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laser ablation processes upon the removal of 
encrustation from stonework 
Athanasia	Papanikolaou1,2†,	George	J.	Tserevelakis1†,	
Kristalia	Melessanaki1,	Costas	Fotakis1,2,	Giannis	Zacharakis1*	and	
Paraskevi	Pouli1*	

In the context of this work, a prototype hybrid photoacoustic (PA) and optical system for the on-line monitoring of laser 
cleaning procedures is presented. The developed apparatus has enabled the detection of MHz frequency range acoustic 
waves generated during the laser ablation process. The intrinsically generated PA signals combined with high resolution
optical images provide the opportunity to follow the cleaning process accurately and in real time. Technical mock-ups 
have been used to demonstrate the potential of this novel technique with emphasis given to applications that refer to the 
restoration of Cultural Heritage (CH) surfaces. Towards this purpose, the real time monitoring of the laser assisted re-
moval of unwanted encrustation from stonework has been achieved using IR and UV wavelengths. This novel approach 
has allowed for the precise determination of the critical number of laser pulses required for the elimination of the encrus-
tation layer, while highlighting the dominant ablation mechanisms according to the irradiation wavelength. The promising
results obtained using the prototype hybrid PA and optical system can open up new perspectives in the monitoring of
laser cleaning interventions, promoting an improved restoration outcome.  
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Introduction 

Laser assisted removal of unwanted material from art-
works has been established as a highly precise and safe 
restoration intervention in the last decades, often substi-
tuting conventional cleaning methods. Lasers, due to 
their unique properties, offer a number of exceptional 
attributes that allow for selective, gradual, well-defined 
and precisely controlled material removal, while the pro-
duction of byproducts is minimal compared to conven-

tional cleaning methods based on chemicals or abrasives. 
Laser cleaning relies on the ablation of a material upon its 
irradiation with an intense and short-pulse laser beam at 
a wavelength that is strongly absorbed by this material1,2. 
It is a delicate and irreversible process which, due to the 
exceptionally complex nature of the deposition layers and 
the, often fragile, condition of the original artworks’ sur-
face, requires careful selection of the irradiation parame-
ters (i.e. laser wavelength, fluence values, number of ap-
plied pulses, pulse duration, repetition rate etc.)3–5. For 
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example, damage of the substrate may occur as a result of 
overexposure to high fluence values or excessive number 
of pulses. On the other hand, residues and discoloration 
may be observed, if the employed fluence or the number 
of pulses is not adequate for the total elimination of the 
crust. Along these lines, significant research efforts have 
been dedicated to the optimization of the laser parame-
ters and the cleaning process, as well as, the monitoring of 
the ablation progress through micro or non-destructive 
analytical and diagnostic techniques.  

The reliable assessment of the cleaning result in-situ 
has been investigated using a variety of cutting-edge ana-
lytical techniques, most of the times with encouraging 
results2,6–20. Nevertheless, the on-line and real time moni-
toring of the laser cleaning progress remains a critical 
open issue that attracts the interest of the scientific com-
munity working in the field of heritage science. The de-
velopment of a robust diagnostic technique that will fol-
low the cleaning progress in-situ, in real time and will be 
able to give input on critical levels allowing thus the con-
servator/restorer to decide on the next steps is a highly 
challenging task. In this respect, the sensitivity of the 
technique as regards the physicochemical properties 
change of the involved materials, the geometry of the 
object to be cleaned, the time necessary for the assess-
ment of the recorded data, the required spatiotemporal 
resolution, as well as, the portability and cost of the ex-
perimental equipment are particularly important param-
eters. Laser induced breakdown spectroscopy (LIBS)2,6–11, 
laser induced fluorescence (LIF)7,11,12, multispectral and 
hyperspectral imaging13–15, speckle imaging16, digital hol-
ographic speckle interferometry17,18 and optical coherence 
tomography (OCT)19,20 are some of the analytical tech-
niques that have been considered for the effective assess-
ment of the treated surfaces, as well as, the in-situ evalua-
tion of the cleaning progress. In all these studies the final 
aim was to monitor in real time the laser restoration in-
terventions in a variety of applications, such as the re-
moval of environmental crust from stone, the cleaning of 
salts and other deposits from wall paintings, and the 
elimination of aged varnish from wooden artefacts and 
easel paintings.  

