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This paper gives an insight to formation of ablation craters on float glass samples due to 
irradiation by high energetic nanosecond laser pulses and its optimisation for laser-induced 
breakdown spectroscopy (LIBS) analysis. Use of such lasers is less common for material processing, 
therefore ablation and eventual degradation of the samples has not been in the focus technical studies. 
Meanwhile high energy pulses can be optimal for certain applications, such as LIBS. Here the 
properties of ablation craters on common float glass samples after high energetic laser pulse 
irradiation were investigated. LIBS spectra were obtained and their quality was compared against the 
irradiation parameters such as wavelength and focusing conditions. It was found that these have a 
significant effect on crater formation, but parameters can be set to allow ablation without major 
degradation of the sample. 

Keywords: ablation crater, glass, laser-induced breakdown spectroscopy (LIBS), nanosecond laser, 
laser-induced damage 

1. Introduction
The size, shape and quality of laser craters and edges

are critical features of both laser material processing and 
laser-based analysis techniques. High quality surface 
finish, chip-free cut edges and speed of material 
processing makes laser cutting ,drilling and engraving 
competitive with conventional material processing in spite 
of the high initial investment [1], while the decreased need 
of post processing reduces production costs significantly 
[2–3]. On the other hand, laser based analysis (e.g. laser-
induced breakdown spectroscopy, LIBS) is often applied 
to sensitive objects such as  artworks [4–5] The presence 
or absence of visible craters and micro-cracks significantly 
influences the visual and mechanical properties of the 
sample after analysis. 

Many laser-based techniques are used in industrial 
practice to separate glass sheets, being the most customary 
the laser scribe and break technique. The cut surface is 
marked by a narrow groove or partially penetrating holes 
created by laser, then a mechanical force is applied on the 
workpiece. [6] Developments of this method aim the 
improvement of process capabilities regarding both scribe 
and break stages. [7–10] Controlled fracture technique is 
based on the laser-induced thermal-crack propagation 
(LITP). [11] By absorption of the laser radiation an uneven 
temperature field is generated within the material. If this 
stress exceeds the yield strength of the material, a crack 
will propagate towards it. [11] Since the heat stress itself 
is highly concentrated, the resulting surface is of good 
quality, and generally no post processing is required. Deep 
penetration makes laser radiation an excellent tool for 
separation of thick glass sheets.[12] 

Creating grooves and holes on glass surface by leaser 
is a well-studied field. Beyond direct ablation with the 
laser beam there are many techniques that apply laser 

induced plasma to etch the glass surface. [13–18] The 
common within these approaches is that they utilize a laser 
wavelength that the workpiece is highly transparent to, and 
apply an absorbing target or surface layer on the 
workpiece. While there is minimal interaction between 
glass material and laser radiation, a microplasma is ignited 
on the target, and the surface modification of the 
workpiece is done by the interaction with the plasma. The 
most well-known techniques based on this principle are 
laser-induced plasma-assisted ablation (LIPAA) and laser-
induced backside etching (LIBE). [19–21] Most important 
advantages are the improved control of the material 
removal, the decreased heat affected zone and the 
possibility of microcrack-free machining. [22–24] 
Chemical alteration of the surface is quite typical side 
effect of these techniques. It is mostly unwanted, but can 
be utilized for certain applications. [25–27] 

For analysis purposes an innovative and promising tool 
using high energetic short laser pulses is laser-induced 
breakdown spectroscopy (LIBS). The laser radiation is 
focused on the sample surface to create microplasma from 
a small amount of the sample material, and the optical 
emission of this plasma is used to analyse the composition 
of the sample. [28–29] Here the analysis is the purpose, 
while the ablation is a collateral effect, which is in most 
cases considered as harmful, since leads to the degradation 
of the sample. Nonetheless there are many examples of 
connecting LIBS and laser micromachining and do 
analysis and processing in parallel. [30–31] There are 
encouraging results also with standalone LIBS on glass 
samples. They range from identification of archeologic or 
forensic glass fragments of unknown origin [32–35] and 
analysing corrosion layers on glass artefacts to monitoring 
of glass melting process and control glass processing. [36–
41] Quantitative LIBS analysis can also be done on glass
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samples both with calibration based and calibration free 
approach. [42–45] Our recent studies showed, that LIBS is 
an optimal tool for quantification of lithium (and possibly 
other light elements) in glass, which is difficult with actual 
analysis methods of silicate industry. [46] 

The common drawback of all the aforementioned 
analysis techniques is the risk of chip and microcrack 
formation. Any surface flaw may initiate a crack and 
fracture the glass object when it is under heat or 
mechanical stress even due to normal use. [41–47] 
Microcracks belong to the most evident failure cause of 
this type, since they can compromise the structural 
strength of the material and serve as accumulation points 
of residual stress. [48–50] Crater morphology and crack 
formation – both intended and unintended – due to and 
pico- and femtosecond laser irradiation is technically quite 
well studied. [51–52] Meanwhile there is much less 
systematic analysis of the same phenomena when using 
high energetic nanosecond laser, although the risk of 
unwanted surface alteration is much higher in this case. 

