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ABSTRACT

Stained-glass windows form an important part of cultural heritage. Short pulse lasers
open new opportunities for safe decontamination. In this work, and for the first time, the
interaction of sub-nanosecond and femtosecond pulsed lasers with some contemporary
stained-glasses has been analyzed exploring their applicability to safely clean stained-glass
windows. The results show that, in these materials, damage can be induced using energy
levels below damage thresholds due to the heat accumulation in the coating layer that
is being eliminated. The latter generates significant thermal stresses on the glass volume,
which induce crack formation. In consequence, in order to apply safe stained-glass cleaning
protocols, laser parameters have to be selected to control the temperature increase within
this layer. To achieve the latter goal, two alternative irradiation procedures were explored in
this work. As a first option, a reduction of the effective pulse repetition frequency to values
lower than 20kHz was applied. A second alternative was used for lasers with pulse repeti-
tion rates in the hundreds of kHz. In this case, the burst mode was employed controlling the
number of pulses emitted and combined with an adequate time lapse selection between two
consecutive burst runs. A proof of concept demonstration was carried out on a stained-glass

sample from the Cathedral of Cuenca, dated at the end of the XV century.
© 2021 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Conservacion de vidrieras histdricas con tecnologias laser: el reto
de limitar la acumulacién de calor

RESUMEN

Las vidrieras constituyen un elemento esencial de nuestro patrimonio cultural. Los laseres
de pulsos ultracortos ofrecen nuevas oportunidades para desarrollar procesos de restau-
racién seguros. En este trabajo, por primera vez, se estudia la interaccién de laseres pulsados
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Vidrieras
Acumulacién de calor
Léseres de pulsos ultracortos

emitiendo pulsos en el rango de los subnanosegundos y femtosegundos con piezas de vidri-
eras contempordaneas, con el fin de explorar la posibilidad de desarrollar procesos seguros de
restauracion de vidrieras. Los resultados muestran que, en estos materiales, incluso traba-
jando con niveles de energia por debajo de los umbrales de dafio, se puede generar deterioro
por la acumulacién de calor generada en la capa que se estd eliminando, lo cual puede
generar niveles de tensiones térmicas que provocan la ruptura del vidrio. Por tanto, para
desarrollar protocolos de limpieza seguros, los pardmetros de procesado deben escogerse
de tal manera que se minimice la temperatura que se alcanza en esta capa. Se han explo-
rado dos alternativas. Una es reducir la frecuencia de trabajo hasta valores por debajo de
los 20 kHz. En el caso de laseres que trabajen a frecuencias mas elevadas, la alternativa es
trabajar en modo burst, limitando el nimero de pulsos en cada serie y estableciendo tiem-
pos de espera entre dos series. Estas ideas se han aplicado sobre una pieza de vidriera de la
Catedral de Cuenca de finales del siglo XV.

© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Glass was one of the most amazing materials in mediaeval
buildings; it was technically, functionally and symbolically
novel. Coloured glass pieces, carefully segmented, were
assembled together in a lead frame to form what is referred to
as stained-glass window. The artistic appearance of the glass
would be enhanced by applying coloured paints, half-tones
and/or dark contour lines [1-6]. Stained-glass has been put
forth as one of the most delightful and compelling forms of
decoration; notwithstanding, it is also one of the most vulner-
able [7].

Stained-glasses have faced numerous deterioration phe-
nomena over the centuries due to exposure to both human and
environmental factors. The main types of degradation that
affect them are those of physical, chemical and organic nature.
Physical degradation includes abrasion, cracking, tearing, and
exfoliation of surface layers among other phenomena that are
not of chemical nature but which, if left unchecked, initiate
and accelerate damage of chemical nature. Due to the thermal
and mechanical properties of glass, temperature gradients can
alsoinduce crack generation [8]. This is more importantin dec-
orated glasses due to the additional stresses induced in the
grisaille-glass boundary due to the lower thermal expansion
coefficient values of grisaille in comparison with glass.

Chemical degradation is associated to the generation of
corrosion, patina or mineral crust growth. Generally, the ini-
tial step of glass corrosion can be described as the attack of
humidity on the surface. In all glasses, sodium and potassium
oxides are hygroscopic [9]. Air pollutants, mainly CO, and SOy,
accelerate the above effect, leading to patina development and
mineral crust growth over the glass surface, mainly associated
to sulfates (gypsum and sungenite) or calcite [10].

Deterioration can also be of organic nature, such as attacks
by algae and lichens, for instance. Organic infestation creates
soft deposits that attract and hold water on the surface, the
consequent dampness can actively damage the glass. Acidic
metabolic by-products from organic growth, can, over time,
trigger corrosion damage even on post-mediaeval glass, fur-
ther reducing its transparency [11]. Additionally, heavy traffic

and/or industrial pollution can deposit thick obstructing
crust layers, which can be quite loose and flaky, but can also
be extremely hard. Moreover, soot from decades of burning
candles can gradually cause window glass to darken.