In this respect, photoacoustic (PA) diagnostic ap-
proaches have been investigated as regards their poten-
tials to reliably monitor laser cleaning interventions22–28. 
The fundamental concept behind such techniques is the 
measurement and recording of acoustic waves inherently 
generated following the absorption of intensi-

ty-modulated (e.g. pulsed) light by a material, in order to 
extract valuable information on the cleaning progress. As 
a matter of fact, upon the interaction of a pulsed laser 
beam with a material, the absorbed light is converted into 
thermal energy through non-radiative de-excitation pro-
cesses, resulting into a local temperature rise of the inter-
acting medium. This temperature change is subsequently 
followed by a rapid thermoelastic expansion of the me-
dium, leading finally to the generation of an initial pres-
sure. This propagates in space in the form of acoustic 
waves and can be recorded through appropriate detectors 
such as microphones or piezoelectric sensors21. Several 
research efforts have been dedicated to the use of the PA 
effect for the monitoring of laser cleaning procedures 
using either conventional microphones or ultrasonic 
transducers with central frequencies in the MHz regime. 
The gradual material removal can be monitored through 
variations of the PA amplitude, attributed mainly to the 
different inherent optical absorption properties between 
the unwanted over layer and the underlying material. 

One of the first attempts to monitor the cleaning pro-
gress using the sound generated during the ablation, was 
introduced by Copper et al.22, in an effort to evaluate the 
selective removal of black crusts from polluted limestone. 
In their work, the authors demonstrated that the ampli-
tude of the generated PA signal can be used as a measure 
of the material removal and confirmed the advantages of 
wet cleaning, using a Q-Switched (QS) Nd:YAG laser at 
1064 nm and a dynamic coil microphone with a frequen-
cy response between 100 Hz and 12 kHz (audible fre-
quencies). Lee et al.23 has reported the successful moni-
toring of laser cleaning procedures using a microphone in 
frequencies ranging from 10 Hz up to 15 kHz and, again, 
a QS Nd:YAG laser for a variety of materials such as mar-
ble, copper and paper. The research aim was to investigate 
the magnitude of the generated acoustic waves and corre-
late them to the evolution and evaluation of the cleaning 
progress. In this work, the possibility of the automation of 
the cleaning using neural network approaches was intro-
duced and discussed. Later, Bregar et al.24, monitored the 
removal of paint films from stainless steel, glass and mar-
ble using a XeCl laser emitting at 308 nm. For monitoring 
purposes, a multiple-pass laser beam deflection probe 
technique for the detection of the PA signal in the 10 
MHz regime was followed. Similarly, Jankowska et al.25 
examined the acoustic effect for the monitoring of black 
crust removal from sandstone using a QS Nd:YAG laser at 
1064 nm and 532 nm. In this publication the authors  
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associated the exponential signal decay with the decreas-
ing thickness of the crust. The PA technique has been also 
employed by Gómez et al.26 for the determination of the 
ablation thresholds of commercial graffiti sprays using 
lasers emitting at 1064 nm and 308 nm. In another rele-
vant study, Villareal-Villela et al.27 introduced the fast 
Fourier transform (FFT) of the acquired signal in the 
context of a photoacoustic induced by laser ablation 
(PILA) technique for the monitoring of laser assisted 
paint removal from metallic surfaces. The authors studied 
the amplitude of the signal and the magnitude of the FFT 
for the evaluation of the cleaning progress using a QS 
Cr:YAG laser at 1064 nm. Finally, in a recent research, 
Tserevelakis et al.28 applied the PA technique for the mon-
itoring of laser cleaning of commercial black graffiti from 
marble. In this work, a QS Nd:YAG laser at 1064 nm and 
a piezoelectric contact transducer with a central frequen-
cy at 5 MHz were used to investigate the outcome of dif-
ferent irradiation conditions for varying fluence values. 
Following this approach, a statistical methodology aiming 
to detect the onsets regarding the paint ablation, efficient 
cleaning and damage induced to the marble during the 
laser cleaning process was developed and optimized. 

