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Abstract In the present work the application of laser clean-
ing in the conservation of cultural assets is reviewed and
some further developments on the interpretation of the asso-
ciated laser-material interaction regimes are reported. Both
the state of the art and new insights mainly focus on system-
atic approaches addressed to the solution of representative
cleaning problems, including stone and metal artifacts along
with wall and easel paintings. The innovative part is en-
tirely dedicated to the extension of the application perspec-
tive of the Nd:YAG lasers by exploiting the significant versa-
tility provided by their different pulse durations. Besides ex-
tensively discussing the specific conservation and physical
problems involved in stone and metal cleaning, a significant
effort was also made to explore the application potential for
wall and easel paintings. The study of the latter was confined
to preliminary irradiation tests carried out on prepared sam-
ples. We characterized the ablation phenomenology, optical
properties, and photomechanical generation associated with
the irradiation of optically absorbing varnishes using pulse
durations of 10 and 120 ns. Further results concern the na-
ture of the well-known problem of the yellowish appearance
in stone cleaning, removal of biological growths and graffiti
from stones, cleaning of bronze and iron artifacts and related
aspects of laser conversion of unstable minerals, removal of
calcareous stratification from wall paintings, and other fea-
tures.

S. Siano (�) · J. Agresti · I. Cacciari · D. Ciofini · M. Mascalchi ·
I. Osticioli · A.A. Mencaglia
Istituto di Fisica Applicata “Nello Carrara”,
Consiglio Nazionale delle Ricerche, Firenze, Italy
e-mail: S.Siano@ifac.cnr.it

1 Introduction

Laser cleaning represents the most important contribution
of physics to the conservation of cultural heritage. Despite
the pioneering works dating back to the early 1970s, this in-
novative technique started to be systematically investigated
and then extensively applied only 20 years later. A number
of scientific investigations were reported over the last two
decades in journals, conference proceedings, and books, fo-
cusing on the efficiency, selectivity, and then effectiveness
of laser ablation, as well as on the possible advantages it
can provide with respect to traditional cleaning techniques.
This triggered an early level of dissemination of the laser
approach in conservation practice.

At least 300 Nd:YAG laser systems are presently oper-
ative in conservation laboratories and restoration yards all
over Europe and abroad. At the same time, laser technolo-
gies for conservation also increased their presence in exhi-
bitions and fairs, as well as in formation and tutorial frame-
works. Moreover, case studies of important masterpieces
also stimulated the interest of mass media, which gave a big
resonance to the present innovation, thus extending its dis-
semination up to the social level.

All this is concrete evidence that laser cleaning technolo-
gies moved from research laboratories, to commercial pro-
duction, and then to restoration yards. Such a unique case
of technological and methodological transfer in conserva-
tion of cultural assets was entirely determined by the scien-
tific contribution provided by various research institutions.
The latter can still play an important role in order to rig-
orously extend the exploitation of experimental results al-
ready demonstrated and address open cleaning problems,
thus making durable the methodological revolution the laser
approach is producing in conservation practice.

mailto:S.Siano@ifac.cnr.it


420 S. Siano et al.

First of all, systematic studies dedicated to the abla-
tion phenomenology and interpretation of the basic laser-
material interaction mechanisms are still needed in order to
develop practicable solutions for cleaning of wall and easel
paintings. At the same time, further insights in stone and
metal cleaning can be helpful in order to extend the domain
of application.

From a disciplinary point of view, the present applica-
tion is suffering from lack of thorough physical studies sim-
ilar to those carried out along the last decades for optimiz-
ing biomedical and industrial applications of laser ablation.
The results of the latter represent the starting point for in-
terpreting the ablation processes involved in laser cleaning
of cultural assets, but exhaustive descriptions must also take
into account a number of peculiar features not encountered
elsewhere. The variety of ablation channels involved is in-
deed the widest, according to the different material stratifi-
cations, multiplicity of possible degree of cleaning and aims
of the laser treatments, which makes the physical approach
extremely complex. On the other hand, objective technolog-
ical and methodological choices should be based on the in-
terpretation of the interaction dynamics other than on phe-
nomenological characterizations.

In the present work, we overview the state of the art of
laser cleaning of stone and metal artifacts, along with wall
and easel paintings and for each of these conservation topics,
the results of new experimental insights are also reported.
The latter concern both phenomenological and physical fea-
tures of the ablation processes involved, which were investi-
gated on sets of prepared samples and artifacts of interest.