In general, one of the biggest challenges faced in conserva-
tion of historical stained-glasses and windows is the delicate
removal of the accumulated crusts [12-14]. Stained-glass has
been subjected to cleaning using mechanical (scalpels, bristle
brushes or glass-fibre brushes) and chemical (water or organic
solutions) methods. A number of surface coatings, paint inter-
ventions or consolidants have been proposed to restore and
protect degraded paints that are found on stained-glasses
[15]. The main limitation of these processes is that, the more
effective the cleaning process is, the higher the possibility to
damage the surface or to generate long-term damage [16,17].
For these reasons, additional alternatives were also explored,
for instance, cleaning with luminescent ionic liquids [18] or
the application of laser surface desorption methods [4,19].

The use of laser cleaning as a conservation technique in
Cultural Heritage has been a subject of research for the last
several decades [1,4,20-22]. Numerous studies have been pub-
lished to date dedicated to broadening the knowledge in laser
cleaning of various materials: metals [23-25], stones [26,27]
or paints [28,29]. The absorption of laser radiation can lead
to ablation. The latter involves the ejection of material from
a laser irradiated surface, sometimes accompanied by the
formation of plasma and shock waves, when intense laser irra-
diation is used [30]. The minimum energy density required to
achieve ablation is called the ablation threshold. When the
ablation threshold of the material to be removed is lower than
that of the original substrate, the removal process can be per-
formed within safe parameters. That is, the energy density
deposited onto the sample surface is sufficient to clean the
contaminants but not enough to damage the substrate mate-
rial [31].

Laser cleaning has been investigated in the restoration of
historical glass [32] and stained-glass windows [4,19,33-35]. As
from the results of the project “Laser cleaning of stained-glass
windows”, developed in Germany in the period 1997-2000
[4], an excimer laser operating at 248nm with pulse dura-
tions in the range 20-40ns and a pulse repetition frequency
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Fig. 1 - Photographs of the green, colourless, red and blue glass samples used in this study (left). Front and verso sides of

the historic glass piece from the Cuenca Cathedral (right).

of 50Hz was selected. It enabled cleaning of different dense
crusts, bio- and organic coatings with low thermal loads. In
addition, the performance of a 248 nm excimer laser was com-
pared with other lasers with different wavelengths: 193, 308,
355 and 1064nm and pulse durations in the range between
5 and 30ns [32]. In all the cases, pulse repetition frequency
was in the order of 1-4Hz. In these studies, it was observed
that the Nd:YAG (» = 1064 nm) laser was not adequate because
the observed temperature rise was too high and caused dete-
rioration of the glass. In the case of the third harmonic
of the Nd:YAG (r=355nm), some solarization effects (dis-
coloration inside the glass), mainly associated with MnO,
photo-oxidation [12], were observed. This effect was reversible
if the sample was heated. With the other wavelengths, alter-
ation and ablation threshold values were very low, reducing
the range of cleaning laser parameters that can be used in the
restoration of the glass. Depending on the glass optical prop-
erties and the thickness of the layer to be removed, it is also
possible to develop cleaning protocols using laser incidence
from the opposite side [36]. Laser treatments can be combined
with photoacoustic measurements in order to determine the
ablation threshold.

Laser technology has evolved very fast during the last
few decades and new ultra-short pulsed lasers are now com-
mercially available. These open new opportunities for laser
cleaning in Cultural Heritage restoration. Pulse durations can
be modified in the range of fs and ps with pulse repetition
frequencies that can be selected from few kHz to MHz. The
short pulse duration reduces the level of heat generation and
allows a greater control of the layer thickness that is affected
by the laser. In addition, the available repetition frequencies
are high enough to accomplish efficient cleaning speeds. How-
ever, they also increase heat generation when incident energy
is absorbed [37-40]. This is especially relevant when laser
treatments are applied in the processing of glasses, where
thermomechanical stresses easily deteriorate the material.

In this work, the interaction of ultrashort ps and fs pulsed
lasers has been explored in contemporary stained-glass sam-
ples, frequently used in restoration interventions, with two
main objectives. The first one is to increase the understand-
ing of the phenomena that take place during laser cleaning of

these materials. The second one is to establish a relationship
between laser irradiation parameters and the damage caused
on the glass during laser intervention, in order to enable the
definition of a safe cleaning procedure. This has been ini-
tially studied in some contemporary stained-glass samples
that were painted with permanent ink. Cleaning protocols
to remove the ink form the glass surface without inducing
defects on the sample surface were defined for lasers with very
different specifications. Recently developed ultra-short pulse
lasers provide a range of emission parameters which include
very high pulse frequency values which, in turn, would reduce
the required time for cleaning a given surface. Limits associ-
ated with the use of such high pulse frequency values have
also been analyzed, however, in order to avoid heat accumu-
lation and associated damage to the glass substrate. Finally,
the ideas that were extracted from experiments with mod-
ern glasses have been applied to laser cleaning of a colourless
historic stained-glass window sample from the Cathedral of
Cuenca (Spain). The latter was fabricated at the end of the
XV century and it exhibited a similar behaviour to the mod-
ern glass samples, in spite of their historical and technological
differences.