In the present study, the development of a prototype 
hybrid photoacoustic (PA) and optical system dedicated 
to the on-line and real time monitoring of pulsed laser 
cleaning interventions is presented. To demonstrate the 
capabilities of this approach, a common laser cleaning 
case has been selected: the removal of pollution encrusta-
tion from stonework. The laser assisted removal of dark 
pollution crusts from stone substrates is one of the first 
cleaning challenges that have been effectively faced in the 
laser cleaning research. Such crusts are often developed 
on the surface of monuments exposed to urban environ-
ment due to the microclimate, acid rain, humidity and 
airborne particles29,30. In an effort to remove the crust 
from the surface of the marble, while respecting protec-
tive layers such as patinas, IR lasers have been used. 
However, the irradiated surfaces often appeared discol-
ored to yellow hues which is an undesirable side effect4,31. 
The yellowing or discoloration effect has been extensively 
studied and a number of hypotheses regarding its exact 
origin have been formulated through the last years32–37. 
One of the methodologies developed to overcome this 
issue was the simultaneous use of two laser beams emit-
ted from a single laser system4,5,34,35,37 in order to remove 
effectively the encrustation without changes of the color, 
chemistry or structure of the underlying marble. The ef-

fectiveness of this methodology relies on the combination 
of IR and UV radiation, at a specific ratio and respective 
fluence values, in an effort to modulate the different abla-
tion mechanisms, thus providing an optimal cleaning 
result. The combination of the two beams removes dark 
colored particles and organic compounds along with the 
material that composes the matrix of the crust (mainly 
gypsum) at the same time, resulting thus into a homoge-
neous and efficient cleaning procedure4,28,29.  

In our experiments, the developed hybrid setup has 
been used for the monitoring of cleaning tests performed 
on simplified mock-ups of marble with simulation of 
environmental encrustation, highlighting additionally 
important information regarding the dominant ablation 
mechanisms upon irradiation using either single IR and, 
UV laser beams or their respective combinations. 

Materials and methods  

Mock-up preparation 

Α commercial marble variety (Thassos White), common-
ly encountered in Greece, was used for our experiments. 
It is a pure white, medium to coarse grained marble, with 
visible grains. The mineralogical composition is 12% Cal-
cite (CaCO3), 86% Dolomite (CaMg(CO3)2) and 2% 
Quartz (SiO2). Slabs of 14 cm × 7 cm × 1 cm were used 
for the performed cleaning tests. The marble slabs were 
covered with a simplified simulation of environmental 
crust in layers of varying thickness, ranging from 50 μm 
up to 150 μm. The crust simulation was a mixture of 
gypsum with 5% w/w carbon in the form of charcoal par-
ticles4. The gypsum was in the form of pure hemihydrate 
provided by a chemical company (95% purity Sigma Al-
drich), while the carbon was provided by Fluka Chemica. 
The mixture was hydrated using distilled water while the 
mock-ups were left to dry for at least 48 hours prior to 
any experiment. 

Laser system and parameters 

The system used for the laser cleaning trials was a BMI 
Q-switched Nd:YAG system (5022 DNS10 series, B.M. 
Industries, France) modified by IESL-FORTH to operate 
at the fundamental (1064 nm) and the third harmonic 
(355 nm) wavelengths individually and simultaneous-
ly4,5,35. The pulse width was 6.5 ns and the repetition rate 
used was 1 Hz. The laser beams were focused to various 
spot sizes in the range of approximately 2 mm × 3 mm as 
measured on black areas of a printed black and white 
photographic paper. All irradiation tests were performed 
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in dry conditions. The mock-ups were placed on an au-
tomated XY system (8MT160-300, Standa, Vilinius, Lith-
uania) which enabled the regulation of their positioning 
using custom developed software.  

