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a b s t r a c t 

Laser irradiation enables the removal of unwanted surface deposits from different materials in a safe and 

controllable manner. Laser parameters should be carefully selected to achieve the removal of the target 

contaminants without inducing damage to the substrate. Ultra-short pulse lasers have opened new oppor- 

tunities for safe and controlled decontamination of cultural heritage materials because the thickness of 

material that is affected by the laser is limited. In this study, an ultraviolet femtosecond pulsed laser was 

used for the removal of unwanted encrustation formed on the surface of an historical colourless stained- 

glass sample from the Cuenca Cathedral in Spain. One of the sides of this glass exhibits a reddish-brown 

grisaille that also has to be preserved. A laser cleaning process has been designed to avoid heat accumula- 

tion while controlling the thickness of ablated material. In this context, a multi-step process was selected 

in order to be able to eliminate, in a controlled way, the crust layer without damaging the grisaille layer, 

or the glass substrate. In this case, laser irradiation in beam scanning mode with a pulse repetition fre- 

quency of 10 kHz proved to be effective for the safe cleaning of the glass. The latter was analysed before 

and after laser cleaning by optical and confocal microscopy, scanning electron microscopy, energy disper- 

sive X-ray spectroscopy, X-ray fluorescence, and Raman spectroscopy, confirming that the crust layer was 

effectively eliminated without damaging the surface. 

© 2023 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Light is a fundamental element of the Gothic temples and the 

tained-glass windows allow light to flood its naves and chapels, 

ransforming the entire space with their rich colours [1] . Humidity 

nd temperature variations, dust, soot, acidic pollution, and mi- 

roorganism attack, all have an impact on the deterioration process 

f glass materials and formation of strongly adhered encrustations. 

on-exchange processes promote corrosion on sensitive glasses, 

esulting in the creation of a gel layer and a crust of corrosion 

roducts on the glass surface. Furthermore, previous restoration 

nterventions may affect the glass surface conditions, particularly 

hen using harsh chemical cleaning methods or applying organic 
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oatings that may further deteriorate the glass in a short- or 

ong-term period [2–4] . 

Various cleaning methods have been applied for the removal of 

hese encrustations, the most common being the combination of 

echanical and chemical techniques. However, these conventional 

ethods have several limitations. For instance, these processes 

ave shown a possibility of causing long term damage to the 

lass surface or to the grisaille [ 5 , 6 ]. Other alternatives have to

e explored in order to offer better options that would guarantee 

ong term protection of a material after the restoration. One of 

hese alternatives is the use of lasers as a cleaning tool in cultural 

eritage [7–13] . 

In the following decades, research on the applicability of laser 

echnology as a cleaning tool has been increasing. At this moment, 

leaning protocols using low frequency ns pulsed lasers have been 

tablished as a tool for cultural heritage restoration problems. 

aser cleaning has also been applied in glass-based materials, and, 

n particular, on historical stained-glass windows [ 8-11 , 14-21 ]. 
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Fig. 1. Photographs of the colourless stained-glass sample from the Cuenca Cathe- 

dral: recto (upper photograph) and verso (lower photograph). 
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Laser technology has evolved very fast and ultra-short pulsed 

asers (picosecond and femtosecond) are now available, opening 

ew possibilities for precise and safer laser cleaning of cultural 

eritage objects. Pulse durations can now be adjusted within the 

s and fs range, with pulse repetition frequencies ranging from a 

ew kHz to MHz. The use of lasers with ultrashort pulse durations 

ecreases heat accumulation on the irradiated surface and allows 

or more precise control of the laser affected material thickness 

 8 , 22-25 ]. 