Materials and methods
Stained-glass samples

Four contemporary stained-glass samples of different colours
(green, colourless, red and blue) were selected for this study
(Fig. 1). These samples were supplied by the glass factory of
Verreire de Saint-Just, located in Saint-Just-Saint-Rambert, in
Loire (France). This factory was founded about 189 years ago.
Currently, Verreire de Saint-Just glass maker is a reference sup-
plier of glass and stained-glass in Europe. The samples have
a rectangular shape with dimensions 4cm x 1.5cm x 2mm.
Elemental chemical compositions were determined by EDS
analyses and are presented in Table 1. The major compo-
nents found in the green, colourless and blue glasses include
Si0y, Nay0, Ca0, and MgO. Differences in colours are reflected
in the presence of small amounts of other elements, as for
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Table 1 - EDS elemental analyses (at%, acquisition time 500 s) obtained on the four contemporary glasses and on the

historic stained-glass sample subjected to study in this work.

Glass () Si Na Ca Mg K Al Cr Cu As Zn Ba Cl
Green 57.8 25.2 12.3 3.3 1.0 0.1 0.1 0.1

Colourless 58.3 25.5 11.7 33 0.9 0.2 0.2

Red 58.3 25.6 11.5 3.4 1.0 0.1 0.2 0.2

Red, surface 57.7 27.1 7.0 5.6 2.1 0.5

Blue 57.8 25.1 12.6 3.4 1.0

Historic glass 57.9 23.4 6.0 4.5 2.5 3.5 1.8 0.4

instance Cr and Cu in the green glass. The red glass differs
from the above. In this case, the glass exhibits an external
layer of 267 um with a different composition. Its bulk compo-
sition is similar to that of the other glasses, but its external
layer includes SiO,, Na;O and K»O as main components, as
well as important amounts of Zn and Ba.

This study also involves laser cleaning of a decorated
historic stained-glass sample from the Cuenca Cathedral in
Spain. It is irregularly shaped and has reddish-brown paint-
ings on its surface, with remnants of putty along the edges. Its
dimensions are approximately 4.8cm x 2cm x 2mm (Fig. 1).
The composition of this glass is also presented in Table 1,
showing higher amounts of Ca, Mg, Al and K compounds in
comparison with the modern stained-glass samples. It is also
important to note that the Na content is lower for this historic
sample.

Lasers used in the cleaning protocols herein reported

Laser treatments were performed using two different lasers.
A picosecond (ps) near-infrared laser (PowerLine Pico 10-1064,
Rofin-Sinar, Germany) with a wavelength of 1064 nm, a pulse
duration of 800 ps and a maximum output power of 8 W, cou-
pled with a galvanometer mirror system. The pulse repetition
rate can be modified between 250 and 800kHz and the waist
diameter of the laser beam (1/e? criterium) is approximately
80 pm, as deduced following the D?-method proposed by Liu
[41].

Treatments were also carried out using a femtosecond
(fs) laser (Carbide model, Light Conversion, Lithuania), also
coupled to a galvanometer mirror system (Direct Machining
Control, UAB, Vilnius, Lithuania). Treatments were performed
in this case at 1030 nm, with a pulse duration of 228 fs, a max-
imum output power of 40 W and a beam diameter of 100 um.
Pulse frequency can be modified between 1kHz and 1MHz
and the system offers the possibility of selecting the final fre-
quency using the pulse peak divider option.

Laser scanning was performed in two different modes:
beam scan and burst. In the beam scan mode, the laser
scans the surface at a given speed, controlling also the dis-
tance between two consecutive scan lines. The burst mode
consists on a spot-by-spot scanning process with adjustable
laser parameters. The laser system produces a sequence of
a defined number of pulses (a burst) controlling the repeti-
tion rate [30]. A single burst is incident at a given position and
the distance between the positions, the number of pulses in a
burst, as well as the energy of each individual pulse can all be
set by software. This surface scanning process is slower than
the continuous one because the laser stops at every point. In

the case of the n-IR ps laser, all the treatments were performed
in the burst mode in 2mm x 2mm regions, with a distance
between burst spots of 200 wm in order to reduce heat accu-
mulation. When the femtosecond laser was used, the distance
between burst pulse spots was maintained with an overlap-
ping of 90% or 70% of the beam diameter, in order to open
the possibility to uniformly clean a given area in a single step
process.

On the contemporary glass samples, these laser treat-
ments were applied directly to the glass surface or to clean
a graffiti purposely generated on the glass surface. Some
areas of the samples were painted with blue permanent ink
(Staedtler Lumocolor permanent marker) in order to ascertain
their effect on laser cleaning protocols. The ink is an alcohol
(propanol, ethyl alcohol) based compound with a resin-based
binding agent. These experiments were designed to analyze
the phenomenology that appears while this external coating
is being eliminated with the laser treatment.

Furthermore, the glass average temperature increase was
recorded using a thermal camera (Thermo Cam P25, Teledyne
FLIR Systems, USA) during representative laser treatments.
Spatial and temporal resolution of the thermal camera have
to be considered because it provides an average temperature
reading. During a very short time span, the temperature that
can be reached at the laser focal spot on the surface of the
glass can be much higher. It is very localized, however, and
the interaction time is insufficient to appreciably elevate the
glass temperature [42]. In contrast, the temperature reached
on the glass bulk, below the layer being desorbed during laser
cleaning, will be very close to the average temperature mea-
sured with the thermal camera, providing a reliable reference
to avoid damage.

