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Investigations on the ablation of steel and copper with femtosecond laser pulses using single pulses and bursts
of infinite sequence of pulses with 1 GHz intraburst repetition rate are presented in this paper. The ablation
efficiency is compared to the case of single femtosecond laser pulses. Based on the literature a model of the
ablation process is presented explaining the behavior of a pulse burst and the good qualitative agreement of
the numerical and experimental ablation efficiencies is obtained.

1. Introduction

Ultrashort pulsed lasers are playing an increasingly important role
in many industrial manufacturing processes due to their ability for
high-quality material processing for many different materials, high
precision and flexibility [1,2]. However, in a competitive industry,
machining productivity must always grow and the demand for high
throughput still remains one of the important factors. In recent years,
the burst-mode regime was widely investigated in ultrashort-pulse laser
micromachining. The use of bursts of two [3-5] and several [6-11]
ultra-short pulses for micromachining of metals as well as the impact
of the burst mode on ablation efficiency has been widely investigated.
It was showed that laser processing with 2-3 burst pulses at intra-burst
frequencies close to 80 MHz may lead to varying ablation efficiencies
for the individual intra-burst pulses, which could be explained by
shielding and material re-deposition processes induced by the second
pulse of a burst [12]. In [13] article it was found that the ablation effi-
ciency ratio between femtosecond single-pulse mode and burst mode
strongly depends on the material. It was demonstrated that the fs-
laser in 28-pulse-burst mode at 148MHz frequency generates similar
features (burr and droplets) as the nanosecond laser when processing at
the optimum efficiency. The femtosecond laser in burst mode achieved
about 2/3 of the nanosecond laser efficiency regardless of the material.
This correlation in ablation efficiency and quality indicates that the
underlying ablation physics of a burst-mode laser emitting 28 burst
pulses at 148 MHz frequency is different from single pulse and it could
be related to the nanosecond pulse ablation. The reported [10] copper
ablation experiments with up to 800 burst pulses and frequencies up
to 3.46 GHz showed that at the optimal experimental parameters (the
number of pulses in the burst more than 25 and intra-burst frequency
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more than 108 MHz) the ablation efficiency may increase significantly
due to ablation-cooled material removal. However, [11] showed that
this increase of ablation efficiency is only observable for percussion
drilling. Potentially significant high increase of ablation efficiency us-
ing high number of subpulses in burst trains of pulses with the GHz
repetition rate has been shown in several recent works [14-16]. On the
contrary, [17] demonstrated the tremendous reduction of the specific
removal rate in metals for surface texturing by using burst trains of
pulses with the GHz repetition rate. In recently reported [18] it was
demonstrated that the burst duration and number of pulses in the burst
are the main parameters of fs GHz processing and on choosing optimal
parameters not only an optimal ablation efficiency can be achieved but
also the thermal effects can be controlled.

In this context, the goal of the presented study was to investigate the
advantages or disadvantages of the burst mode regime by comparing
it with the single-pulse regime. We determined ablation efficiencies
as a function of fluence for stainless steel and copper and compared
the ablation parameters at the optimal fluence using the femtosecond
laser operated in single-pulse mode and in burst mode of 1 GHz pulse
frequency. A femtosecond laser and beam splitter mirrors were used
to obtain pulse-bursts, that a single pulse was divided into infinite
sequence of the pulses and the energy of the single pulse was kept
equal to the integrated energy of the pulses in the burst. The energy
distribution of the pulses in the burst could be controlled by choosing
different beamsplitters. Moreover, the theoretical model for the burst
ablation is presented. It is based on [19] where the two temperature
model for the axial-symmetric model was described.
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Fig. 1. Experimental setup of laser processing system in femtosecond burst mode. Optical components include beamsplitter (BS), mirror (M), beam expander (BE), G —
galvanoscanner, DL — delay line for the burst pulse mode formation, TS — translation stage, S — sample.
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Fig. 2. Single-pulse (top) and burst (middle and bottom) regimes used in the
experiment.

2. Experiment
2.1. Experimental setup

A schematic representation of the experimental setup is shown in
Fig. 1. The experiments were performed using the Carbide® Yb:KGW
femtosecond laser system (Light Conversion Ltd) operating at 1030 nm
(pulse width 280 fs, average power up to 5 W, 60 kHz). The maximum
laser energy of a single femtosecond pulse was approximately 80 pJ.