Hybrid photoacoustic and optical monitoring system 

The developed apparatus was used to record the intrinsi-
cally generated PA waves and a monochromatic optical 
image in synchronization with every incident laser pulse 
(Fig. 1). PA signals were detected using a contact piezoe-
lectric transducer (C110-RM Centrascan, Olympus, Japan; 
central frequency: 5 MHz, 0.25-inch element diameter) 
fixed at the corner of the mock-up and were amplified 
using a low noise and high sensitivity RF amplifier 
(AU-1291, Miteq, USA; gain: 63 dB). The signal was sub-
sequently digitized by a high-speed oscilloscope 
(DSO7034A, Agilent Technologies, USA; bandwidth 350 
MHz, maximum sample rate 2GSamples/sec), which is 
synchronized with the laser trigger and finally recorded 
by a computer. 

 
A custom-made program was used to record and pro-

cess the generated PA signal in real time along with the 
optical images captured by a CMOs Monochromatic Dig-
ital camera with resolution of 5M Pixel (iDs, 
UI-3480CP-M-GL). The camera was equipped with a 
C-Mount lens (focal length 35 mm – Edmund Optics) in 
synchronization with the laser trigger. The original PA 
waveform was recorded for each incident pulse and the 
average amplitude is obtained following the Hilbert 
transformation of the respective signal. The waveform 
was sampled using 1000 points for the selected temporal 
window (600 μs or 60 μs) and the data are saved in txt 
and xls format. For the statistical analysis and further 

signal processing of the data, Matlab programming envi-
ronment was employed, while the graphs were generated 
with Origin graphing software. 

Irradiation protocol and analytical techniques 

The samples were irradiated at a variety of laser parame-
ters using two different wavelengths either individually or 
simultaneously. The fluence values ranged from 0.1 to 1.0 
J/cm2 for the 1064 nm and 355 nm, while the simultane-
ous use of the two beams was investigated for fluence 
ratios FIR/FUV of 4/1 and 1/1. The number of the laser 
pulses remained constant (20) in all tests. The thickness 
of the crust layer, as well as, the depth of the ablated re-
gion was measured using a Perthometer S5P (Mahr, 
Göttingen, Germany) profilometer. Each measurement 
was repeated 5 times and the results presented corre-
spond to the average calculated values along with their 
standard deviation. 

Results and discussion 

Laser cleaning monitoring 

In order to monitor the ablation process using the IR 
wavelength (FIR=0.8 J/cm2) and obtain accurate infor-
mation regarding the cleaning efficiency through the PA 
signal, the recording temporal window was set at 60 μs, 
corresponding to a sampling rate of 16.7 MHz. A post 
processing analysis protocol of the original waveform (Fig. 
2(a)) was established to detect the incident laser pulse 
that removes the crust, revealing the marble substrate. 
More specifically, the original PA waveforms generated by 
each laser pulse (N=2, 3, 4 etc.) were cross correlated with 
the respective waveform resulting from the first incident 
pulse (N=1) (Fig. 2(b)). For every subsequent pulse (N=2, 
3, 4 etc.) the maximum amplitude of the cross correlation 
product was extracted as a function of the number of 
applied pulses (Fig. 2(c)). Furthermore, the absolute value 
of the percentage change in the maximum amplitude of 
the cross correlation operation was calculated between 
subsequent pulses (Fig. 2(d)). This value enabled the pre-
cise determination of the incident laser pulse (5th) for 
which the overlayer was removed from the sample. The 
decay of the cross correlation amplitude with an increas-
ing pulse number can be mainly attributed to the reduc-
tion of the PA amplitude as a result of the material re-
moval, lowering the effective absorption coefficient for 
the employed irradiation wavelength. Furthermore, 
structural and photothermal modification of the 
overlayer has a large impact on the amplitude and phase 

Fig. 1 | Schematic representation of the hybrid photoacoustic

and optical experimental apparatus.  
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of the individual PA frequency components comprising 
the generated broadband signal, providing thus an altered 
waveform which differs significantly from the PA wave-
form recorded on the incidence of the first pulse. 

The depth of the crater formed on the marble surface 
at the end of the irradiation process was measured at 
(104.6±29.8) μm. The evolution graphs of the cross cor-
relation product and its maximum amplitude (Figs. 2(b) 
and 2(c)) cannot clearly denote the pulse for which the 
crust is removed. However, the calculated percentage 
change presents a well distinguishable peak for the pulse 
which eliminates the unwanted material (Fig. 2(d)).  