Optical and surface characterization

The differences in colour between the glasses suggest that
they can exhibit different absorption properties at the
emission wavelength of the laser. The transmittance and
absorption values in the UV-Vis-nIR range, in particular
between 300 and 1100 nm, were characterized using a Stellar-
NET Miniature Spectrometer. A SL1-CAL light source, 0.6 mm
in diameter and a cone angle of 25.4° at the output of the opti-
cal fibre and specifically configured for irradiance calibrations
in the 300-1100 nm range, was used. Transmittance tests were
carried out with an integration time of 5ms, averaging 100
scans.

Transmittance measurements were also performed using
the processing lasers with power levels similar to those used
in the cleaning experiments. For a given nominal power the



BOLETI{N DE LA

SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)S69-S82

S73

60 |- t } } t s

| __ Colorless glass

Transmittance (%

100 T T T T T T T

80 -

60 bt i 4 i i =

Green glass
40 | | e St

Transmittance (%

0 i 1 i L 1 1

400 700 800
Wavelength (nm)

Transmittance (%;

1 I 1 i

100

80

@
=]

s
=)

Transmittance (%

20

400 700 800

Wavelength (nm)

900 1000

500 600 700 800 900 1000

Wavelength (nm)

Fig. 2 - UV-Vis-nIR transmittance spectra recorded for three separate samples of each of the four contemporary glasses

subjected to study in this work.

laser reaches a thermopile power sensor (LM10 Coherent), first
directly and, in a second run, through the glass that was being
characterized.

Optical characterization was also completed by observing
the response of the samples to UV radiation generated by a
UV laser (PowerLine Pico, Rofin-Sinar, Germany) with a wave-
length of 355nm, a pulse duration of 300 ps and a maximum
output power of 3W coupled with a galvanometer mirror sys-
tem. The pulse repetition rate can be modified between 250
and 800kHz. The laser beam has an elliptical shape and the
laser beam waist axes dimensions (1/e? criterium) are approx-
imately 34 and 29 um.

Sample surfaces were observed before and after the laser
treatment with a JSM 6360-LV Scanning Electron Microscope
(SEM). Images were taken in a vacuum mode at 20Pa. Pol-
ished transverse samples were also analyzed using a Field
Emission Scanning Electron Microscope (FE-SEM, Carl Zeiss
MERLIN). Semiquantitative elemental analysis of the glass
samples was performed using Energy Dispersive X-ray Spec-
troscopy (EDS, INCA350, Oxford Instruments) with acquisition
times of 500s. These observations were completed with opti-
cal microscopy photographs. Topography of the surface after
laser cleaning was measured using a confocal microscope
(Sensofar PLp2300).

Results and discussion

Laser interaction in contemporary glasses

Initial experiments were performed in the set of contemporary
glasses described. Differences in their optical properties were

initially evaluated, observing that the green glass exhibits a
different behaviour with respect to IR radiation when com-
pared to the other coloured contemporary glass samples. Laser
cleaning protocols, considering the characteristics of the two
IR laser systems that have been used in this work, were
explored in order to identify the limiting factors for a safe
cleaning protocol.

Analysis of optical properties

Fig. 2 shows the transmittance spectra corresponding to the
different types of contemporary glasses studied. For each sam-
ple, spectra were acquired in three different positions, in order
to obtain information about the homogeneity of the optical
response in each glass. In all the cases, differences lower than
10% are only observed in the regions of the spectra with trans-
mittance values higher than a 70%. These differences have
been associated to the distribution of micro-bubbles inside
the glass in the illuminated (approximately 1 cm in diameter)
areas.

As expected, the differences in colours generate very differ-
ent transmittance spectra. For example, in the spectral range
close to 1064 nm colourless, red and blue glasses absorb less
than 20%. The amount of energy that is absorbed by the green
glass, however, increases to values approaching 70%. In the
region of the spectrum close to 530 nm, corresponding to the
emission of green lasers, it is also observed that the amount of
absorbed energy is very high in the three coloured glasses and
only the colourless one presents high transmittance values.
Finally, the four glasses, in particular the green and red one,
exhibit lower transmittance values in the proximity of 355 nm,
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Table 2 - Transmittance values obtained with a laser power metre, directly or through the different glass samples used

for this study employing near-IR and UV laser sources with the specified emission.

n-IR laser
A=1064nm, =800 ps

UV laser
A=355nm, t=300ps

Recorded power (W) % transmittance Recorded power (W) % transmittance
Direct incidence 2.35 - 0.29 -
Colourless 2.05 87 0.15 52
Green 0.76 32 0 0
Red 2.01 86 0 0
Blue 1.72 73 0.13 45

a characteristic emission wavelength for third harmonic (UV)
solid state and rare-earth fibre lasers.

These experiments were performed with a light source in
which the irradiance level (power density) is very low. In order
to check if this behaviour is similar when the direct laser radi-
ation is used, a set-up was built in which the energy that
reaches a thermopile power sensor is recorded when the laser
is focused directly on it (direct incidence), or through each one
of the different glasses. Table 2 collects the transmittance val-
ues measured for each sample, using the 800ps n-IR laser,
with a fluence value of 0.06]/cm? and an irradiance level of
74MW/cm?, and the 300ps UV laser (fluence 0.01J/cm?, irra-
diance 33 MW/cm?) as emitter sources. Results presented in
Table 2 and in Fig. 2 correlate very well, confirming that both
types of measurements are equivalent for these materials.

