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Laser micromachining related with ablation can benefit from laser-induced breakdown spectros-
copy (LIBS), as this not only allows for determining the chemical composition, but can also lead to
an insight into the instant characteristics or quality of the micromachining. In this report, we present
results on the application of LIBS in monitoring the micromachining of soda-lime glass immersed
in water with femtosecond high repetition rate pulses.
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1. Introduction

Ultrafast laser material processing is a quick, highly
accurate, precise and flexible procedure that provides many
advantages and benefits over other conventional processes
[1]. Compared with long-pulse lasers, femtosecond laser
pulses allow for extremely high peak irradiance intensities
to be achieved (more than 10* W/cm?) with low pulse ener-
gies. At high intensities, nonlinear absorption takes place in
transparent materials, allowing microprocessing to be con-
ducted on or below the surface of these materials [2-5].
Moreover, for femtosecond lasers, due to the fact that the
pulse duration is shorter than the time scales for electron-
phonon interaction, the laser affected zone is vaporized fast-
er than the energy can be transferred to the surrounding are-
as, making extremely fine-feature pattering possible. All
these features lead to better quality, increased machining
efficiency and more reproducible and predictable machining
results.

One of the important tasks during laser micromachining
is the on-line monitoring of the process. Through monitor-
ing, possible problems occurring during the micromachin-
ing process can be identified and corrected. Process moni-
toring and its consequent control are essential in laser mi-
cromachining and enhance the performance of the process
by achieving the desired technical requirements for indus-
trial and research purposes [6]. A wide range of monitoring
methods is used for laser micromachining: acoustical [7],
electrical [8], thermal [9], optical [10-12] and hybrid meth-
ods [13]. One more promising technique for monitoring
laser processing is laser-induced breakdown spectroscopy
(LIBS), which not only allows for identifying the chemical
composition, but can also lead to an insight into the quality
of the laser processing [14-21].

During laser-induced material breakdown, the intense
laser pulses initiate an expanding plasma plume, which
emits light from the atomic, ionized and molecular constitu-
ents of the sample. Hence, LIBS can provide analytical in-

formation about the elemental composition of the material
being ablated [22-24].

LIBS has several attractive features for sample analysis:
real-time and in-situ measurement due to minimal sample
preparation, multiple element detection capability regardless
of the physical form and aggregation state of the material,
local microanalysis capability and operational simplicity.
LIBS has been used in a variety of applications such as
depth profiling, soil characterization, surgical selective tis-
sue removal, authentication of artworks and monitoring and
control of laser material processing [14-21, 25-27].

Compared to LIBS based on conventional nanosecond la-
ser systems, ultrafast LIBS is distinguished by increased
stability and accuracy due to the distinctive features of ul-
trafast laser pulse generation and material interaction. This
causes reduced plasma signal variation. The continuum
emission of the ultrafast LIBS is lower and decays much
faster than in the case of nanosecond LIBS. Moreover, in
contrast to nanosecond pulses, during femtosecond laser
ablation a lower plasma shielding effect occurs [28]. Taking
all of the above into account, LIBS can be used as a reliable
method for the monitoring and control of ultrafast laser mi-
cromachining processes.

In this paper, we present LIBS-based monitoring of glass
cutting by employing a novel micromachining approach
[29]. By applying a thin water layer on top of the glass
sample and using a low NA objective, filaments can be cre-
ated within the water layer and can be used for microm-
achining purposes. This results in high micromachining
quality and throughput due to the spatial shaping of ultra-
short pulses, and the cooling and cleaning features of the
covering water. By using this micromachining method, axi-
al translation is not required, while several-millimeter deep
structures can be fabricated, and additional cooling is pro-
vided due to the added water layer, which prevents tempera-
ture and tensile stress gradient formation [30]. This work is
focused on investigating the characteristics of LIBS spectra
obtained during the above-mentioned femtosecond laser
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micromachining with different processing parameters
(scanning speeds, pulse repetition rates, scanning algorithms
etc.) in order to evaluate the suitability of this method for
monitoring purposes.

2. Experimental setup

A schematic representation of the experimental setup is
shown in Fig. 1. The experiments were performed using the
Pharos® Yh:KGW femtosecond laser system (Light Con-
version Ltd). A laser beam was positioned using a dual-axis
galvanometric scanner (ScanLab Inc.), which was con-
trolled by SCA fabrication software (Altechna Ltd). After
the laser beam passed through the scanner, it was focused
using an F- Theta lens (f = 100 mm) on the sample, which
was mounted on a three-dimensional motorized positioning
stage (Standa Inc.) for precise positioning of the sample at
the start.
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Fig. 1 LIBS-monitored femtosecond laser processing system
schematics.