Following this signal analysis protocol, three different 
cleaning regimes were determined, namely: a) the detec-
tion of substrate’s damage due to the use of high fluence 
values above the marble’s ablation threshold, b) the effi-

cient removal without damage to the substrate (optimum 
cleaning) and c) inefficient crust removal. These cleaning 
regimes can be observed in Fig. 3 following irradiation at 
1064 nm with fluence values F = 1.0 J/cm2, F = 0.8 J/cm2 
and F = 0.6 J/cm2 respectively which have been found to 
correspond to these three different cleaning levels. 

Irradiation with 20 IR pulses at F = 1.0 J/cm2 (black 
lines in Figs. 3(a) and 3(b)) results in damage of the mar-
ble’s substrate; once the crust has been removed, any fur-
ther irradiation at relatively high fluence values will cause 
damage to the marble surface. The crust is removed at the 
8th pulse (Fig. 3(c)) and the additional peaks detected 
correspond to the ablation of the marble and further ex-
traction of material (Fig. 3(d)). Under such overcleaning 
conditions, the crater depth after 20 incident laser pulses 
was measured at (163.2±32.0) μm. 

Fig. 2 | (a) Recorded PA waveform for FIR=0.8 J/cm2 at 1st, 5th and 6th laser pulse respectively. (b) Cross correlation of PA waveforms generated

after the incidence of Nth and 1st pulse. (c) Maximum amplitude of cross correlation operation calculated for the first 15 laser pulses. (d) Per-

centage change of cross correlation maximum amplitude. The peak indicates the pulse at which the marble substrate has been reached. (e)

Optical images recorded for the first 15 laser pulses. Red margin indicates the point where the maximum change has been observed according

to Fig. 2(d). 
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The irradiation condition of F = 0.8 J/cm2 (highlighted 
with red color in Figs. 3(a) and 3(b)) is considered to be 
the optimum irradiation condition, where the deposition 
layer is effectively removed without damage in the marble 
surface. The unwanted layer is effectively removed at the 
5th laser pulse, as can be clearly observed in Fig. 3(b). 
Subsequent laser pulses do not ablate the marble surface 
as confirmed by the absence of peaks after the 5th pulse. 
Finally, the irradiation condition that corresponds to a 
lower fluence value (F = 0.6 J/cm2, denoted with blue col-
or in Figs. 3(a) and 3(b)) is incapable of removing totally 
the crust. The crater formed is not significant in this case 
(55.3±10.0) μm while the absence of peaks in graph of Fig. 

3(b) confirms the ineffective cleaning. 
A similar signal processing methodology was also 

adopted for the monitoring of the cleaning progress with 
355 nm wavelength, as well as, the simultaneous use of 
the two wavelengths. A characteristic example is present-
ed in Figs. 4(a) and 4(b), where the deposition material 
has been removed at the 3rd laser pulse for irradiation 
with FUV = 0.5 J/cm2 without further substrate damage 
(blue line in Fig. 4(b)). The simultaneous irradiation with 
FIR/FUV = 0.8/0.2 results in damage to the substrate at the 
8th laser pulse (black line in Fig. 4(b)), while the ratio 
FIR/FUV = 0.4/0.1 (red line in Fig. 4(b)) does not efficiently 
remove the unwanted layer, as additionally confirmed by 

Fig. 3 | (a) Maximum amplitude of cross correlation product for three different fluence values as a function of pulse number. (b) Maximum ampli-

tude percentage change. (c) Optical image corresponding to the 8th laser pulse. (d) Optical image corresponding to the 11th laser pulse. For both

cases, irradiation fluence has been equal to 1.0 J/cm2. 
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the optical images. 
Investigation of laser ablation mechanisms 