The above results seem to indicate that laser treatments on
colourless, blue and red stained-glass windows using IR radi-
ation can be safer than using UV radiation because, once the
IR laser radiation reaches the glass sample, the percentage of
transmitted radiation is higher. But IR radiation effects have a
strong thermal component and, in consequence, if absorbed,
the sample temperature increases locally, inducing thermo-
mechanical stresses that can generate micro-cracks in the
sample. Due to this fact, the response of the green glass to
IR radiation is expected to be different.

The laser power metre used in these experiments deter-
mines the laser power by measuring the temperature at its
sensor. From this measurement, the temperature evolution
at the surface of the sensor is observed to reach a stable
value after several seconds. Within this time frame, the higher
absorption values observed in the green glass led to further
heating and higher temperature gradients between the inci-
dent laser spot and its surroundings. This led to the fracture of
the green sample during these optical transmittance studies
when the IR laser radiation was used.

Analysis of damage generation during laser cleaning with

an 800 ps high pulse frequency system

Due to the high pulse repetition frequencies that are available
in this laser system, the overlap between consecutive pulses is
important in the cleaning protocols that can be applied with
this laser. In order to separate the contributions of the tem-
poral and spatial overlap with this system, the burst mode
configuration was selected. The laser treatment was initially
applied directly on the glass surface, in order to define a dam-
age threshold. It was observed that the damage threshold was
above the maximum fluence and irradiance levels that could
be reached with this laser. These are reached by selecting high

power and low frequency values, resulting in a pulse energy
value of 24 pJ (fluence 0.49]/cm?, irradiance 0.61 GW/cm?).

Treatments were applied in areas of 2 x 2mm? and with a
distance between spots of 200 pm in order to study the effect
of the temporal overlap in each position. Different experi-
ments were performed increasing the number of pulses in
each position in steps of 200. In the case of the colourless,
blue and red glasses, no interaction with the glass surface
could be observed, even if the number of pulses in each posi-
tion increased up to 10,000. The phenomenology observed in
the green glass is different. This material exhibits the highest
absorption coefficient at this wavelength, as expected from
its experimentally determined transmittance value using a
laser source (Table 2). An increase of the temperature at the
glass surface duringlaser treatment is consequently expected.
Fig. 3(a) shows this evolution in case of red and green glasses
for one series of 200 pulses and after having repeated the laser
treatment 5 times. The time required to treat this area with
these processing parameters is approximately 0.42s. Table 3
also shows the maximum temperature increment measured
during these experiments. Measured values reach AT=3.9°C
for the red glass after 5 series of 200 pulses in each posi-
tion. In contrast, values of 35.9°C (200 pulses) and 100.9°C
(5 x 200 pulses) were reached for the green glass under sim-
ilar irradiation conditions. An appreciable degree of damage
can be observed on the surface of this last sample after hav-
ing applied a series of 2000 pulses in each position. The level
of damage increases with an increase in the number of pulses.
Fig. 3(b) shows the damage induced by laser irradiation after
5000 pulses in each position. Fig. 3(c) and (d) shows the topog-
raphy and a profile in a line. Laser scans were carried out in the
vertical direction, moving from left to right in the image. The
level of damage also evolves following the geometry described
by the laser scanning. This fact indicates that damage is not
directly related with the level of energy that is applied in each
position. In contrast, due to heat accumulation, the tempera-
ture of the glass increases while the laser treatment evolves,
increasing also the level of thermomechanical stress that can
induce glass failure [43].

Similar studies were performed during cleaning protocols,
covering selected glass surface areas with blue permanent ink.
The following experiments were performed with the objec-
tive of removing this ink from the glass surface, as well as to
observe the after-cleaning effect on the substrate using the
same irradiance levels. It is important to mention that the
coating layer was not uniform, with thickness values rang-
ing between 450 nm and 1.6 pm. Irradiation experiments were
initially performed on the colourless, blue and red glasses. Evi-
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Fig. 3 - (a) Temperature increase recorded with a thermal camera for approximately 30 s on the glass surface during several
laser treatments (series of 200 pulses in each position) performed on the green and red glasses. (b) SEM micrograph of the
surface of the green glass after direct laser irradiation with 5000 pulses in each position. The distance between two
positions is 200 pm. The laser scans in the vertical direction of the image, starting on its left lower corner and showing that
the damage level increases while the laser treatment evolves. (c, d) Isometric display and profilometry of the treated area.

Table 3 - Maximum temperature increments reached on the surface of the green and red glasses after several laser
irradiation treatments in which successive bursts with 200 laser pulses were applied in each position.