The burst of multiple pulses was formed by dividing the beam with
the beam splitter BS, which transmitted one part and reflected another
part of the incident laser wavelength (1030 nm). The transmitted
part of the laser radiation, undergoing multiple reflections by high
reflective (99,95%) dielectric multi-layer mirrors M1-M2, formed a
sequence of endless multiple pulses with decreasing energy (Fig. 2).
Two different beamsplitters (EKSMA Optics Ltd.) were used in the
experiment. One beam splitter transmitted 80% and reflected 20% of
the incident laser light and another one transmitted 60% and reflected
40% of the incident laser light. Thus, for the first beam splitter, if
the energy of the primary single pulse was 80 pJ, the energies of the
multiple pulses in the sequence were 24 pJ; 39.2 pJ; 11.8 wJ; 3.5 pJ

etc., respectively. Actually, the first two-three burst pulses were the
most significant at our experimental conditions because at low fluences
the energies of 4th, 5th etc. separate pulses in the burst were below
the ablation threshold. For the theoretical consideration only the first
three pulses were taken into account, but it should be kept in mind
that at higher fluence values, far from the ablation threshold, the 4th
and even the 5th pulses could influence the ablated volume. The delay
between the pulses in the burst was kept constant and equal to 1 ns. The
experiments were carried out applying linearly parallel-polarized pulses
in the burst. Then, collinearly propagating beams were positioned using
a dual-axis galvanometric scanner (ScanLab Inc.). The galvanometer
includes two ultra-light dielectric motor-control mirrors. The motors
move the mirrors synchronizing with laser pulses and an image could
be produced on the surface of the sample, using the control software
SCA (Altechna, UAB). The typical scan angle of the galvanometer is
+0.35 rad, and the diameter of the aperture is 10 mm, the maximum
marking speed is 3.5 m/s and the positioning speed is 12 m/s. The
system is also entirely accurate, and its repeatability is <2 prad, and
the deviation error is low — 0.11 m/s.

After the laser beam passed through the scanner, it was focused by
an F-theta lens (f = 75 mm) in the normal incidence onto the sample,
which was mounted on a three-dimensional motorized positioning
stage (Standa Inc.) for precise positioning of the sample at the start.
Micromachining was carried out on copper and steel samples.

The table could be controlled by the software (SMCVieW) that can
be synchronized with the SCA application. Galvanometric scanners in
combination with F-theta lenses can produce large scanning fields and
scanning rates of the order of m/s or greater.

The optical profilometer Ply 2300 (Sensofar) with the resolution of
0.1 nm, characteristic of a fast-confocal scanning (12.5 confocal images
per second) and a vertical scanning rate of 800 pm/s was used to ob-
serve the formed grooves in the experiments. The electronic microscope
TM-1000 (Hitachi) was used to estimate the surface structure of the
grooves and the amount of substance removed near the groove. The
device is able to scan and magnify the image up to 10,000X.

2.2. Experimental results

During the experiment, the ablation efficiency of steel and copper
samples was investigated using single pulses emitted by the femtosec-
ond laser and the burst mode pulses formed with the delay line. All
experiments were performed on 4 mm-thick stainless steel AISI 316L
and 2 mm-thick unpolished copper DHP (C12 200-99,9%) samples.
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Fig. 3. Ablation efficiency versus peak pulse fluence for a steel (a, ¢) and copper (b, d) at various beam scanning speeds for beamsplitters 20/80 (a, b) and 40/60 (c, d). Solid

symbols represents the burst mode, open-the single pulse mode. The lines are guides to the eye.

The tests were conducted at room temperature under normal ambi-
ent pressure. No additional cleaning of the samples before the laser
processing was applied. The laser beam moved on the sample surface
using the galvanometer IntelliSCAN. The image programmed in the
SCA application was reproduced on the surface of the sample: 3 mm
long lines with the spacing of 0.5 mm. Each line was passed with the
laser beam 20 times, and each line was formed at different scanning
speeds of 400, 500 and 800 mm/s. Laser pulse repetition rate was fixed
and equal to 60 kHz. The measurements were repeated continuously
changing laser average output power from 0.4 W to 3.2 W. The grooves
were formed by a single mode and the burst pulse mode. The burst
mode was realized by using two different beamsplitters: 40/60 and
20/80. The optical profilometer was used to measure the depth and
width of the grooves. The laser beam radius and the ablation threshold
flow value for experiments with both samples were experimentally
determined using single pulses. Knowing these values, it was also
possible to determine the optimum radiative flux for the most efficient
removal of the substance in the case of a single-pulse regime. To
determine the threshold of the laser ablation ¢y, and the laser beam
radius wy, the Liu approach was applied [20]. The focusing conditions
for experiments with steel and copper samples were slightly different.
The estimated laser beam radius for experiment with the steel sample
was 13.9 + 1.4 pm, and the laser beam radius used for the experiment
with the copper sample was 16.5 + 0.6 pm. The estimated threshold of
the laser ablation was 0.28 + 0.05 J/cm? and 0.51 + 0.08 J/cm? for
steel and copper respectively, which corresponds to the values in the

single pulse mode
burst pulse mode

Y, um

5L \ Material: steel
Beamsplitter: 20/80
Speed: 500 mm/s

X, um

15 L

Fig. 4. Crater profiles of femtosecond ablation on the steel sample obtained with single
pulse and burst pulses.