Photoacoustic amplitude as a function of laser fluence 
The initial PA pressure rise (p0) can be expressed as a 
function of the laser fluence value (F) as p0= Γ ηth μα F, 
where Γ is the Grueneisen parameter (dimensionless) 
defined as Γ=β/(κρCv), (β is the thermal coefficient of 
volume expansion, κ the isothermal compressibility, ρ is 
the mass density and Cv the specific heat capacity), ηth is 
the percentage of pulse energy converted into heat and μα 
the optical absorption coefficient for the employed wave-
length38. As can be observed, the intrinsically generated 
PA signal is directly proportional to the incident laser 
fluence value, defining the temperature rise of the sam-
ple’s surface during the irradiation of specific wavelength. 
However, the PA equation contains temperature depend-
ent parameters such as the thermal coefficient of volume 
expansion, the specific heat capacity and the isothermal 
compressibility factor which can introduce nonlinear 
terms39. A direct measurement of the temperature de-
pendence of these parameters would be beyond the scope 
of the current study. Nevertheless, the onsets of 
non-linear behavior, for the purposes of our experiments, 
were defined through a measurement of the generated PA 
signal for gradually increasing fluence values. In this 
manner, the fluence regime, where non-linear tempera-
ture dependence is dominant, was defined for both indi-
vidual wavelengths of 1064 nm and 355 nm.  

For the realization of these experiments, the mean PA 
amplitude was studied for a number of increasing fluence 
values of both individual wavelengths. In order to ensure 
the accuracy of the measurements, each point is repre-
sented by the average value of the mean PA amplitude 
from five different spots, while the error bars represent 

the standard deviation of the measurements.  
The results from these experiments are presented in 

Fig. 5(a) for the 1064 nm and Fig. 5(b) for the 355 nm 
wavelength respectively. The colored solid line corre-
sponds to the respective 2nd order polynomial fit of the 
experimental points, which is characterized by high ad-
justed R2 values (R2 > 0.99). These results show that PA 
signal does not present a linear behavior as a function of 
fluence F; instead it is rather described by introducing an 
additional quadratic term. Despite the apparent 
non-linear behavior of PA amplitude, it was possible to 
identify a low fluence regime where the relationship 
among the PA signal and F is approximately linear.  

Initially, the intercept point in both cases has been 
fixed at 0.03 V (similar to the detection limit of our sys-
tem) and represents the noise background of acoustic 
detection. By equalizing the first and second order term 
of the polynomial equation, it is possible to determine the 
F value for which the contribution of both linear and 
non-linear terms becomes comparable. Therefore, we can 
reasonably assume that for fluence values below this level, 
the linear term is dominant and the PA signal is approxi-
mately proportional to the laser induced temperature rise. 
Under such conditions, the linear fit of the data has been 
performed in the fluence regime of 0.1–0.6 J/cm2 for the 
355 nm and in 0.1–0.5 J/cm2 regime for the 1064 nm 
(black lines in Figs. 5(b) and 5(a)) and is characterized by 
high R2 values (R2 > 0.99). 

As expected, the upper fluence value of the linear re-
gime is higher for the UV wavelength compared to the IR, 
given that IR radiation is generally associated with 
stronger thermal effects and higher temperature rise. The 
associated laser ablation mechanisms can be investigated 
in the low fluence regime where F and T present an  

Fig. 5 | Mean PA signal for varying fluence values for the 1064 nm (a) and 355 nm (b) laser beam. The black line corresponds to the poly-

nomial fit of the data, while the blue/red one to the linear fit in the low fluence regime. The error bars represent the standard deviation of five

measurements. 
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approximately linear behavior. 
Estimation of relative temperature ratio for IR and UV 
irradiation 
As has already been discussed previously, each laser 
wavelength induces different ablation mechanisms 
through which the material is extracted8,40. Assuming that 
all of the incident laser energy is converted into heat, and 
with the constrain that the irradiation fluence values are 
found within the linear PA regime, a calcula-
tion/estimation for the ratio of the laser induced temper-
ature is feasible. For thermal and stress confinement con-
ditions38, the pressure rise immediately after the laser 
pulse is associated with the local temperature rise41,42 by 
the equation p0=(β/κ)Τ. Therefore, since β and κ are not 
considered to be temperature-dependent parameters, the 
relative ratio of pressure rise (PIR/PUV) is directly propor-
tional to the relative ratio of temperature rise (TIR/TUV). 
For the realization of these measurements, the transducer 
was fixed in the corner of the mock-up and a total of 25 
pairs of spots were analyzed. Each pair of spots consists of 
one spot irradiated with 20 pulses of 1064 nm and anoth-
er one irradiated using 355 nm. The selected fluence val-
ue is equal for both wavelengths. In addition, the simul-
taneous combination of both wavelengths was also inves-
tigated using two different fluence ratios with values of 
FIR = FUV = 0.25 J/cm2 and FIR = 0.40 J/cm2, FUV = 0.10 
J/cm2. The simultaneous ratio value of FIR/FUV = 4/1 was 
investigated because it was the condition selected as op-
timum for the cleaning of environmental crusts from 
marble based on the literature5. On the other hand, the 