The following four sections dedicated to the different
conservation problems are organized in a similar way by in-
cluding an introductory picture presenting the state of the
art for the specific class of artifacts, and we present subsec-
tions where new original results are presented and discussed.
Among the latter, we report for the first time our studies on
the use of laser induced plasma spectroscopy (LIPS) and
Raman spectroscopy for assessing the cleaning results and
on the potential of Nd:YAG(1064 nm) for cleaning wall
and easel paintings. The latter was approached through sys-
tematic investigations concerning the phenomenology along
with aspects of optical properties and ablation dynamics.
Thus in particular, significant efforts were devoted to the
measurement of the photomechanical effects and to their in-
terpretation, which are presented in a dedicated section pro-
viding fundamental information on the basic ablation mech-
anisms.

2 Stone artifacts

After the mentioned introduction in early 1970s [1–4], laser
cleaning was widely applied in stone artifacts restoration

works since the second half of 1980s in Italy [5, 6], France
[7–13], England [14–16], Portugal [17], Austria [18, 19] and
in other countries. Case studies mainly concerned the well-
known problem of black crusts produced by urban pollution,
but some of them also included the removal of intentional
layers applied in the past, even though the latter were not
exhaustively interpreted in early investigations.

Extensive applications in conservation works were pre-
ceded and accompanied by a number of basic studies carried
out in several research projects, which included phenomeno-
logical characterizations of irradiation effects, diagnostics
of the material removal processes through online measure-
ments and physical modeling [16, 20–34]. Many contribu-
tions can be found in LACONA’s seven proceeding volumes
[35–41], books [42, 43], and review papers [44–46], as well
as elsewhere.

In general, these basic studies have been important in
order to disseminate the present topic within the scientific
community and gather the interest of disciplinary domains
(physics, chemistry, geology, art history, archaeology, etc.),
to raise the sensitivity of the restorers because of the need
to optimize the laser treatments, and to propagate the aware-
ness of the significant potential provided by the novel ap-
proach.

Effectiveness and productivity of Nd:YAG(1064 nm)
laser ablation were thoroughly investigated in many prac-
tical applications, which validated the approach and pro-
moted its acceptance in some countries. Laser cleaning was
massively applied in restoration works of historical facades
[13, 18, 19, 47], stone reliefs [17, 48], ancient archaeologi-
cal artworks such as the West Frieze of the Parthenon [49],
and unique Renaissance masterpieces, such as for examples
the San Marco, Profeta Abacuc, and Pulpito by Donatello,
San Filippo, Santi Quattro Coronati and Assunta by Nanni
di Banco, Fonte Gaia by Jacopo della Quercia, panels of
the Campanile by Andrea Pisano, and many other works [6,
50–54].

Most of the discussions, which accompanied the early
stage of application on stones concerning possible side ef-
fects associated with laser irradiation, gradually reduced
along the last decade while the knowledge of the interac-
tion effects increased through systematic phenomenologi-
cal and process-optimization studies. These allowed defin-
ing operative fluence ranges ensuring effective discrimina-
tions between stratifications to be removed and the layers
underneath to be uncovered, according with the intrinsic pa-
rameters of the laser system and lithotypes under treatment.

Furthermore, also the well-known problem of the
yellowish appearance associated with Q-Switching (QS)
Nd:YAG(1064 nm) cleaning of whitish stones [9, 55, 56],
which significantly slowed the spreading of the novel
methodology, was thoroughly investigated [45, 57–60] and
mostly solved. In some detail, several studies pointed out
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that such a chromatic appearance is mainly due to incom-
plete removal of pigmented stratifications and/or penetration
of organic substances through the outermost material layers
of the artifact. In a number of cases laser sputtering can also
play a role in determining the yellowish appearance. In these
cases, if needed, the very thin chromatic veiling produced
can easily be removed by means of any mild action (water
poultices, soft abrasion, and other). However, one important
order of problem concerning the analytical assessment in a
non-invasive way and preferably in situ of the nature of yel-
lowing is still open. An approach based on portable LIPS
and Raman spectroscopy is proposed in the following.