Micromachining was carried out on soda-lime glass of 1
millimeter thickness. The sample was covered with a thin
(0.5 — 1.5 mm thick) water layer. The particular water layer
thickness was chosen based on our previous experiments on
glass cutting with high repetition rate femtosecond laser
pulses using the same experimental setup. [29, 31]. The
shortest cutting time for cutting 1 mm thick glass was ob-
tained with a water layer thickness between 0.5 mm and 0.8
mm. In contrast to the longer nanosecond or even picosec-
ond laser pulses used for laser micromachining in the pres-
ence of water, and where a liquid layer thickness of at least
several or even tens of millimeters could be used, in the
case of femtosecond pulses, due to pulse filamentation and
huge intensities, multiphoton absorption is an important loss
mechanism, which drastically decreases the pulse energy
reaching the sample for a larger thickness of water [32]. Our
optimization experiments for high repetition rate pulses
with large pulse energy [31] showed that the water thickness
must be small, and in reality it becomes vapor at the fastest
cutting conditions. On the other hand, water thickness must
be at least 0.3 mm for cooling the sample and cleaning
grooves and holes with cavitation bubbles. The observed
plasmas or excited species in reality exceeded the ~ 0.8 mm
thickness of water layer and were not totally immersed in
the water, but for optimization of the processing the im-
portant factors are processing quality and processing speed.
So we worked on these relations using LIBS signal monitor-
ing. Tap water was used for the experiments and the desired

thickness of the layer was formed by submerging the glass
sample in a reservoir. The thickness of this layer was meas-
ured by a CCD camera mounted on the side of the reservoir
and if necessary refilled manually.

Typical micromachining parameters were chosen as fol-
lows: average pulse power — 3-5 W, pulse duration — 280 fs,
repetition rate — 60 kHz — 100 kHz, wavelength — 1030 nm,
focal spot diameter— 20 pum.

The plasma emission during laser ablation, which oc-
curs above the sample surface at ambient temperature and
pressure, is initially collected by the F-Theta lens, then
passes through the galvanometer scanner and goes to the
mirror M2, which is used for laser radiation direction, as it
has high reflection coefficient for 1030 nm but is transpar-
ent for LIBS radiation in some spectral ranges. In our case,
we mainly used a 400- 700 nm spectral range for LIBS in-
vestigations. After mirror M2, the transmitted LIBS radia-
tion was collected by a pair of lenses and directed to the
optical fiber that was connected to the multichannel spec-
trometer (AvaSpec USB2-DT, Avantes Inc.). The spectrom-
eter was synchronized with the laser system and integration
time was 100 ms. In all cases, mainly one channel of the
spectrometer in the spectral range 550-660 nm was used for
our experiments, since one of the strongest soda-lime glass
spectral lines Na | is located at a wavelength of 589 nm.
This channel has a 2048-element CCD array and provides
an optical resolution ~0.1 nm.

It is known that in LIBS measurements the collection
geometry is very important and that the plasma expands
mostly normal to the sample surface. The on-axis plasma
light collection is less sensitive to any changes in the dis-
tance between the plasma plume and the collecting F-Theta
lens that occur when a groove is processed [33]. In our ex-
periment, the plasma radiation collection angle was chosen
to be perpendicular to the sample surface.

Several different scanning algorithms were used for la-
ser microprocessing. Various scanning speeds, pulse repeti-
tion rates, thicknesses of the water layer and spacing be-
tween the processed grooves were employed for laser cut-
ting and online LIBS signal observation.

3. Results and discussions

The experimentation consisted of four main parts:
measurement of the laser-induced plasma plume spectrum
for different scanning speeds at a different number of pass-
es; measurement of LIBS signals by changing the position
of the sample in respect to the focusing F-Theta lens; moni-
toring the depth of the processed grooves by measuring the
LIBS signal and acquiring LIBS signals by changing the
thickness of the water layer above the sample surface.

3.1 LIBS signal at different scanning speeds

One of the strongest emission lines (Na | at 589 nm) in
the spectrum of analyzed soda-lime glass was monitored
using various scanning algorithms, number of scans, scan-
ning speeds, distance to nominal focal positions and thick-
ness of water layer above the sample surface.

