laser energy into 
the material when bursts with a high number of sub-pulses are used. Results of numerical 
simulations calculating the temporal and spatial evolution of the electron and lattice 
temperature during ultrafast laser irradiation with single pulse or burst showed that the 
portion of absorbed laser energy needed for the lattice to reach the melting temperature 
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decreases as n increases. Such effect is expected to be even more pronounced in case of 
multi-pulse/burst irradiation. 

It was further experimentally observed that the intra-burst time delay influences the 
incubation effect. In fact, a lower incubation coefficient was found for 1.5 ps time separation 
between sub-pulses compared to the 3 ps case. According to the numerical results, the longer 
the time separation the higher is the laser energy input needed to reach melting. Therefore, it 
can be argued that the rate of energy deposition, which depends on the burst features, 
influences incubation. 

A deeper understanding of the physical mechanisms behind the increased incubation 
observed with BM processing, can be achieved by further investigating the surface chemistry 
of the irradiated area and refining the model by taking into account changes of the optical 
properties of the material with a phase close or in the melting region, which was beyond the 
scope of the present paper. 
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