Apart from the case of deep penetration of altered oily
substances, yellowish appearance can be effectively ad-
dressed using suitable laser parameters. Thus in particular, it
was demonstrated that Short Free Running (SFR) laser, 20–
150 µs [28, 52, 60, 61] and double wavelength QS Nd:YAG
laser treatments, including simultaneous 1064 + 355 nm
[62–64], and 1064 nm followed by 532 nm [54] often al-
low to control the final chromatic hue of the stone surface
uncovered. Anyway, since also different interpretations of
the nature of yellow appearance were reported [65] and the
present feature is still an obstacle for laser cleaning tech-
niques in some countries, as mentioned above, further ex-
perimental insights were carried out in the present work (see
below).

The solution of invasiveness and appearance problems
has proven that laser ablation represents the best cleaning
methodology for addressing a large variety of conservation
problems concerning whitish marble, limestone, and sand-
stone artifacts. Some case studies concerning laser cleaning
of plasters were also reported [66] but extensive applications
are still missing.

Laser ablation provides significant advantages with re-
spect to mechanical and chemical approaches in terms of
gradualness, selectivity, self termination, and repeatability
of the material removal process, as well as in terms of en-
vironmental impact. This holds mainly for removing black
crusts and intentional layers applied in previous restora-
tion works, such as limewashes (whitewashes), pigmented
scialbaturas, oleo-resinous patinations, protective polymeric
films, and other. The removal of stratifications from stones
can often be achieved using standalone laser treatments, but
there are a number of cases where their combination with
other techniques may be needed or preferable.

The potential of laser ablation for removing graffiti from
stones [67, 68] and for restoring pigmented sandstones have
also been investigated [24, 69], even though extensive ap-
plications are still missing. Furthermore, in general, also the
laser treatment of polychrome stones has to be considered
still open. Thus in particular, several works by Spanish re-
search groups explored the capability of laser in order to re-
move protective layers (i.e. polymers, wax etc.) from gran-
ite decorative elements, which pointed out the occurrence of

serious discoloration and microstructural damages [70, 71],
which apparently do not allow foreseeing a practical appli-
cation perspective.

Finally, one more stone conservation problem, which
needs further efforts, concerns the removal and the inhibi-
tion of biological growths (biodeterioration). Let us present
the topic in some detail.

The use of laser irradiation for controlled removal of
biodeteriogens from stone surfaces was investigated in a few
works [72–74]. Studies also included in vitro irradiation test
on a variety of biological growths [75]. Laser cleaning re-
sulted to be in some cases harmful for the stone substrate
because of the high operative fluences needed for removing
organic materials strongly anchored to the substrate.

Experiments were performed using excimer [73, 75] and
Er:YAG [74] lasers, since aromatic and aliphatic and OH
chemical groups exhibit a high optical absorption to the cor-
responding emission wavelengths.

The laser treatment of lichens using Free Running (FR)
Er:YAG(2.94 µm) provided interesting results in terms of
thermal deactivation, since the complete destruction of the
cellular structure was observed. On the other hand, limita-
tions are due to the low ablation efficiency of this laser.

J.F. Asmus has also proposed to use UV-VIS light of a
xenon lamp for the removal of lichens from fragile mar-
ble statues. Apparently, effective results were achieved [72]
but the lack of thorough diagnostic assessments in order to
evaluate the degree of cleaning, deactivation, and durabil-
ity of the treatment does not allow any conclusive consid-
eration. The possibility to use flash lamps emitting around
100 J/pulse or more is certainly interesting, especially if
this can allow an increase of productivity. However, such
a vaporization-mediated ablation cannot represent a general
solution because of its scarce efficiency, long thermal gradi-
ents with high associated average temperatures. Conversely,
the flash lamp approach remains very interesting as a poten-
tial biocide treatment.

2.1 Pulsewidth-dependence of the ablation rate in stone
cleaning

We recently reported descriptions of the Nd:YAG laser ab-
lation processes involved in stone cleaning as a function of
the pulse duration [45, 60]. These results are briefly summa-
rized hereafter and organically discussed along with the data
collected in further investigations.

A set of prepared samples of black crust (60% gypsum,
30% quartz powder, 8% carbon black, and 2% burnt si-
enna) on sandstone substrates were characterized through
stratigraphic examinations, measurement of reflectance, es-
timation of the effective optical penetration depth, δ, and
then subjected to water-assisted ablation tests using QS
(6 ns), LQS (Long Q-Switching), and SFR (40–155 µs)
Nd:YAG(1064 nm) laser systems.
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Fig. 1 Temporal profiles of single, double and triple peaks LQS
Nd:YAG(1064 nm) laser pulses

The LQS emission was achieved using a laser source
equipped with an intracavity optical fiber and a Cr:YAG
saturable absorber [76]. Its pulse duration mainly depends
on the optical length of the resonator and the reflectivity of
the output mirror and can hence easily be changed. Further-
more, the increasing of the pumping energy above the satu-
ration threshold of the absorber also allows the production
of laser pulses with multiple peaks (bursts). The single-peak
pulses used (LQS1) had widths of 60 or 120 ns (FWHM)
and a constant energy of about 120 mJ. The double (LQS2)
and triple (LQS3) peak operations provided corresponding
rises of the pulse energy (nominally 240 and 360 mJ/pulse,
respectively) and had a peak-to-peak temporal spacing of
about 40 µs (Fig. 1).