Several mechanisms are involved in laser cleaning processes. 

hey include thermal ablation, stress vibration, thermal expansion, 

vaporation, phase explosion, evaporation pressure, plasma shock 

26] . The particular mechanism that is activated in a given prob- 

em depends on the laser system and the physical properties of 

he dirt material to be removed and those of the substrate. Re- 

ucing the pulse duration to values lower than 10 ps also triggers 

lternative laser-material interaction mechanisms, as for instance, 

he Coulomb explosion [27] . Moreover, a clear-cut definition of 

n ultra-short pulse was proposed by Gamaly [28] in relation 

o laser pulses with duration shorter than the major relaxation 

ime for electron-to-lattice energy transfer, heat conduction and 

ydrodynamic expansion (typically with values lower than 100 

s). The latter considerations point to the fact that the present 

ork includes a mixture of interaction mechanisms where the 

ulse repetition rate may play a relevant role when considering 

otential damage to the irradiated substrate. 

The damage threshold is the minimal energy density required 

o generate a modification in the surface material. This modifica- 

ion may include material ablation, as well as physico-chemical 

odifications which may take into account, for instance, a change 

n colour or crack generation. When the material to be removed 

as a lower damage threshold than the original substrate, it is 

ossible to define a self-limiting cleaning process because it does 

ot affect the substrate [21] . 

A previous study [8] explored the interaction of ultra-short 

ulsed lasers (picosecond and femtosecond) with contemporary 

tained-glass samples frequently used in restoration interventions. 

he objective of this study was to advance the understanding 

f the phenomena that take place during laser cleaning of glass 

aterials, as well as to establish the influence of different laser 

arameters that may enable the definition of a safe cleaning 

rotocol. This work also explored the potential application of 

ltra-short pulsed lasers (picosecond IR and fs IR) for cleaning 

istorical colourless stained-glass, based on cleaning protocols that 

ere established using contemporary glasses. Following this study, 

t was evident that the applied IR laser radiation was able to safely 

nd efficiently remove the brown-coloured outmost layer of the 

nwanted crust covering the glass. This efficiency was found to 

ecrease significantly when the laser subsequently irradiated the 

nner whiter layers that appear following external layer removal. 

. Research aim 

In order to overcome the ineffectiveness of Nd:YAG fundamen- 

al wavelength on whitish stratification, the possible use of UV ra- 

iation was considered. This paper thus explores and presents the 

pplicability and efficiency of UV laser irradiation towards the re- 

oval of a gypsum-like encrustation layer formed on the surface 

f an historical colourless stained-glass. 

The objective of the applied methodology is to develop a safer 

aser cleaning protocol. It is based on the development of a multi 

can approach with levels of energy low enough to avoid any dam- 

ge when the crust layer is removed and the laser reaches the gri- 

aille or the glass surface. The developed laser cleaning treatment 

as been designed to control the amount of crust layer that is 

liminated in each scan, offering the possibility of not completely 
101
emoving the crust layer if it is required. Optical micrography, SEM, 

nd Raman analysis were used to evaluate the changes induced on 

he sample surface during laser cleaning. 

. Materials and methods 

.1. Historical stained-glass sample 

The Cuenca Cathedral is one of the earliest Gothic cathedrals 

n Spain. The historic centre of Cuenca was listed as a UNESCO 

orld Heritage Site in 1996, with the cathedral of Santa María of 

uenca being the iconic monument. The construction of the Cathe- 

ral began in the late 12th century, after the conquest of the city 

f Cuenca by Alfonso VIII, and it was largely completed around 

he second half of the 13th century [29] . A colourless historical 

tained-glass sample measuring 4.8 cm x 2 cm x 2 mm was se- 

ected for this study ( Fig. 1 ). Due to the documentary sources and

he presence of this piece among the remains of decontextualized 

tained-glass windows make it is difficult to determine the prove- 

ance and dating. Thus, the exact chronology cannot be specified, 

ut it is related to the context of the stained-glass activity in the 

athedral during the 15th century. The glass has a reddish-brown 

risaille that appears to have been applied in striated patterns that 

ould have been part of a larger iconography. This grisaille layer 

as well adhered to the bulk glass. The glass exhibited a signifi- 

ant amount of crust on its surface that had accumulated due to 

xposure to different environmental conditions over the centuries. 

he surface corrosion crust was spread mostly on the painted layer 

ith the thinnest crust forming on the glass surface itself. This 

lass piece had remnants of yellow-coloured putty on one of the 

dges, as can be observed on the right side of the bottom photo- 

raph in Fig. 1 . 