FIR/FUV = 1/1 has been studied for comparison purposes 
in order to monitor the signal evolution and investigate 
the dominant ablation mechanisms during simultaneous 
irradiation with equal beam contribution.  

The initial aim was to study the evolution of the mean 
PA amplitude of the recorded signal for each wavelength 
(Fig. 6(a)), along with the optical images of the treated 
surface (Fig. 6(b)). In Fig. 6(a), the mean PA amplitude 
(from 25 spots) for irradiation with F = 0.5 J/cm2 at 1064 
nm and 355 nm and increasing number of pulses is de-
noted by points. In this figure the solid lines represent an 
empirical power fit of the data and the error bars corre-
spond to the respective standard deviation of the meas-
urements. The amplitude of the PA signal for the 1064 nm 
(red color) and 355 nm (blue color) presents a decay for 
the first incident laser pulses while it reaches a plateau 
approximately after the 5th pulse. Using a statistical analy-
sis protocol developed in Matlab environment, an empir-
ical power fitting of the data was performed using the 
method of nonlinear least squares (y=ax–b, where x is the 
pulse number and y the PA signal). The results presented 
hereafter represent their average values, while the fitting 
was characterized by high adjusted R2 values, confirming 
the suitability of the selected model (Table 1). Irradiation 
with IR at 1064 nm results into a rapid signal decay dur-
ing the first three pulses (Fig. 6(a)), whereas irradiation 
with 355 nm appeared to result in a more gradual reduc-
tion of the PA signal. 

The temperature ratio was calculated by the 1st incident 
pulse to the mock-up, which is essentially interacting 

Fig. 6 | (a) Mean PA signal recorded from 26 spots irradiated with FUV = FIR = 0.5 J/cm2 along with (b) Characteristic optical images corresponding 

to 10 incident laser pulses of IR (red margin) and UV (blue margin) radiation. 

Table 1 | Empirical fitting of PA data for different fluence ratios. 

Fitting model: y=ax-b FIR FUV FIR/FUV=4/1 FIR/FUV=1/1 

b 0.88 ±0.14 0.57 ±0.05 0.72 ±0.09 0.65 ±0.07 

a 1.10 ±0.24 0.54 ±0.07 0.49 ±0.07 0.45 ±0.06 

R2 >0.99 >0.98 >0.98 >0.98 
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with the original material, because subsequent pulses 
encounter a material with modified/altered physico-
chemical properties (color, absorption, etc.). Results from 
these measurements, preformed with F = 0.5 J/cm2 for 
both individual wavelengths, are presented in Table 2. 
The PA amplitude recorded for the 1st pulse during IR 
ablation is approximately twice the one recorded for the 
UV wavelength (Fig. 6(a); Table 2). Through the statistical 
analysis performed, the mean PA signal for the 1st IR 
pulse has been calculated to be 1.07 V± 0.06 V and the 
mean PA for the 1st UV pulse 0.53 V±0.05 V. Comparing 
the mean PA signals recorded for the analyzed pairs of 
spots after the 1st pulse irradiation it was found that 
PAIR/PAUV=2.05±0.21. This is an indication that the tem-
perature rise during the ablation with IR is two times 
higher than that in the UV. Consequently, this result con-
firms the knowledge that different ablation mechanisms 
are induced by each individual wavelength; the use of 
1064 nm results in more intense thermal effects in com-
parison to the 355 nm. 