literature (steel- [21], copper- [22]). In order to compare the ablation
efficiency the optimal fluence was calculated according to the [8]. The
optimal fluence was 2.1 + 0.4 J/cm? and 3.8 + 0.6 J/cm? for steel and

copper respectively.
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Based on Two-Temperature Model where the ablation depth loga-
rithmically depends on the applied fluence the specific removal rate per
average power (assumed that the beam profile is Gaussian) dV /d E can
be calculated as follows [6]:

dVv dv 1 61 o
Lo =2 10/ 1
dE dt P, 2¢, n*(bo/ $un): M

where V is the volume; dV /dE is the ablation rate per average power;
6 is energy penetration depth, ¢, is the threshold fluence, P,, denotes
average laser output power, ¢, is the peak fluence (in the center of the
Gaussian beam). The peak fluence can be estimated by Kleinert et al.

[11]:

bo=— @

where Ep is the pulse energy, o, is laser beam diameter at 1/e2. The
removed volume per pulse energy can be rewritten (Neuenschwander):

v _Av._ hp? Ty _ et 1

< = = €)
dE = E, Ny Py  Nyw E

scan =p

scan

where N, , is the number of laser beam scans, h and p are the depth
and the width of the ablated grooves, respectively. Ablation efficiency
at single and burst-regimes was evaluated for copper and steel respec-
tively. For the calculation of the volume of the groove ablated by
single pulse the paraboloid approximation was used. Fig. 3 shows the
specific material removal rate in dependence on the fluence for steel
and copper using single pulse and burst-mode regimes. The specific
material removal rate decreased by increasing the laser fluence and the
scanning speed. The same tendency was observed for different energy
distribution between the pulses (for 40/60 and 20/80 beamsplitters) in
the burst and for different materials. For the burst mode this decrease
in the material removal rate could be caused by the formation of the
debris (Fig. 4), which started to appear at the energy density more than
twice above the optimal energy density value. The observed up to 10 pm
debris formation during laser ablation by burst pulses could be ex-
plained by an increased melt ejection. A part of the irradiated material
was melted and displaced instead of being evaporated. Similar material
re-deposition effects were reported in [12,18]. No decolorisation areas
of the samples or heat affected zones were observed. At the optimal
laser energy density (2 J/cm?) the ablation efficiency using burst mode
regime decreased the most and was 65%-75% lower in comparison
to the single pulse regime. It could be caused by plasma shielding
effect: the cloud of the particles formed after the first laser pulse and
plasma above the groove started to shield the next pulses and these
pulses are not involved in the ablation process [23]. At the optimal
energy fluence value specific material removal rate in a single pulse
regime was 25%-35% higher than in the case of burst mode regime.
The specific removal rate follows the same function for bursts and
single pulses. With the 40/60 beamsplitter which corresponds to energy
distribution between the pulses in the burst equal to 1:3.2:0.64:0,128..
etc., the higher specific removal rate could be achieved in compari-
son to the case when energy distribution between the pulses in the
burst is 1:0.9:0.36:0.144... etc. Although, a higher specific removal
rate was not achieved using bursts, compared to the single pulses, we
managed to observe few configurations where the margins are modest.
The highest efficiency using 1:3.2:0.64:0.128..sequence and <2 J/cm?
energy density was obtained, therefore for steel the removal was 15%
and for copper only 5% lower compared to the grooves ablated with
the single pulses. Depth-to-width ratio of the processed grooves were
measured for single and burst mode regimes in dependence on the
laser beam scanning speed (Fig. 5). In single pulse regime as in burst
pulse regime, the aspect ratio of the groove decreases by increasing
the scanning speed. The width of the grooves remains almost constant
for different scanning speeds, while the depth of the grooves decreases
with the increase of the scanning speed. This is because the laser energy
accumulated in unit area of the samples decreases with the increase

Results in Physics 22 (2021) 103847

of the scanning speed, which makes the ablation efficiency of samples
decrease, consequently the depth of the grooves decreases. However,
higher aspect-ratio grooves were produced by burst of tightly focused
femtosecond laser pulses in comparison to single pulse regime. The
narrower grooves were processed by using burst of the pulses.