.2. Experimental 

.2.1. Laser system 

Laser treatments were carried out using a femtosecond (fs) 

aser (Carbide model, Light Conversion, Vilnius, Lithuania), also 

oupled to a galvanometric mirror system (Direct Machining Con- 

rol, UAB, Vilnius, Lithuania). Laser irradiation was performed using 

V emission at an output wavelength of 343 nm. This laser can 

mit with three wavelengths. Emission in the UV was selected be- 

ause the surface absorption layer is thinner and after an analysis 

f the optical response of selected modern stained-glass samples 

ith different colours, differences in absorption between different 

lasses were found minimal for UV, when compared with equiva- 

ent visible and IR laser irradiation [30] . The maximum laser out- 

ut power available was 11 W and the treatments were performed 
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ith a pulse duration of 238 fs. At the working distance, the beam 

xhibited an elliptical shape with axes 2 a = 41 μm and 2 b = 29 μm,

sing the 1/e 2 criterium [31] . 

In order to ensure that thermal gradients were kept below safe 

alues, laser cleaning was performed using a frequency of 10 kHz 

8] . Cleaning treatments were performed using a beam scanning 

onfiguration in which the laser scans the sample surface at a 

iven speed, v L = 150 mm/s, resulting in a distance of 15 μm be-

ween consecutive pulses. This is the maximum distance between 

ulses that produces sufficient overlap to generate a uniform en- 

rgy distribution along the laser beam scan line [32] . A similar dis- 

ance between subsequent beam scan lines ( δlin = 15 μm) was also 

elected. To control the amount of removed material, low values of 

nergy per pulse ( E pulse ) were selected and the scan process was 

epeated several times. 

.2.2. Surface characterization 

The glass surface was observed before and after the laser treat- 

ent with a JSM 6360-LV Scanning Electron Microscope (SEM). Im- 

ges were taken in a vacuum mode at 20 Pa. A piece of a pol-

shed transverse sample of this glass was also analysed using a 

ield Emission Scanning Electron Microscope (FE-SEM, Carl Zeiss 

ERLIN). The glass surface was also observed without coating us- 

ng low electron acceleration voltages, ca. 3 kV. Semi quantitative 

lemental analysis of the glass composition was performed using 

nergy Dispersive X-ray Spectroscopy (EDS, INCA350, Oxford In- 

truments) with acquisition times up to 500 s. The observations 

ere also complemented using a portable loop microscope and a 

EISS SteREO Discovery.V8 (8:1 manual zoom range) microscope 

o optically assess the morphological features and the degree of 

egradation of the glass. General morphological aspects were doc- 

mented and evaluated by photography under standard reflected 

ight using a Canon EOS 400D digital camera. 

The topography of the glass surface before and after laser 

leaning was also measured using a confocal microscope (Senso- 

ar PL μ2300). 

X-ray maps to determine the elemental chemical composition 

istribution over the glass surface and the grisaille were acquired 

t voltages of 15 kV and 40 kV, respectively, with a current of 10 0 0

A, a collimator measuring 0.5 × 0.5 mm 

2, and frame accumula- 

ion counts set at 5. 

Raman spectroscopy was also used for molecular and structural 

nvestigation before and after laser cleaning. The equipment used 

n this work was a Renishaw type RM20 0 0. Under laser focusing, 

he spatial resolution can be estimated at 2 × 2μm ² at the surface 

perpendicular to the optical axis, XY) and around 3 μm in depth 

Z). All the spectra were acquired with a 532 nm laser, a grating 

t 1800 gr/mm and a spectrometer entrance slit of 50 μm, ensur- 

ng a satisfactory spectral resolution. Each spectrum was obtained 

y an accumulation (summation) of several consecutive acquisi- 

ions. These acquisitions are a fixed combination between atten- 

ation of the laser power and time per point. The latter is system- 

tically adapted so that the most intense spectral component does 

ot exceed the saturation of the detector (approximately 120,0 0 0 

ts) without degradation of the point under the laser beam. 