As can be seen in Figure 2, the LIBS signal from mate-
rial immersed in water at pulse energy ~100 pJ is a few
times weaker than in air, but could be easily resolved and
shows the same behavior of the emitted lines and some dif-
ference in continuum signal.
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Fig. 2 Emission spectra of soda lime glass sample. Both spectra
were obtained using the same energy laser pulses.

Several different scanning algorithms were used for so-
da-lime processing and LIBS signals were observed. Two
different algorithms were used corresponding to 600 um
and 200 pum spacing between the grooves (Fig. 3). In the
case of the scanned picture with line separation of 0.6 mm
for a scanning speed of 100 mm/s, the time interval between
LIBS measurements was equal to 4.2 s, and for a scanning
speed of 1000 mm/s was equal to 0.412 s. In the case of the
scanned picture with line separation of 0.2 mm, the time
interval between LIBS measurements for a scanning speed
of 100 mm/s was equal to 9.8 s, and for a scanning speed of
1000 mm/s was equal to 0.98 s. Time intervals between

Each data point shown in Fig. 4 is an average value ob-
tained from 4 separate measurements, each made at a new
position on the same glass sample by shifting the scanned
picture center by 15 mm. The scanned picture looked like a
continuous broken line consisting of long parallel and short
perpendicular segments. For line separation of 0.6 mm, the
scanned picture with dimensions 10 mm x 11.4 mm consist-
ed of 20 parallel 10 mm-long lines connected at the bottom
or at the top by the next parallel line. For a line separation
of 0.2 mm, the scanned picture with dimensions 10 mm x
9.6 mm consisted of 48 lines with the same 10 mm length
connected in the same way. The laser beam was scanned
from the beginning to the end of the scanned picture and
then in the opposite direction. The LIBS signal measure-
ment was synchronized with the beginning of the line and
was measured only when beam was scanned from the be-
ginning to the end of the picture. During opposite scanning,
the LIBS signal was not measured. The variation of the
LIBS signals measured during an integration time of 100 ms
on the same pass in measurements made at separate glass
positions were reproducible, and varied by no more than
5 %. The LIBS measurement integration time of 100 ms
corresponded to LIBS signal integration from the scanned
pass equal to 10 mm and 100 mm for scanning speeds 100
mm/s and 1000 mm/s respectively. The same measurement
procedure was used in all our investigations reported in this
article. Laser pulse repetition rate was constant and equal to
100 kHz. The beam was scanned multiple times using the
same algorithm during entire experiment.
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Fig. 3 Schematic view (a, b) and top view (c, d) of the grooves
processed using two different scanning algorithms: 600
pm and 200 pm gaps between the grooves.

Figure 4(a) shows that LIBS signals decay faster and
have no secondary increase of intensity using the scanning
algorithm when spacing between the processed grooves was
600 pum. Figure 4(b) represents spectra that were taken us-
ing 200 um spacing between the grooves.

Number of scans

Fig. 4 Na I emission line intensity in relation to the number of
scans at seven different scanning speeds. Graphs (a) and
(b) show LIBS signal behavior at two different scanning
algorithms: 600 um (a) and 200 um (b) spacing between
the grooves
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It was determined that narrower spacing between the
processed grooves does not provide sufficient irrigation of
the processed zone after water layer evaporation in the abla-
tion process, so the intensity increases after several numbers
of scans and decays at a slower rate than when using wider
spacing between the grooves. LIBS signals decay much
faster at a lower scanning speed. This is due to the larger
number of laser pulses per scanning length unit, as the laser
pulse repetition rate was constant and equal to 100 kHz dur-
ing this experiment. At a scanning speed of 100 mm/s, at the
spot equal to the focused beam diameter 20 um there is an
overlap of 20 pulses, and at a scanning speed of 1000 mm/s
an overlap of only 2 pulses. When a larger number of pulses
with the same energy impinge on the same sample place, a
larger amount of the material ablates during a single pass
and the ablated groove becomes deeper after a smaller
number of scans, and the ablation rate decreases as is usual
for deeper holes in drilling experiments [34].

As was mentioned earlier, for a line separation of 0.2
mm the scanned picture with dimensions 10 mm x 9.6 mm
consisted of 48 lines, and the time intervals between LIBS
measurements for scanning speeds between 600 mm/s and
1000 mm/s were in the range of 1.6 — 1 s. This time interval
was not sufficient for the thin water layer to fill the whole
area with dimensions of 10 mm x 9.6 mm when it is evapo-
rated by the ablated surface. For line separation of 0.6 mm,
the water is evaporated at the line positions but could be
refilled from the intermediate zone between the lines. Insuf-
ficient irrigation of the scanned zone with a line separation
of 0.2 mm was observed visually. When an additional air
fan was used, or the glass sample was fixed incorrectly, wa-
ter layer disturbance (waving) was observed and this also
could contribute to this phenomenon.