Furthermore, optimization of laser irradiation 
parameters is not simple. Many variables occur and a 
range of different physical phenomena have to be 
considered, some of them are quite complex on their own. 
These are, among others, thermal diffusion, ablation, 
plasma formation, plasma - target and plasma – laser beam 
interactions. The parameters to optimize include 
wavelength, focusing conditions, laser energy, scanning 
speed and number of passes. [53–56]  

The target of this study is to discuss crater morphology 
and damage patterns in correlation with irradiation 
parameters. With suitable settings it will be possible to do 
LIBS analysis of commercial glassware and eventually 
perform laser cleaning and machining in parallel with the 
analysis. The criteria of such parameters require the 
absence of fractures, cracks and diffuse damage patterns, 
which would prevent normal use of the analysed piece. It 
is also necessary, that such features do not appear even 
after many consecutive laser shots to the same point. 

2. Experimental
The experimental system was based on a Quantel

Brilliant Q-switched Nd:YAG laser with frequency 
doubler and tripler modules (1064 nm, 532 nm and 355 
nm), the energy of the pulses are 360 mJ, 180 mJ and 90 
mJ respectively with the half width of 3.2 ns. The 
repetition rate was 20 Hz. The laser pulses were focused 
by a single quartz lens of 40.6 mm, 41.9 mm, and 43 mm 
focal length on the 3 wavelengths respectively. The shift 
of focal length is due to the dispersion of the quartz 
material of the lens. With the beam diameter of 5mm, the 
depth of focus (DOF) values 0.16 mm for 1064 nm 
wavelength, 0.08 mm for 532 nm and 0.05mm for 355 nm. 

The light emitted by the plasma was gathered by a 
collector / collimator optics and led through fibre optics to 
the Mechelle-5000 echelle spectrograph equipped by an 
iStar i-734 ICCD camera. [Fig. 1] Settings of 2 µs delay 
and 5 µs acquisition times were used. 

Fig. 1 Experimental setup 

The samples were commercial soda-lime window glass 
pieces of dimensions 50x30x5 mm. The transparency was 
highly varying in the range of the excitation wavelength. 
[Fig. 2] 
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Fig. 2 Transmittance of the samples as a function of wavelength 
(the irradiation wavelengths are marked) 

The laser pulses were focused in front of the sample 
surface (d=+1 mm), directly onto the surface (d=0mm) and 
below the surface into the bulk of the sample (d=-1 mm), 
which exceed considerably the DOF values. [Fig. 1] 1 to 
100 shots were accumulated at one point of the sample to 
investigate the escalation of the damage with the 
increasing number of pulses. The ablated surfaces were 
qualified by optical microscopy (Olympus BX51 
microscope equipped with DP72 camera) and optical 
profilometry (Bruker Contour GT-K0X). The heat 
affected zones were observed on the microscope images, 
the spot sizes were calculated from the focusing conditions. 
For the laser fluence the laser pulse energy and the 
(calculated) spot size was considered. The damage was 
later correlated to the LIBS spectra gained during the 
experiments. 

3. Results and discussion
The observed damage patterns are those of brittle

materials. In many cases there are clear ablation craters 
with material deposits around, that is the result of a well-
controlled material removal process. Besides this effect far 
less controlled degradation of the samples can be observed 
due to overheating. It can be described by 3 basic patterns 
and their combinations: microcracks appear around the 
irradiation region, conchoidal fractures indicate the 
removal of bulky pieces, and diffuse internal damage show 
uncontrolled spread of thermal stress within the material. 
[Fig. 3] 
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Fig. 3 Typical damage patterns observed; left top: conchoidal 
fracture (λ=355 nm, d=0 mm, 1 shot), left bottom: microcracks 
(λ=1064 nm, d=0 mm, 100 shots), right: diffuse internal 
damage, which propagates to the surfaces with the increasing 
number of shots (λ=1064 nm, d=-3 mm, 1, 10 and 100 shots 
corresponding). 