. Results and discussion 

.1. Analysis of the historical glass before laser cleaning 

Before any laser cleaning intervention, an in-depth understand- 

ng of the structure and composition of the stained-glass, the gri- 

aille, and the corrosion crust is essential for defining and con- 

eiving a laser cleaning procedure that will guarantee effective and 

afe decontamination of the glass. 
102 
Table 1 shows the composition of the glass obtained by EDS 

nalysis. These values are the average of six measurements ob- 

ained in areas of approximately 100 × 25 μm 

2 distributed in 

he cross section of the sample. The glass contains 63.9% wt SiO 2 , 

1.5% wt CaO, 7.5% wt K 2 O and 8.5% wt Na 2 O. The composition

f this historical glass includes a significant amount of K 2 O, con- 

rming that it is a soda-potash-lime silica glass with similar con- 

ent of soda and potash. The presence of additional oxides was also 

onfirmed, such as a network forming Al 2 O 3 (4.2% wt), and a net- 

ork stabilizer MgO (4.6% wt). The presence of this relatively high 

mount of Al 2 O 3 may be justified by its effect on viscosity and 

urface tension, which are both enhanced by the addition of alu- 

inium compounds to the glass network. In addition, it improves 

he glass resistance to thermal shock [33] . 

Figure 2(a) shows the cross-section of the grisaille layer. It has 

 thickness that ranges between 45 and 75 μm. As it can be ob- 

erved in the supplementary material (Figure S1), the layer con- 

ains different com ponents and exhibits high porosity. Elemental 

nalysis of the different phases is presented in Table 2 . They show 

hat grisaille consists of a matrix (region 1) of lead silica glass, as 

he glass phase, and iron oxide (Fe 2 O 3 ) as the pigment. Region 2 

orresponds to a grain of iron oxide, while region 5 shows iron 

xide particles with higher porosity. In addition, aluminium and 

otassium-aluminium silicates are detected. 

Another important issue is the good chemical compatibility and 

he good adherence between the grisaille and the glass, where a 

iffusion layer of approximately 750 nm in thickness is observed 

Figure S1). This type of microstructure shows that during the pro- 

uction of the grisaille, the ideal temperature to allow the grisaille 

o adhere to the glass was reached (roughly 600–750 °C) [34] . 

The complete glass surface is covered by a white crust layer. 

s deduced from Fig. 2 (b) and suggested from the data in 

able 2 , this layer is not uniform. SEM analysis shows that the mor- 

hology of the grains that form this layer is different depending on 

he analysed region. On top of the glass (Figure 2(b)), regular sub- 

icrometric particles are observed. By contrast, on top of the gri- 

aille (Supplementary Figure S2) crust grains are larger and with 

rregular shapes. EDS analyses also show that different regions ex- 

ibit different chemical compositions. In one case, the composition 

ncluded an important amount of S, while in the other case, the 

rust exhibited a relatively rich concentration of Ca and Mg which 

ould infer the presence of calcite (Ca 2 (CO 3 ) 2 ) or calcium magne- 

ium carbonate (CaMg(CO 3 ) 2 ) and the initial formation of anhy- 

rite (CaSO 4 ) or gypsum (CaSO 4 ·2H 2 O). In other regions, P was also 

etected, suggesting the presence of phosphates. 

The above analyses were complemented with Raman spec- 

roscopy studies to obtain local structural information on both, 

rystalline and amorphous phases, providing excellent spatial res- 

lution. Fig. 3 and Supplementary Figure S3 collect the different 

ypes of spectra that have been obtained in specific areas of inter- 

st within the stained-glass sample that are indicated in Figure S4. 

n particular, Figure S3 shows two Raman spectra that were ob- 

ained on the white crust growth regions directly over the glass 

urface and mainly correspond to carbon-based compounds, asso- 

iated with organic residues present on the sample surface. They 

ave been observed for different types of materials, such as soot, 

amp black, carbon black or bistre [35–37] and exhibit a band at 

bout 1582 ± 5 cm 

−1 , known as the G (ordered C) band, and an-

ther peak at 1340 ± 12 cm 

−1 , known as the D (disordered C) band

35] . Moreover, broad bands at ca. 617 ± 7 cm 

−1 and at 1085 ± 5 

m 

−1 , associated with the glass surface, are also detected, indicat- 

ng that on top of the glass, the crust layer is thinner. 