Regarding the simultaneous use of the two wavelengths, 
it was found that the signal evolution depends signifi-
cantly on the fluence ratio. The mean normalized PA sig-
nal corresponding to 25 spots irradiated with the two 
wavelengths individually and their simultaneous combi-
nation is presented in Fig. 7. The PA signal has been 
normalized to the maximum value for comparison pur-
poses. 

 

Comparing the single-wavelength to simultaneous IR 
and UV irradiation, the normalized PA signals are closely 
dependent on the relative contribution of each beam. 
Simultaneous irradiation with fluence ratio FIR/FUV= 
0.4/0.1 resulted in similar outcome with the IR laser abla-
tion, which can be explained due to the high proportion 
of the IR laser beam in comparison to the UV. The 1/1 
fluence ratio exhibits slightly lower results, indicating that 
it is less efficient in the material removal in comparison to 
the 4/1 ratio. 

Conclusions 

In summary, we have developed a hybrid photoacoustic 
and optical system for the in-situ and real-time monitor-
ing of laser cleaning and the investigation of the laser 
ablation mechanisms that dominate the cleaning with IR 
and UV laser wavelengths. We also introduced a success-
ful and novel photoacoustic data processing protocol 
which can be used to indicate the incident pulse that 
eliminates the crust layer, using only the generated wave-
form from the interaction of the laser beam with the ma-
terial. So far, we have demonstrated the potential of the 
system for the monitoring of laser cleaning with IR and 
UV wavelengths, both individually and simultaneously in 
a variety of fluence values. We compared the generated 
PA signal from the two different wavelengths and associ-
ated it with the laser ablation mechanisms, confirming 
the models supporting the domination of photothermal 
mechanisms during IR irradiation. In addition, we calcu-
lated the ratio of the relative temperatures that are in-
duced upon IR and UV laser ablation, which for our 
studies on marble slabs covered with simulated thin pol-
lution crust was calculated to be TIR/TUV ~ 2. A compact 
set-up dedicated to PA analysis and monitoring of con-
servation interventions is our subsequent task, while the 
application of the photoacoustic technique for the eluci-
dation of the laser cleaning mechanisms has been consid-
ered for the first time. 

This prototype system is planned to be tested for the 
monitoring of laser cleaning on real objects, while in the 
future we are planning to integrate non-contact trans-
ducers in the monitoring experimental setup. This will 

Fig. 7 | Mean normalized PA signal for 10 incident laser pulses

of: FIR = 0.5 J/cm2 (red), FUV = 0.5 J/cm2 (blue), simultaneous FIR

= 0.4 J/cm2 and FUV = 0.1 J/cm2 (purple), simultaneous FIR = FUV

= 0.25 J/cm2 (green). 
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Table 2 | 1st pulse PA amplitude values for various irradiation conditions. 

 FIR FUV FIR/FUV=4/1 FIR/FUV=1/1 

PA amplitude of 1st pulse 1.07 ± 0.06 V 0.53 ± 0.05V 0.54 ± 0.05 0.48 ± 0.04 

% ∆ (1st – 2nd pulse) 45.5%±4.9% 26.8%±5.0% 43.2%±3.1% 38.4%±5.1% 

1st pulse PIR/PUV 2.05 ± 0.21 -   
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increase the system portability and will allow the accurate 
implementation of the technique in samples with variable 
surface geometries. The use of such detectors can also 
allow the monitoring of cleaning procedures in objects 
with fragile and delicate surfaces, where non-contact 
monitoring methodologies are required. In addition, de-
velopments in the software are planned to be performed 
in order to monitor the cleaning progress of larger areas, 
during cleaning procedures performed using an auto-
mated scanning system. In the case of an automated 
cleaning procedure, the maximum cross correlation am-
plitude change values could be employed to regulate the 
incident number of laser pulses released on the sample 
according to the local thickness of the crust and the ir-
regularities of the surface morphology. Such highly 
promising capabilities would highlight further the poten-
tial of the developed hybrid system as regards the reliable 
on-line monitoring of various laser cleaning interven-
tions. 
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