3.2 Focus positioning

Optimal focusing of the beam is very important for mi-
croprocessing the materials and sometimes it has to be mon-
itored and changed in order to get the best results. Therefore,
the next experimental step was to determine how the LIBS
signal changes at different distances between the focusing
F-Theta lens and the sample surface.
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Fig. 5 Intensity of Na | emission line from LIBS spectra of so-
da-lime glass at different distances to nominal focus po-
sitions.

During laser microprocessing, the distance was changed
in controlled steps and the LIBS signal was obtained simul-

taneously. The laser beam scanning speed was 600 mm/s.

Each data point was taken only during the last scan of algo-
rithm. The Na | emission line in the spectrum of soda-lime
glass was monitored for different focusing distances (Fig. 5).
As expected, maximum LIBS intensity was reached when
the nominal focus position was on the sample surface or
slightly, up to 100 pum, below the sample surface. Analysis
of the LIBS signal can therefore be used to estimate the best
focusing conditions prior and during laser microprocessing.

3.3 Monitoring the depth of the processed grooves

Monitoring the depth of the processed grooves is very
important for laser microprocessing. One of the possible
applications of LIBS could be monitoring the groove depth
of any kind of material. Figure 6 (a) represents how groove
depth depends on the number of laser scans on the soda-
lime glass sample at three different scanning speeds. In or-
der to evaluate the uncertainty in depth measurement, the
depth was measured at three different cross-sections along
the length of the groove. The pulse repetition rate was con-
stant and equal to 100 kHz for all three scanning regimes. It
is obvious that ablation goes faster and grooves become
deeper at a lower scanning speed due to the greater number
of laser pulses during each scan. At a scanning speed equal
to 300 mm/s and a repetition rate 100 kHz, 6.7 laser pulses
overlap, whereas at a scanning speed equal to 600 mm/s,
only 3.3 pulses overlap.

a) [ —a—300 mm/s I
80 [ . 600 mmis
g0 | —+—1000 mm/s
=
. 60
£ t
B 50
[
T 40
)
'—‘o' 30 |
o
ga ﬁ/,/'%/fi
10 ﬁ;—-/"! x &
D L 1 1 L I 1
5 10 15 20 25 30 35
Number of scans
b) —a— 300 mmis

—e— 600 mm/s
—+— 1000 mm/s

Intensity, a.u.
e o
- -]

o
Y]
T

bl
=)
=)

10 20 30 40 50 60 70
Groove depth, um
Fig. 6 Groove depth after a certain numbers of scans (a) and Na
I spectral line intensity variation in relation to groove
depth (b)

At the beginning, the groove depth linearly depends on
the number of scans, and after it reaches 60 um saturation
occurs. Using a higher scanning speed, the depth of the
grooves increases considerably more slowly, and therefore
saturation is not observed after the same number of laser
scans. Figure 6 (b) represents the intensity of Na I spectral
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line variation in relation to the groove depth. Depending on
the scanning speed, the maximum intensity is observed
when the groove depth is in the range of 8 to 13 um, and it
further rapidly decreases after the grooves become deeper.
This could probably be related to the increase in laser radia-
tion absorption when a crater with a depth-to-width ratio
from 0.4 to 0.65 is formed. A further increase in depth must
also affect larger light absorption, but this could be prevent-
ed by decreasing the number of radiation emitting species,
which could leave deeper grooves.

The saturation in Fig. 6 b occurred due to the selected
measuring procedure, as the LIBS signal in this case was
measured on the 4th, 8th, 12th, 16th, and 20th scans to cov-
er the large range of groove depths. There were even larger
LIBS signal values at earlier scans, but this was not detected
in this case by the measurement algorithm used. The LIBS
signal increases with laser pulse energy and laser power
when the energy fluency is sufficient for ablation. For large
LIBS signals, saturation can be avoided by using a smaller
integration time or by additional attenuation of the LIBS
radiation.