Fig. 3 shows some spectra that were recorded in regions 

here the white crust was on top of the grisaille. In addition to 

he carbon-base compounds, the Raman analysis further revealed 

 heterogeneous corrosion product composed of hydrated and 
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Fig. 2. (a) Cross-section on the region with grisaille. (b) Micrograph of the surface of the crust layer observed on top of the glass. 

Fig. 3. Raman spectra in different regions of the surface of the sample where white crust appears on top of the grisaille. Some spectra have been shifted along the Y-axis 

for clarity. Exact positions are presented in Supplementary material, Figure S4. 

Fig. 4. Optical micrographs of two regions that were cleaned using (left) 10 scans with E pulse = 0.8 μJ/pulse and (right) 5 scans with E pulse = 1.12 μJ/pulse. 

103 
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Table 1 

Elemental composition (%at) determined by EDS on the glass and% wt of the main oxides. 

% at O Si Ca Na K Al Mg Cl Fe 

57.9 23.4 4.5 6.0 3.5 1.8 2.5 0.4 0.1 

% wt SiO 2 CaO Na 2 O K 2 O Al 2 O 3 MgO 

63.9 11.5 8.5 7.5 4.2 4.6 

Table 2 

Main oxides (% wt) on the different regions of the grisaille indicated in Fig. 2 and elemental composition (% at) determined by EDS in different regions of the crust layer. 

%wt SiO 2 CaO Na 2 O K 2 O Al 2 O 3 MgO Fe 2 O 3 PbO 

Grisaille (1) 27.4 1.3 1.0 – 0.9 0.6 4,3 64,5 

Grisaille (2) – – – – – – 100 –

Grisaille (3) 87.3 – – 3.3 8.8 0.6 – –

Grisaille (4) 59.4 – – 18.4 22.2 – – –

Grisaille (5) – – – – – – 100 –

Grisaille (Interface) 39.9 4.0 0.9 1.6 1.3 1.9 4.4 39.9 

%at O Si Ca Na K Al Mg Fe Pb P S 

Crust (1) 74.1 6.6 – 0.9 – 3.0 1.2 2.5 2.8 – 8.7 

Crust (2) 75.8 0.9 12.4 – – 0.3 10.4 – – – 0.2 

Crust (3) 71.8 13.8 – 1.2 – 3.9 1.8 4.4 0.8 1.1 –
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nhydrous sulphates, as well as the presence of apatite. Figure 3(a) 

hows some Raman spectra where the main contribution is as- 

ociated to the presence of anhydrite, with the characteristic SO 4 

ymmetric stretching mode at 1015 cm 

−1 . The symmetric bending 

nd asymmetric stretching modes of SO 4 tetrahedra appear in two 

ands i.e. one at 420 cm 

−1 and 496 cm 

−1 and the other one at

122 cm 

−1 and 1159 cm 

−1 . The bands observed at 628 cm 

−1 and 

71 cm 

−1 are attributed to its asymmetric bending vibration mode 

38] . Additionally, the weak intensity band at 608 cm 

−1 originates, 

ccording to Liu et al. [39] , in the asymmetric bending mode of 

O 4 . 

In addition, Raman analysis helped identify the presence of ap- 

tite as part of the crust covering the colourless glass surface. The 

ypical single band of apatite appears at 970 cm 

−1 in Figure 3(a) 

nd 3(b), consistent with previous measurements reported in the 

iterature [40] . Bands associated with the presence of Fe 2 O 3 are 

lso identified in Figure 3(a). 