Green glass

Red glass

200 pulses once

200 pulses 5 times

200 pulses once 200 pulses 5 times

35.9°C 100.9°C
81.9°C =

Without ink
With ink

1.1°C 3.9°C
9.3°C 21.0°C

Fig. 4 - SEM micrograph (left) and photograph (right) of the ink-coated blue contemporary glass sample after laser

irradiation with 500 pulses in each position.

dence of laser interaction with the ink coating was observed
after 200 pulses, when the thinnest regions of the ink were
removed from the glass surfaces. After this laser treatment,
the sample surface did not present any apparent damage,

demonstrating that these laser emission parameters do not
cause critical photo-thermal stress in the irradiated glass.
In contrast, when the number of pulses in each position is
increased to 500 (Fig. 4 for blue glass), the cleaning process
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Fig. 5 - Comparison of the average maximum temperature increment reached in the glass measured with a thermal camera
during laser cleaning processes in the (a) red and (b) green contemporary glasses with and without the ink coating.

generates a large number of visible defects on the glass. These
are observed even if the number of applied pulses is an order
of magnitude lower than those applied to the uncoated glasses
without affecting their surface. A closer look at the detail of the
marks observed in the coating suggests that pulsed laser irra-
diation has induced melting of the ink. Moreover, it seems that
significant heat transfer takes place from the coating to the
glass underneath, increasing the temperature at the glass sur-
face. Consequently, the associated thermo-mechanical stress
leads to the observed micro-crack formation on the glass sub-
strate.

These experiments show that the damage in the glass is not
caused by the direct laser-glass interaction. Cracks are gener-
ated by heat accumulation in the coating, which generates a
significant local temperature gradient on the glass surface and
induces thermo-mechanical stresses above the fracture limit
of the material. In consequence, the laser parameters have to
be defined in order to control this heat accumulation.

As experiments were initially performed with pulse fre-
quency values close to the lowest ones allowed in this system,
additional experiments were performed maintaining series of
200 pulses and repeating these series several times. In this
configuration, the laser applies 200 pulses in a given position
during 0.67 ms and subsequently moves to the adjacent posi-
tion. Once it has covered the desired area (in this case 0.42s
for a single series covering an area of 2mm x 2 mm), the pro-
cess is repeated again for the desired number of times. Fig. 5
shows how average temperature has increased in the sam-
ple surface of the red and green glasses after several of these
treatments, where the laser protocol has been repeated once
or five times. The increment in the temperature (see Table 3) is
clearly higher when the laser treatment is applied to remove
the ink layer than when the same laser treatment is performed
directly over the noncoated glass surface. Fig. 6 shows the
evolution of an ink-coated colourless glass surface after irra-
diation with several series of 200 laser pulses. Fig. 6(a) and
(b) shows the aspect after the first series. The ink starts to
melt mainly in the centre of the spot, due to the Gaussian
energy distribution within the laser beam cross-section, but

it is not removed from the glass surface. The size of the area
affected by the laser spot depends on the thickness of the orig-
inal coating. In the thinnest regions (left column in Fig. 6(a))
the diameter of these affected areas is smaller than 50 pm (left
column in Fig. 6(a)); in the thickest regions, the diameter of the
spot left by the laser increases up to approximately 200 pm.
After cleaning the ink with alcohol, the glass surface did not
exhibit any visible damage.

When the number of series increases up to 5, equivalent
to a total of 1000 pulses (Fig. 6(c)), it is possible to eliminate
the ink layer over the glass surface in the centre of each spot,
where the energy is maximum. This area is surrounded by a
region that has been affected by temperature increases in the
ink layer. There is some evidence of damage of the glass sur-
face, however, mainly observed in the centre of the spot after
having removed the rest of ink over the glass surface (Fig. 6(d)).
This level of damage is not the same in all the spots, and appar-
ently depends on the uniformity of the ink layer thickness.
This reflects the difficulty of working with a coating thickness
that is not uniform. This situation is common in historical
stained-glasses, where non-uniform grisaille and crust layers
are usually found.

When the number of series increases to 10, removal of
the coating is observed more easily at the centre of the spot
(Fig. 6(e)). As in previous cases, some defects are observed on
the glass surface after cleaning (Fig. 6(f)), mainly located in
sections where the coating is thicker. Topographies of these
regions with defects are presented in Fig. 6(g) and (h).

Comparing the levels of damage presented in Fig. 4 (500
pulses in each position) and Fig. 6 (10 series of 200 pulses), it is
observed that it is possible to apply 2000 pulses on top of the
coating generating a lower number of cracks on the glass, as
long as a sufficient time lapse between pulse bursts is applied.

Subsequently, it is important to have an additional reduc-
tion in the heat generated during the laser treatment. This
reduction is achieved by increasing the time lapse between
two series of pulse bursts up to several seconds. From the
analysis of the dependence presented in Fig. 3(a), a time lapse
of approximately 26 s is needed to reduce AT generated in one



BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)S69-S82 S77

Fig. 6 - Optical micrographs of the surface of the ink-coated colourless glass after irradiation with one (a and b), five (c and
d) and 10 (e and f) series of 200 pulses. (d) and (f) show the aspect of the glass surface after conventionally removing the
remaining ink on the glass surface, once the laser treatment was completed. Several defects generated during the laser
treatment are thus revealed. Figures g and h show isometric aspects of (d) and (f).

series to values lower than 1°C. Fig. 7 shows representative
optical micrographs of the marks generated by the laser in
different sections of the ink-coated red glass sample with a
lapse time of 30s between two series. As in previous exper-
iments, the laser covers an area of 2mm x 2mm, marking a
point every 200 pm and applying 200 pulses in each position.
Fig. 7(a) and (b) correspond to a situation in which five series
of 200 dots were applied. The time lapse between two series
allows a more effective cooling of the glass between the
laser treatments and reduces the heat accumulation level.