These damage patterns conform to expectation. 
Microcracks and conchoidal fractures can be attributed to 

mechanical stress caused by local overheating of the 
sample in the focal volume. Meanwhile diffuse damage is 
most likely to have been caused by absorption of stray 
laser radiation outside the focal volume, still exceeding the 
yield strength of the material. Increasing the number of 
laser pulses, internal damage is prone to progress towards 
the sample surfaces. Focusing directly onto the surface 
results in the highest incident beam intensity, most 
powerful local heating and therefore highest heat stress. It 
leads consequently to an increased risk of creating cracks 
and fractures. [Fig. 4 and Table 1] 

 

Fig. 4 λ=532 nm, d=0 mm, 10 shots, overheating of the sample 
is apparent 

Table 1 Damage patterns after direct focusing of the laser beam. At all wavelengths and number of 
laser shots (except for 532 nm 1 shot) fractures and microcracks appear due to heat stress. Large heat 
affected zones (HAZ) are also observable [Fig. 5]. 

Wavelength
No. of 
shots

crater diameter 
(µm)

spot diameter 
(calculated, µm)

Laser fluence 
(J/cm2)

diameter 
HAZ (mm) damage pattern summary

1 not recognizable 12 3,E+05 conchoidal fracture 60x40µm

10
40 12 3,E+05 0.8

HAZ covered by debris, microcracks of 0.2mm, 0.14mm circular 
surface clear around the crater

100
40 12 3,E+05 1

0.8mm circular surface around the crater with many cracks and 
conchoidal fractures

1 20 6 6,E+05 0.32 Nothing particular
10 40 6 6,E+05 0.4 conchoidal fracture diameter 0.4mm

100
300 6 6,E+05 2.6

conchoidal fracture 0.8mm diameter, radial cracks 0.7mm 
length, debris over the HAZ

1 60 4 7,E+05 0.5 0.26x0.2mm conchoidal fracture
10 60 4 7,E+05 2.7 diameter 3mm conchoidal fracture

100 250 4 7,E+05 2.7 diameter 3.5mm conchoidal fractrue
355 nm

1064 nm

532 nm

 

This hazard may be reduced by defocusing the laser 
beam. However, in case of focusing below the surface, a 
shockwave is generated in the bulk material causing 
mechanical stress in quite an unfavourable way. Not only 
the ablation crater is prone to be deeper, meaning more 
material ablated, but a plasma shockwave maybe initiated 
inside the sample causing severe cracks and fractures. [Fig. 
5] This entire problem can be avoided by focusing in front 
of the surface. In this way the plasma is generated in the 
air, thus internal damage of the sample can be minimized. 
Meanwhile the irradiated area is greater, than in case of 
focusing directly onto the surface causing more 
advantageous heating, reducing risk of cracks and 
fractures. [Fig. 6] In most cases the heat affected zone 
tends to decrease substantially when focusing in front of 
the sample. [Table 2] 

 

Fig. 5 λ=532 nm, d=-1 mm, 10 shots, the material expanding 
from inside caused extensive damage. One can observe the heat 
affected zone (HAZ), i.e., the large circular halo due to heat 
induced refractive index changes. 
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Table 2 Damage patterns after 100 consecutive laser shots – dependence of wavelength and defocusing

Wavelength
defocusing 
(mm) 

crater diameter 
(µm)

spot diameter 
(calculated, µm)

laser fluence 
(J/cm2)

diameter 
HAZ (mm)

Conchoidal 
fracture Microcracks

0 40 12 3,E+05 1 none 0.8 mm surface around the crater
1 60 125 3,E+03 1 none 0.2 mm radial

-1 150 125 3,E+03 3 none 1.5 mm surface around the crater
0 300 6 6,E+05 2.6 0.8 mm radial 0.7 mm length
1 200 125 1,E+03 1 none none

-1 200 125 1,E+03 1.8 0.7 mm 0.2 mm long
0 250 4 7,E+05 2.7 3.5 mm not observable
1 400 125 7,E+02 0.9 none 0.4 mm long

-1 300 125 7,E+02 1.5 0.8 mm 0.6 mm long

355 nm

1064 nm

532 nm

 

 

Fig. 6 λ=532 nm, d=+1 mm, 10 shots, due to favourable sample 
heating and minimal absorption of stray light the damage is 
limited to the ablation crater and therefor kept better under 
control 