Finally, Figure 3(b) also confirms the detection of gypsum in 

ther regions of the sample. In this case, the most intense band 

n the Raman spectrum is observed at 1010 cm 

−1 and is assigned 

o the symmetric stretch vibration mode of the SO 4 tetrahedra. The 

resence of gypsum is also confirmed with the appearance of the 

ouble symmetric bending bands at ca. 441 cm 

−1 and 497 cm 

−1 . 

ands assigned to the asymmetric bending vibration modes of sul- 

hates appear at about 608 cm 

−1 and 670 cm 

−1 , and the maxima 

bserved at 1118 cm 

−1 and 1152 cm 

−1 are assigned to their asym- 

etric stretching modes. Since the Raman spectra were acquired 

n the 20 0–20 0 0 cm 

−1 spectral range, the characteristic bands for 

he stretching vibration modes of water in gypsum could not be 

onfirmed. These bands have previously been reported by White 

38] and Bhagavantam [41] as appearing at 3406 cm 

−1 and 3494 

m 

−1 . 

An additional band corresponding to PO 4 symmetric bending 

ppears at ca. 441 cm 

−1 , while its asymmetric bending mode band 

an be observed at about 608 cm 

−1 . 

.2. Surface crust removal with the UV fs laser system 

Initial laser treatments were applied in areas of 6 × 6 mm 

2 

argeting the white crust covering both the glass and the brown 

risaille layer, with the laser processing parameters indicated in 

ection 3.2.1 . The effectiveness of the treatment was checked by 

ombining the energy of each pulse and the number of scans per- 

ormed during the cleaning process. The laser scan direction was 

otated 90 ° for each subsequent scan. 
104 
The objective of these initial treatments was to check the per- 

ormance of the selected laser parameters and to make a prior as- 

essment of any damage that may be induced on the glass and 

he grisaille. The laser irradiation was applied gradually increas- 

ng the energy per pulse while carefully monitoring any colour or 

hysical changes on the surface of the glass. Single line scans car- 

ied out in modern stained-glass samples have enabled establish- 

ng damage thresholds at or above 0.4 J/cm 

2 . This value is reduced 

o 0.15 J/cm 

2 when similar scans to those performed in this work 

re applied in 1 × 1 mm 

2 areas. At each power level, the laser ir- 

adiation was applied during a number of scans i.e. from one to 

bout ten times or until crust removal was detected. Once glass 

r grisaille started to appear on the surface, the laser treatment 

as stopped. Examples of two different regions that were treated 

ith 10 laser scans applying an E pulse = 0.80 μJ/pulse (0.09 J/cm 

2 , 

60 GW/cm 

2 ) and five scans with E pulse = 1.12 μJ/pulse (0.12 J/cm 

2 ,

85 GW/cm 

2 ) are presented in Fig. 4 . The cleaning process using 

 pulse = 0.8 μJ/pulse was not enough to completely remove the crust 

ayer. After having applied 10 scans the crust was not completely 

liminated. This result shows the very fine control of the clean- 

ng process, which facilitates the maintenance of a thin layer of 

rust material when necessary by establishing a specific number 

f scans. 

By increasing the energy to 1.12 μJ/pulse the crust layer could 

e completely removed. Thus, at this power level, five laser ir- 

adiation scans proved to be sufficient to completely remove the 

rust from the surface minimising the damage to the glass sub- 

trate, or to the grisaille. Figure S5 shows the aspect of the surface 

n another region where a treatment with 7 scans and E pulse = 1.12 

J/pulse was applied. In this case, the laser cleaning treatment was 

arried out on both sides. Figures S5(a) and S5(b) show the effect 

n the side containing grisaille, while Figures S5(c) and S5(d) show 

he result on the opposite side. The opposite side of this glass was 

ot covered with any grisaille and had a thin crust layer evenly 

nd smoothly spread out on the surface. The images presented in 

igure S5 demonstrate that the above cleaning parameters are ef- 

ective on both sides of the stained glass. Confocal topographies 

ecorded in the limit of the cleaned region (Supplementary Figure 

6) show that the height of the step that is observed in the limit 

etween the cleaned area and the original one is ca. 28 μm. 

It was already established that E pulse = 1.12 μJ/pulse was safe for 

oth, the glass substrate and the grisaille. In order to evaluate the 

eproducibility of these results, alternative areas with different di- 

ensions were selected for laser cleaning using the same E pulse 

evel. The selected regions are presented in Fig. 5 (a). In region I, 
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Fig. 5. (a) Areas selected for laser cleaning with the fs UV laser. The treatment began with the area on the right (I) followed by that in the centre (II). (b) SEM micrograph 

showing the border between cleaned and non-cleaned regions in the position indicated by the small red square. 