Obviously, with this laser protocol, the coating thickness
removed in each series is reduced but the laser treatments
are safer for the glass integrity. Fig. 7(b) shows that this
initial treatment was not sufficient to remove completely
the coating in some regions, though selective removal was
observed as in the previous experiments.

Fig. 7(c) and (d) shows also the aspect of the surface after
applying 10 series of 200 pulses. The coating on the surface of
the red glass (centre of the spot) was removed with no observ-
able damage to the substrate. This is also clearly observed in
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Fig. 7 — Optical micrographs of the red glass surface irradiated with five (a and b) and 10 (c and d) series of 200 laser pulses.
A 30s time lapse between two consecutive series of pulses was applied. The inset corresponds to a photograph of the red

glass surface after the laser treatment.

Fig. 8 — Optical micrographs (a and b) of the green glass surface irradiated with ten series of 200 pulses and a time lapse of
30s between two consecutive series of pulses. The inset corresponds to a photograph of the green glass surface after the

laser treatment.

the inset of Fig. 7(d). After completely removing the ink layer,
no substrate alteration was observed on the glass. In this case,
the cleaning threshold was achieved by using a given set of
minimum number of pulses per treated area, combined with
short intervals between each exposure.

This laser protocol has also been applied to the ink-coated
green glass surfaces. Fig. 8 shows that the coating can be
removed from the sample surface also in this glass, applying
10 series of 200 pulses. Comparing Fig. 8 with Fig. 4 it can be
deduced that, maintaining the number of pulses at 200 and
irradiating 10 times with the corresponding time-lapse inter-
vals resulted in an acceptable removal of the surface coating
with no damage to the substrate.

The proposed cleaning protocol generates a square lattice
of cleaned spots. In order to cover the full area, the protocol
can be repeated by moving the lattice subsequently a given
fraction of the cleaned footprint. Once a full set of lines have

been cleaned, the process can be repeated in the perpendicular
direction to achieve a completely cleaned surface.

Analysis of damage generation during laser cleaning with a

fs system

Following the ideas deduced from the previous experiments,
additional studies were performed with a femtosecond IR laser
system using the beam scanning protocol. In this case, as
lower pulse repetition frequencies are available, it is possi-
ble to control heat accumulation by reducing the effective
pulse repetition frequency. Weber et al. [40] calculated the
maximum temperature reached during laser treatment and
determined that this temperature increases with the pulse
laser frequency and is particularly dependent on the mate-
rial’s properties. Using the IR fs laser, the experiments were
performed by selecting high power (40W) and a basic fre-
quency value of 200kHz, giving a pulse energy value of 200 pJ
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Table 4 - Cleaning parameters applied on the contemporary colourless glass using the fs IR laser. In all cases overlap

between consecutive pulses or lines is 90% of the beam diameter.

Treatment Frequency (kHz) Laser speed Distance No. of times Observations
(mm/s) between lines
(wm)
T1 40 400 10 2 Plain glass with no ink. No effect.
T2 40 400 10 2 Ink removed. Cracks observed on
the substrate.
T3 20 200 10 1 Ink removed. No cracks.
T4 20 200 10 2 Ink removed. No cracks.

a)r2

e

i
Ink layer

b)ra

Ink layer

Fig. 9 — Optical micrographs (top) and photographs (bottom) of the contemporary colourless glass surface after two different
laser cleaning protocols were carried out using (a) 2 series of 200 pulses at 40 kHz as described in treatments T2 and (b) 2

series of 200 pulses at 20 kHz as detailed in T4.

(2.55J/cm?, 10* GW/cm?, 5000 times higher than the value
reached with the 800ps laser). Using the Pulse Peak Divider
option, it was possible to select the effective frequency, and, in
consequence, the time between two consecutive pulses, main-
taining the pulse energy value constant. As can be observed in
Table 4, effective frequency and scanning laser speed values
were initially selected maintaining a distance of 10 um (over-
lapping of a 90% of the beam radius) between spots. The same
value was selected for the distance between two scanning
lines in order to maintain similar overlapping in both scan
directions. Some experiments were repeated twice, rotating
the second treatment by 90°.

Treatment T1 was applied directly on the glass and it was
observed that even with the higher pulse repetition frequency
selected in these experiments, the energy absorption was low
during the laser treatment and no damage was observed on
the glass. In contrast, when a laser treatment with the same
laser parameters was applied in a region that was covered
with ink (T2), it was observed that heat accumulated in the

ink induced thermal stresses on the glass substrate. These led
to the appearance of cracks on its surface, as can be observed
in Fig. 9(a). In order to reduce heat accumulation, the same
cleaning experiment was performed reducing the effective
frequency to 20kHz. The scanning speed was also reduced
to 200 mm/s to maintain the overlapping percentage and the
spatial energy distribution. This approach increases the time
between two consecutive pulses, reducing the maximum tem-
perature reached in the coating to be eliminated. As can be
observed in Table 4 (treatments T3 and T4) and in Fig. 9(b),
ink was removed from the glass surface without generating
cracks.

Experiments performed on contemporary stained-glass
clearly indicated that in the development of safe laser clean-
ing procedures, an essential limiting factor is the maximum
temperature that can be reached on the glass surface while the
coating is being removed. In particular, when glass is highly
transparent to the laser irradiation employed, defects in the
glass are caused not by direct laser-glass interaction, but by
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Fig. 10 - Optical micrographs of the mediaeval decorated glass surface after cleaning using a fs IR laser. The treated areas
are marked with a square. Note the colour change from dark brown (untreated surface) to whitish-brown (treated surface).