The five different laser emission regimens mentioned
above exhibited very different ablative behaviors.

Fig. 2 Ablation rate measurements of black crust (prepared samples)
and fittings (zab = δ · lnF/Fth): comparison between QS and LQS1
Nd:YAG(1064) lasers

Ablation rates achieved were fitted using the well-known
blow-off model [77], which assumes that the removal be-
gins above a characteristic fluence threshold Fth = δ · εcr

(J/cm2), with εcr average critical energy density (J/cm3). It
provides the following ablation rate scaling law: zab(F ) =
δ · ln(F/Fth), where the laser fluence F and the fluence
threshold Fth should be properly referred to the absorption
energy flux Fa (radiant exposure) and to the corresponding
threshold Fath. However, since Fa = (1 −R)F these irradia-
tion parameters are interchangeable in the previous formula,
whereas only the absorption component must be used when-
ever relating the threshold to temperature rise and critical
energy density. In the following, we often use the incident
laser fluence F , a parameter which is better suited for defin-
ing the ablative efficiency as zabl/F .

The saturation of the rate is defined by zab = δ occurring
at F = Fs = e · Fth.

This simple model, widely used in laser ablation of bi-
otissues and polymers, provided useful information about
the material removal produced by different laser emission
regimes.

The analysis of the data pointed out a marked non-linear
attenuation of the rate of QS laser against broad linear ab-
lation ranges of LQS1 and SFR lasers. Despite its satu-
ration rate being lower than the optical penetration depth
(δ = 16.5 µm against a measured value of 27 µm), be-
low 1 J/cm2 the former provided the highest ablative ef-
ficiency, whereas at higher fluences the LQS1 regime was
the most efficient (Fig. 2). This feature along with relatively
broad operative range (fitting parameters: Fth = 0.56 J/cm2,
Fs = 1.51 J/cm2, δ = 25.8 µm) and relatively high damage
thresholds make the LQS1 regime of interest for cleaning
of whitish stone artifacts. On the other hand, LQS1 laser
cleaning systems presently available on the market emit low
pulse energy (150 mJ/pulse against 0.5–1 J/pulse of QS),
which makes their productivity (m2/hour) in stone cleaning
still not competitive. However, an oscillator-amplifier LQS1
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Fig. 3 Ablation rate curves of black crust (prepared samples) using
different pulse duration Nd:YAG(1064 nm) lasers: fitting of the exper-
imental data (zab = δ · lnF/Fth)

laser prototype with pulse energy up to 700 mJ/pulse was de-
veloped already years ago within collaboration between our
group and El.En. S.p.A. (Calenzano, Italy). This system has
not been marketed yet, although it represents an interesting
technology for high productivity-cleaning of stone artifacts.

The efficiency of the SFR laser emission was decidedly
lower than that of QS and LQS1 lasers: Fth = 2.0–4.7 J/cm2,
Fs = 5.9–12.3 J/cm2, when tL = 40–150 µs. Figure 3 dis-
plays the comparison between ablation rates (fitted curve
within the fluence range investigated), which makes evident
the strong dependence of the ablation thresholds and rates on
pulse duration. Besides the well-known difference between
short and long pulses, it is also interesting to note the signif-
icant variation within the SFR regime (Fth = 2–4.7 J/cm2).
The present increase of the threshold is slightly higher than
that estimated using a pulse duration dependence t

1/2
L (a fac-

tor of 2.5 against 2), which derives from the thermal conduc-
tion approximation limit: Fath = �Tc · Ki/2 · (π · tL/Di)

1/2,
where �Tc is the critical temperature rise, Ki and Di are
the thermal conductivity and diffusivity, respectively, of the
present composite insulating material (i.e. the black crust).
Such a slightly higher energy loss could be likely due to a
shielding effect of the ablated material, which is expected to
be more pronounced at longer pulse duration.