Fig. 6. SEM micrograph of treatment from area I. (a) Glass surface with a thin grisaille layer before cleaning. (b) Similar surface after cleaning. (c) Grisaille surface before 

cleaning. (d) Grisaille surface after cleaning. 
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orresponding to a 1 × 1 cm 

2 , the cleaning protocol was repeated 

 times; in region II, however, for a 2 × 2 mm 

2 area, the process

as repeated only 5 times. 

Fig. 5 (b) shows a micrograph of the border of region I, in the 

osition indicated with a red square in Fig. 5 (a). The left part of

he image shows the aspect of the surface before applying the laser 

leaning treatment using 7 scans with E pulse = 1.2 μJ/pulse. The right 

art of the image shows its aspect after eliminating the crust layer. 

he upper part of the figure exhibits a region of the sample where 

 very thin layer of grisaille was present on the glass surface. In 

he bottom part of the image, a region with a thicker grisaille layer 

s observed. Fig. 6 shows details of the different regions. In some 

reas, a crust layer with a laminar structure has been observed 

 Fig. 6 (a)). After having applied the cleaning protocol ( Fig. 6 (b)),

he surface is not damaged and even the thin pigment layer was 

ot affected. When the laser is applied on top of the grisaille, the 

urface maintains its topography, and no significant differences are 
105 
bserved between the sample surface before ( Fig. 6 (c)) and after 

aser treatment ( Fig. 6 (d)). 

A similar laser cleaning treatment was also applied on area II. 

n this case, only 5 series were applied. Although the treatment 

id not satisfactorily remove all the crust layer in some areas, 

ig. 7 shows that these cleaning conditions were sufficient to have 

n efficiently cleaned section maintaining the integrity of the orig- 

nal sample in most of the area. The unwanted white crust was 

fficiently removed without inducing any melt or change of colour 

n the underlying paint layer. This is also observed in Fig. 7(b). The 

wo yellow lines indicate two borders of the laser treated area. 

EM micrographs presented in the supplementary material (Fig. 

7) show the aspect of the crust layer above the grisaille before 

aser irradiation, a region that is denser than in the correspond- 

ng region presented in Fig. 6(c), and the resultant aspect after 

aser cleaning. It is clear that no melting is induced on the grisaille 

urface. Combining these observations with the colour observed in 
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Fig. 7. (a) Optical micrograph of area II after laser cleaning with 5 series using 1.12 μJ/pulse. (b) FESEM micrograph showing the aspect of the surface before and after laser 

irradiation. The two lines help to identify the horizontal and vertical limits between cleaned and original regions. 

Fig. 8. Raman spectra in two cleaned regions of the colourless glass. Exact positions are presented in Supplementary material, Fig. S3. Red spectrum in (a) was measured 

on the glass, the other four spectra were recorded on different positions on top of the grisaille. 
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ig. 7(a), it is possible to assume that pigment is not damaged dur- 

ng laser treatment. 

EDS analysis performed on the laser cleaned region shows a 

reat reduction of the characteristic elements of the different com- 

ounds that are present in the crust, mainly S, Ca and P. This 

as also been confirmed with Raman analysis, as shown in Fig. 8 , 

here Raman spectra measured in two different regions after laser 

leaning are given. It is important to remark on the differences be- 

ween these spectra and those recorded in regions that were not 

leaned ( Fig. 3 ). The first difference is that the Raman intensity is 

ery low in these spectra in comparison with those measured in 

imilar regions before cleaning. The second one is that these spec- 

ra show that the crust has been completely removed because the 

eaks associated with anhydrite, gypsum, calcite and carbon com- 

ounds have disappeared ( Table 3 ). Images in the supplementary 

aterial (Fig. S4) show the areas that were analysed and the par- 

icular points are indicated with circles of the same colours corre- 

ponding to those used in the spectra ( Fig. 8 ). In the first region,

he red spectrum was measured in an area without grisaille, while 

he blue and green ones were recorded in the area with grisaille. 