The scanning speed had a minimal impact on the groove
width. Similarly to the depth, the groove width was also
measured by three different cross-sections along the groove
length. The variation in widths measured for different scan-
ning speeds (in the range from 300 mm/s to 1000 mm/s) at
the same number of scans was within 15%. Therefore, the
groove width in this scanning speed range is mainly influ-
enced by the geometric spot size of the focused laser beam.
A different situation was observed at scanning speeds lower
than 200 mm/s, when the groove widths increased. This
could be explained by the fact that, after a series of overlap-
ping pulses, water is evaporated from the surface of the
sample faster than it can be replenished. If this occurs, ma-
terial is being removed via ablation without water, thus giv-
ing wide groove profiles.

3.4 Influence of the thickness of the water layer

As described above, the water layer on the surface of the
sample acts as a buffer layer where filamentation appears.
Due to this water layer, thermal effects are reduced and the
debris from the processed surface is removed. The thickness
of the water layer on the surface of the glass has a signifi-
cant influence on groove quality and depth.
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Fig. 7 Na I emission line intensity after n-th scans in relation to
water layer thickness.

Figure 7 shows how Na | emission line intensity de-

pends on the thickness of the water layer on the sample sur-
face. Three measurements were taken for each data point. In
this case LIBS signal corresponds to the radiation emitted
during some part of the n-th scan. The groove depth was
estimated after 13 laser passes over the sample surface. As
in the section above, depth was measured at three different
cross-sections along the length of the groove.
In order to compare the groove depth after 13 scans with the
corresponding LIBS signal, the integrated LIBS signal after
13 scans in dependence on the thickness of the water layer
on the sample surface was evaluated (Figure 8).
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Fig. 8 Integrated LIBS signal (Na | emission line) intensity (a)
and groove depth after 13 scans (b) in relation to water
layer thickness (scanning speed was constant and equal
to 400 mm/s).

The curve in Fig. 8 b was obtained by investigating the
depth of the ablated grooves with an optical profilometer,
and this showed the largest depths for water thicknesses in
the range between 0.7- 1 mm. This water layer corresponds
to the best conditions for fastest ablation. Some correlation
was found between the depth of the ablated grooves and the
LIBS signal in relation to the water layer thickness. The
LIBS signal drastically decreased for water thicknesses
greater than 2 mm (not included in Fig. 8 a) and this was
related with a non-evaporated layer of water during the ab-
lation process, which introduced large nonlinear losses for
laser pulses reaching the glass sample, bubble formation in
the remaining water layer, and small production of excited
species in the ablation plume. The largest integrated LIBS
signals and the largest amount of excited species produced
by the LIBS signal were obtained for water thicknesses in
the range of 0.9- 1.3 mm. Integration of the LIBS signals in
every case, but not every second case as was done in our
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experiments, would probably give an even better correlation
with groove depth.

It can be seen from the ablated grooves depth measure-
ments that the optimal thickness of the water layer and the
most effective ablation occurs when the thickness of the
water layer is in the range of 0.7- 1 mm. Similar behaviour
in the integrated LIBS signal dependence on the water layer
thickness was observed in the LIBS experiments.

4. Conclusion

Laser micromachining related with ablation can benefit
from laser-induced breakdown spectroscopy, as not only the
chemical composition can be determined, but an insight can
also be gained into the instant characteristics or quality of
the micromachining. In this report we presented results on
the application of LIBS as a monitoring tool for the mi-
cromachining of materials immersed in water and processed
with femtosecond high repetition rate pulses. LIBS signals
decay faster and have no secondary increase of intensity,
which is related with water disappearance and ablation in
air using a scanning algorithm with wider spacing between
the grooves. Narrower spacing between the processed
grooves does not provide sufficient irrigation of the pro-
cessed zone to achieve fully immersed target ablation condi-
tions, so the intensity increases after several scans and de-
cays at a slower rate than when a wider spacing between the
grooves is used. This effect is more conspicuous at higher
scanning speeds. The most intensive signal is obtained using
the distance equal to nominal focal length between the sam-
ple and focusing optics. Therefore it can be used as a tool
for adjusting the distance to sample for laser micromachin-
ing. Spectral line emission and depth of the groove depend-
ence shows that maximum intensity is reached at about 8-10
pm below the sample surface and further proportionally
decreases as the depth of the groove increases. Moreover
the most effective ablation occurs when the thickness of the
water layer is in the range of 0.7- 0.1 mm. The integrated
LIBS signal intensity correlated with the measured groove
depths after 13 scans.

This particular study demonstrates that, during the opti-
mization of the laser micromachining process, some correla-
tions in the LIBS spectra can be observed and used for the
implementation of laser processing monitoring.
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