3. Numerical modeling

In this Section, we simulate the heat equations when the metal
is ablated by (1) a single pulse; (2) pulses’ burst formed by a 20/80
beamsplitter; (3) pulses’ burst formed by a 40/60 beam splitter. In
the cases (2) and (3) three first pulses are taken as input. As in the
experiment, pump wavelength 4 = 1030 nm, pulse duration 7, = 290 fs,
duration between pulses 7 = 1 ns. Beam radius at 1/¢? level rp = 17
pm.

3.1. Governing equations

Here, we implement the axisymmetric two-temperature model that
describes the evolution of electron and lattice temperatures 7, and T,
as well as heat fluxes of electrons and lattice q, and q;. The equations
read [19]:

o7,
Ce(Te) ot =-V. q. — G(Tw TI)(Te - TI)
+ O(r, z,1),
o,
=t = =V -4+ GT T)T, - T)).
()]
T, #T,, T #T,,
9q,
q. + ‘L'EW = —A(TE, E)VTe’
aq;
+1,— = -4 VT,
o q +7 ot IARY)
/ (=V-q;+ G{T,, T)T, - T)ldt = Q,,
Tmb
T=T,,
w 5)
/ [-V-q + GT,, )T, - T)ldt = Q,,,
pp
T, =T,
where Q is the laser irradiation source term:
0=/ M(l -R)
¥
N-1
bjo 2z
X —exp|—-——= - = 6)
;) st r% 8
(t—-2t, — j7)?
—4mm2——2 " ||
)
P

N is the amount of the pulses in the burst, z is the duration between
the jth and (j + Dth pulses. ¢, is the fluence.

In Egs. (5), 0,, and Q,, are the volumetric latent heats of fusion and
evaporation, respectively. T,, and T, are the melting and boiling tem-
peratures, respectively. These and other parameters will be described
in details in Section 3.3.

3.2. Boundary conditions

We implement the same boundary and initial conditions as in [19].

At the boundary, (r,z) € I' (no-flux condition):
Qpe(r. z.1) = =2,(T,., T)) (n - VT, (r, z,1)) =0, -
ap(r.z,t) = =4 (n- VTy(r, z,1)) =0,

where n is the outward unit normal vector. When the material is
removed due to the ablation, the boundary is modified.
Initial conditions at ¢ = 0:

T,(r,z,t) = Ty(r, z,t) = Ty. (8)
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Fig. 5. Depth-to-width ratio versus peak pulse fluence for a steel (a, ¢) and copper (b, d) at various beam scanning speeds for beamsplitters 20/80 (a, b) and 40/60 (c, d). Solid

symbols represent the burst mode, open-the single pulse mode.
3.3. Parameters’ calculation

In this subsection we describe the calculation of steel and iron
parameters.

Reflectance R and penetration depth §: here we make use of the
Drude model that gives the complex refractive index n = n,+in;, where
i= \/—_1 The values of n, = 2.3 and n; = 4.52 were taken from [24],
iron at 1 pm. Then, reflectance at the perpendicular incidence is given

—1)24n? . .
by R = % and R = 0.706. Penetration depth is calculated from

5= %# where 4 = 1.032 pm. So, § = 18.2 nm.

Initial condition. In Eq. (8), T, = 300 K and it is constant.

Melting and boiling points. For iron, 7,, = 1811 K and T, = 3134
K.

Volumetric latent heat of fusion Q,,. For iron, Q,, = %
7.874 g/em® = 1946 MJ/m3.

Volumetric latent heat of evaporation Q,,. For iron, Q,, =
%ﬂ}/mll x 7.874 g/cm® = 47939 MJ/m’.

Volumetric specific heats C,(T,) and C,.

C; = 0.45 kJ/(kgK) x 7.84 g/cm? = 3.53 MJ/(m® K).

Dependence C,(T,) was taken from data of [25] (data for Fe-bcc).
The data curve was approximated by a 6th-order polynomial func-
tion as it is shown in Fig. 6a. The obtained polynomial formula was
implemented in the numerical simulation instead of the data file.

Thermal conductivities 4,(7,,T)) and 4,.

A; = 49 = 83.5 W/(m K). In Drude model [19]
2T T) = 3 CT)R (T T2, ©

where 7,(T,,T)) is the total electron scattering time and v, is the mean
velocity of the electrons. We take v, = vy, where vy is the Fermi
velocity.