he spectrum obtained on the glass exhibits a characteristic band 

t 1083 cm 

−1 and a second one at 611 cm 

−1 . In the other four po-
106 
itions on top of the grisaille, the trends are different. They now 

xhibit an intense band in the 1290–1310 cm 

−1 region, as well as 

ther bands in the 20 0–60 0 cm 

−1 region that are mainly associ- 

ted to Fe 2 O 3 . Optical micrography, SEM and Raman analysis, and 

he comparison with the same analysis performed on the original 

lass, confirm that the developed laser cleaning treatment is effec- 

ive to eliminate the crust layer without affecting neither the glass 

or the grisaille. 

The determination of the elements present in the different re- 

ions of the sample was also performed by XRF mapping. The 

aps were obtained from an area of the glass sample with dimen- 

ions 23 × 13 mm 

2 with a central region that was cleaned with 

he laser. Results are presented in the supplementary material, Fig. 

8 and Table 4 indicates the evolution of the different elements 

hat were analysed. S, P and Ca maps confirm a reduction of the 

elative amount of these elements in the laser cleaned region. Si- 

ultaneously, the measured increase in Si and K confirms that the 

aser cleaning process is effective in removing the crust layer and 

hat the glass surface can thus be reached during the measure- 

ent. In the case of Al and Mn, XRF spectra show that these ele- 

ents are uniformly distributed within the glass sample, thus only 

 slight increase can be detected in the laser cleaned areas. XRF 
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Table 3 

Comparison of Raman bands observed in the original surfaces and after having applied the laser cleaning protocols. In the case of the anhydrite, gypsum and calcite, the 

main peaks are indicated in bold. 

Anhidrite Gypsum Calcite Apatite Phosphates Carbon Comp. Fe 2 O 3 Glass 

Bands 393 

499 

609 

626 

674 

1017 

1129 

1277 

1319 

209 

415 

492 

617 

1008 

1141 

280 

710 

1086 

1437 

970 441 

608 

1340 

1582 

222 

297 

410 

613 

662 

1320 

611 

1083 

BEFORE CLEANING 

Fig. 3(a) 

Red sp. 

X X X 

Fig. 3(a) 

Blue sp. 

X X X X 

Fig. 3(b) 

Red sp. 

X X X 

Fig. 3(b) 

Red sp. 

X X X X 

Fig. S3 X X 

AFTER CLEANING 

Fig. 8(a) 

Red sp. 

X 

Fig. 8(a) 

Blue sp. 

X 

Fig. 8(a) 

Green sp. 

X 

Fig. 8(b) 

Red sp. 

X 

Fig. 8(b) 

Blue sp. 

X 

Table 4 

Comparison of the amount of each element in the area that has been cleaned: 

↑ = Increase, ↓ = Decrease, ≈↑ = Moderate increase. 

Element Si Ca K Al Mn S P Fe Pb 

Variation ↑ ↓ ↑ ≈↑ ≈↑ ↓ ↓ ↑ ↑ 
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pectra of Pb and Fe suggest that their detection is important for 

he identification of areas covered by grisaille. The concentrations 

f these elements increase upon laser cleaning, confirming that the 

aser process eliminates the upper contaminant layer without de- 

eriorating the original grisaille. 

. Conclusions 

The results presented in this work confirm that fs lasers pave 

he way for developing respectful laser cleaning protocols, in par- 

icular for the restoration of materials with very low thermal con- 

uctivity, as historical stained-glass samples. The use of UV radi- 

tion limits the crust layer thickness that is affected during irra- 

iation. A multi scan process, with low E pulse values, was applied 

n this study in order to exert precise control over the amount of 

rust layer removed during each laser irradiation scan. Heat ac- 

umulation was controlled by combining the above process with 

aser pulse repetition frequency values in the 10 kHz range. The 

btained results confirm that thin contaminant crust layers can be 

afely removed over grisaille layers and the glass substrate, while 

inimising the risk of their deterioration. 
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