Wavelength has also a strong impact on the ablation 
process through plasma shielding and energy coupling 
[43], which influence the total amount of energy passed 
over to the sample. Furthermore, the damage pattern is 
strongly dependent on the spatial distribution of the 
absorbed energy, which also has a wavelength-factor due 
to the varying transmittance of the sample. In case of 
355nm and 1064nm the absorption of stray radiation 
should be taken into account. 1064nm (with the highest 
absorption rate) is especially prone to cause some 
additional damage outside the focal volume [Fig. 7], while 
at 355nm this effect is less significant, but still a 
substantial damage can be expected at the surface. [Fig. 8] 
At 532nm this effect is minor resulting in a much better 
controlled damage pattern. [Fig. 6] 

 

Fig. 7 λ=1064 nm, d=+1 mm, 100 shots, overheating the 
sample surface affects large area 

 

Fig. 8 λ=355 nm, d=+1 mm, 100 shots, absorption of stray laser 
radiation caused extensive damage 

 
Fig. 9 A typical LIBS spectrum obtained during the experiment. 
Settings were: λ=1064 nm laser wavelength, 100 shots and 
d=+1 mm defocusing 2µs delay and 5 µs acquisition times 

If we consider the capability of material analysis, this 
way of reducing the damage can have its’ toll on the LIBS 
signal (Fig. 9) quality. Visible irradiation has been 
reported as suboptimal from the point of energy coupling 
and plasma shielding. [43] Focusing in front of the surface 
also causes more plasma heating and less energy 
transmitted to the sample. Excited components of the air 
(e. g. Nitrogen) become more dominant in the emitted 
LIBS signal, meanwhile slight decrease in the spectral line 
intensities of the analytes (e. g. Silicon) can be observed. 
[Fig. 10] As a result, uncertainty of the signal intensities is 
slightly higher [Fig. 11], thus the reproducibility is 
somewhat inferior to that at some other wavelengths or 
focusing positions. 
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Fig. 10 Intensity ratio of Si I (288.2 nm) and N I (746.8 nm) 
peaks as a function of focus position at 1064 nm, 532 nm and 
355 nm. In all cases, the signal of nitrogen becomes more 
significant if the focus is moved out of the sample. 

 

 

Fig. 11 Standard deviation of some signal intensities at different 
focal positions and wavelengths 

All of the wavelengths and focusing conditions proved 
to suitable for LIBS analysis in the means of producing 
clear and assessable spectra. Best analysis capabilities, 
however, can be achieved by high signal to noise ratio and 
low relative standard deviation of spectral line intensities. 
[Fig. 12] maps the settings according to these quality 
markers, advancing to the right bottom of the image, the 
signal quality increases. Optimal setting for LIBS analysis 
is therefore 1064 nm laser wavelength and -1 mm 
defocusing. It is necessary to note that the extensive 

degradation of the sample (many microcracks and large 
HAZ) [Table 2] makes this setting not suitable for analysis 
of precious samples. 

 

Fig. 12 Relative standard deviation (RSD) and signal to noise 
ratio (SNR) of Si I 288.2nm spectral line intensity. Optimal 
settings for LIBS analysis purpose are high SNR and low RSD. 

4. Conclusion 
All of the laser wavelengths and focusing conditions 

applied in the experiment proved to be suitable for LIBS 
analysis. There were, however, considerable differences in 
spectral quality and sample degradation. If 
microdestructive property of LIBS needs not to be 
exploited, most advised is focusing a 1064 nm laser beam 
below the sample surface (d=-1 mm). But this is no way 
the optimal setting for analysis of valuable samples, since 
extensive damage may occur. 

Mechanical and optical degradation of the sample has 
proven minimal, when the high energy laser pulses were 
focused slightly in front of the sample and a wavelength 
was used where the sample is highly transparent, namely 
d=+1 mm and 532 nm. [Fig. 13] These settings could 
ensure a favourable distribution of the absorbed energy 
preventing cracks and fractures of the glass material. With 
an increasing number of shots both the diameter and the 
depth of the ablation crater increased, but no damage apart 
from it occurred. [Fig. 14] The actual number of laser 
pulses determine the size of the crater, but microcrack free 
ablation can be achieved by focusing the laser beam in 
front of the target surface.  
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Fig. 13 Most robust setting is 532 nm irradiation focused in 
front of the sample (with 1mm in this experiment). The 
dimensions of the ablation crater increase with the number of 
shots, but the damage remains well controlled. 

 
Fig. 14 3D profiles of the damage after measurement with the 
recommended settings, top: 1 shot, bottom: 10 shots 
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