Relaxation times 7; and r,. Relaxation time of phonon collisions
was taken the same as in gold: 7; = 0.8 ps. In Drude model, relaxation
time of free electrons 7, = m,o/(pe®), where ¢ is the conductivity. m,, e
and p are the electron mass, charge and number density, respectively.
At o =107 S/m, 7, = 4.2 fs. As 7, is rather small, we set 7,(T,,T}) = t,.

The electron-phonon coupling factor G(7,,T)). In our model,
G(T,,T)) = G,(T,) and data for G,(T,) was taken from [25]. Again, the
approximation by a 6th order polynomial function was applied, Fig. 6b.

3.4. Numerical results

The governing Egs. (5) were solved in the cylindrical coordinate
system [19]. The single pulse as well as burst of pulses were simulated.
Radial coordinate r and longitudinal coordinate z were described in
the space intervals [0 50 pm] and [0 2 pm], respectively. The size of the
matrix was 25 x 200. The time step was equal to 2.5 fs.

Single pulse was simulated from r = 0 to r = 100 ps and three
pulses burst was simulated from t+ = 0 to t = 2.1 ns. The temperature
profiles as well as the ablated craters at the fixed input fluence are
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Fig. 6. Dependences of (a) C,(T,) and (b) G,(T,) from [25] data (black solid lines) and
their 6th order polynomial fits (red dashed lines).

shown in Fig. 7. The crater’s volume was calculated as the volume of
the paraboloid: V' = z(D/2)>h/2, where D is the crater’s diameter and h
is the depth. The dependence dV /d E on the input fluence is presented
in Fig. 8. Here, the numerical (Fig. 8a) and experimental data (Fig. 8b)
are presented. As we can see, the bursts (blue and green lines, scatters)
are less effective than the single pulses (red line, circles).

As it was discussed in Experiment Section, plasma shielding gives
rise to particles cloud formation after the first pulse and to this reason
we keep the position of the next pulse at z = 0, see source equation (6).
The factor exp(—z/8) reduces the source exponentially and it vanishes
at penetration depth 6 = 18.2 nm. The crater depth is much larger than
this value and it is predefined mainly by the first pulse of the burst. As
a result, in this configuration, the pulse bursts are less effective than
the single pulse that accumulates all the energy of the corresponding
burst.

4. Conclusions

The specific removal rate for steel and copper for single pulses and
pulse bursts with different energy distribution within the burst as a
function of the fluence was investigated. It was found that in general
bursts lead to significantly lower specific removal rates for steel and
copper samples compared to grooves ablated with single pulses. By
using intraburst pulse energy distribution ratio 1:3.2:0.64:0.128:... a
higher specific removal can be achieved compared to the case when the
intraburst energy distribution ratio is 1:0.9:0.36:0.144:... . The highest
efficiency using 1:3.2:0.64:0.128:... sequence and <2 J/cm? energy
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Fig. 7. Temperature contour-plots (black solid lines) and crater profiles (red dashed
line). Single pulse at 7 = 100 ps (a), burst of pulses from 20/80 beamsplitter at ¢ = 2100
ps (b) and burst of pulses from 40/60 beamsplitter at r = 2100 ps (c). ¢, = 16 J/cm>.

density was obtained, therefore for steel the removal rate was 15%
and for copper only 5% lower compared to grooves ablated with the
single pulses. Based on the literature a model of the ablation process
was presented for steel. It also demonstrated less effectiveness of bursts
compared to single pulse. In the numerical model, the pulses following
the first pulse of the burst do not penetrate the material sufficiently and
the crater depth remains almost unperturbed. The reason for this may
be the plasma shielding that reduced the absorbed energy in the case
of burst.



O. Balachninaité et al.

15 T
(a)
-
210+ 1
%)
€
3
i
L
> 5¢ 1
©
0 1 I L
0 5 10 15
2
qSO,J/cm
15 i T i
(b)
—
210+ o 1
) N
= ~
s N
N N
N
% D‘EO (o] o O\\ o
> 5' \‘F \\ 1
° \Yu,\ n\o_;'o'e"on_s
\\ﬂ'——— ’,n’ o
Dn ‘n--a-n:Eh_n,-b"
O I 1 I
0 5 10 15

Fig. 8. Dependence of dV /dE on fluence. Single pulses (red line and circles) and
bursts from 20/80 beamsplitter (blue line and scatters) as well as 40/60 beamsplitter
(green and scatter). Theory (a) and experiment at scan velocity 800 mm/s (b). Lines
in (b) are shown for eye-guiding. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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