Table 5 - Cleaning parameters applied on the historic colourless glass using the fs IR laser. In regions a and b the overlap

between consecutive pulses or lines is 90% of the beam diameter, while this is reduced to 70% in region c.

Treated region Frequency (kHz) Laser speed (mm/s) Distance between No. of times Observations
lines (um)
a 20 200 10 2 Cleaning achieved.
b 40 400 10 1 Cleaning achieved.
Micro-cracks generated.
c 10 300 30 20 Cleaning achieved.

the thermal stresses associated with the heat accumulated
within the absorbing deposits or contaminants on its surface.

Application to laser cleaning of historic glass

Following the same criteria, new experiments using the fs
laser were applied on a colourless mediaeval stained-glass
sample from the Cathedral of Cuenca (Spain). The glass
exhibits a patina of gypsum (O/S/Ca=3.5/1/0.8 in at%) over the
full area and also putty is present in the border of the piece.
Results after three laser treatments on the areas covered by
the putty are presented in Fig. 10. Cleaned areas have been
marked with a square. The detail of the laser parameters used
in each of the treatments are indicated in Table 5.

Initial experiments were carried out on this sample in
order to check possible damage to the glass when irradiation
takes place directly on its surface. With the levels of irradi-
ance reached with this fs laser (10* GW/cm?), no damage was
detected. Cleaning treatments were thus applied in the three
regions shown in Fig. 10, where putty was covering the glass.

In the two initial regions, the importance of heat accu-
mulation was also checked. Treatment in region a was the

same as that of T4 in the contemporary glass, maintaining
the effective pulse frequency at 20 kHz and keeping a distance
between laser pulse spots of 10 um in both scan directions.
As is observed in Fig. 10(a) this treatment was able to elim-
inate the upper brown layer of the putty. Below this upper
layer, a white layer was revealed and the efficiency of the
IR radiation for removing this material decreased. In region
b, the frequency was increased to 40kHz, reaching the con-
ditions similar to those of treatment T2 that induced cracks
in the contemporary glass, and also a crack was observed in
the mediaeval glass. On the top left part of the cleaned area
in Fig. 10(b), a gypsum layer was present on top of the glass.
Laser treatment can eliminate completely this layer without
inducing thermal damage on the glass. By contrast, when laser
treatment is applied in a region containing putty (right part of
the image) a crack is observed.

In region c, the applied laser treatment was less intense,
the frequency was reduced to 10kHz and the laser scanning
speed was increased up to 300 mm/s, increasing also the dis-
tance between pulse spots up to 30 pm (overlapping of a 70%
of the beam diameter). The process was repeated 20 times and
no damage was observed on the sample. When the laser irradi-
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ation reached the glass surface directly (upper right corner of
the treated area), the gypsum layer was removed without dete-
riorating the glass. The putty layer started to be affected by the
laser. In consequence, the laser treatment could be repeated
several times without affecting the glass surface while elimi-
nating the putty.

Conclusions

This work demonstrates that when IR laser cleaning is applied
to remove contaminating layers from the surface of a glass,
the limiting factor is the control of the maximum tempera-
ture reached within the outermost layer, even if the levels of
the applied laser irradiance or fluence values are lower than
those specified for the glass damage threshold. Several experi-
ments have shown that laser treatments that do not cause any
direct damage to the glass, deteriorate it if they are applied to
remove contaminants that are deposited on the glass surface.
The heat generated on the contaminant material to be cleaned
induces alevel of thermal stress which is high enough to cause
mechanical cracks on the glass. In consequence, one of the
main objectives of an ideal set of laser parameters to establish
an effective cleaning protocol is to minimize this heat input,
referred in this case as heat accumulation.

When high frequency burst laser treatments are applied,
the temperature reached is limited by selecting a maximum
number of pulses at each position of the burst series and intro-
ducing a time lapse between each series. In the particular
case of the n-IR 800 ps laser used in this work, pulses of 24 pJ
(Fluence 0.49]J/cm? and Irradiance 0.61 GW/cm?) in treatments
with 200 pulses for 10 cycles or more, with non-irradiation
time-lapse intervals between each treatment, resulted in a
more observable and effective cleaning. This was also proved
to be effective at avoiding micro-cracks and melting in the sub-
strate, even if the glass shows an important level of absorption.

On the other hand, some new lasers have the possibility
of reducing effective pulse repetition frequency while main-
taining the energy per pulse. In this case, the reduction of such
frequency is sufficient to define safe cleaning protocols, even if
scanning speeds are also reduced to maintain a desired pulse
overlap. This was demonstrated in the present work using
a fs laser-based treatment which provided irradiance values
in the proximity of 10* GW/cm?. Safe laser treatments have
thus been achieved limiting the pulse repetition frequency to
20kHz or below.

These ideas are also essential in designing laser protocols
that avoid glass damage in historic stained-glass windows.
Once damage thresholds have been established for a given
stained-glass, the laser cleaning protocol has to be defined
limiting the temperature rise during the irradiation treatment,
in order to avoid deterioration of the glass as a consequence
of thermal shock.
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