Despite the low efficiency, as mentioned above, the use of
SFR lasers in stone cleaning significantly grew along the last
years mainly thanks to the high pulse energies of the com-
mercial systems (up to 2 J/pulse), very high damage thresh-
olds allowing for broad operative ranges, gradualness, and,
in many cases, lack of yellow appearance of the cleaned sur-
face.

Ablation rate studies were extended to the comparison
of LQS1 (120 ns), LQS2, and LQS3. As shown in Fig. 4,
the efficiency of multiple peaks is decidedly lower than that
of single-peak laser pulses but higher than that of SFR of
equivalent pulsewidth.

Fig. 4 Ablation rate measurements and fittings of black crust (pre-
pared samples) using single (LQS1) double (LQS2), and triple (LQS3)
peak LQS Nd:YAG laser pulses

2.2 Effectiveness tests on open problems

As mentioned above, to date, laser ablation has been used
mostly in stone cleaning for removing black crusts and
coats (scialbaturas and organic-matrix patinations) applied
in the past. In other cases, such as the removal of biological
growths and graffiti, experimental tests were not followed
by extensive practical applications. The main reason can be
mostly attributed to the limitations associated with the use of
Nd:YAG laser’s fundamental wavelength. Despite the sub-
stantial differences between acrylic paints and biodeterio-
gens, such as for example lichens, both of them exhibit low
absorption at 1064 nm because of the deep optical penetra-
tion and/or high reflectance.

Preliminary cleaning trials we are performing show that
the overall approach to graffiti and biodeterioration favors
Nd:YAG laser’s second harmonic at which most of the un-
desired layers exhibit a significant absorption. Thus in par-
ticular, a fluence as high as several J/cm2 at 1064 nm did
not provide relevant removal effects on a thin film of lichens
on white Carrara marble, whereas the second harmonic was
much more effective.

The results of some water-assisted laser irradiation tests
carried out on a lapidary sample (from the “Cimitero degli
Inglesi”, Florence, XIX century) on which lichens (Ver-
rucaria nigrescens and Caloplaca citrina), cyanobacteria
(Leptolyngbya), and green algae (Chlorella sp.) were iso-
lated are displayed Fig. 5. This shows that the only relevant
cleaning effects were achieved at 532 nm and 2.94 µm (FR
Er:YAG). However, only the former, which starts to be ef-
fective around 1.5 J/cm2, allows foreseeing practicable treat-
ments. FR Er:YAG laser irradiation had a very low efficiency
and hence high operative fluences. Furthermore, it produced
a sort of smoothing of the marble surface, which is likely due
the high optical absorption of the substrate at 2.94 µm. The
latter is recognizable in Fig. 5 along with the revitalization
effect produced by water assists shown by the intensification
of chlorophyll green color hue.
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Fig. 5 Laser removal tests of biodeteriogens using different laser
wavelength and fluences (indicated in J/cm2). QSII: 532 nm. FR-Er:
2.94 µm

Laser treatment of biodeterioration at 532 nm requires
a rather homogeneous laser spot, since the operative flu-
ence could be only slightly lower than the damage thresh-
olds, which strongly depend on the texture of the surface
uncovered. “Fortunately”, in a case as that shown in Fig. 5
the whitish marble surface attacked by biological growths is
rough and then exhibits high diffuse reflectance and optical
penetration, which favor a certain degree of self termination
of the removal process. However, no general conclusions
are possible since the effectiveness and practicability of the
laser cleaning must be evaluated case by case through com-
parative tests. Moreover, in order to think about a concrete
alternative to overall polluting chemical treatments, when-
ever possible, laser ablation should be preceded by mechan-
ical lightening of the biological growths. This suggestion is
an obvious consequence of the relatively low removal effi-
ciency pointed out in the present preliminary tests. It makes
no sense in removal of thick biological growths to consider
the laser irradiation for preliminary thickness reductions or
standalone cleaning treatments.

However, significant insights are needed in order to pre-
cisely classify the phenomenology and physical features as-
sociated with the Nd:YAG laser treatment of the different
biodeteriogens.

Similarly, green wavelength seems to offer the widest
versatility in terms of effectiveness and practicability for re-
moving graffiti. It allows to ablate most of the acrylic paint
at relatively low operative fluences (the tests of Fig. 6 were

Fig. 6 Removal of graffiti using Nd:YAG laser’s second harmonic:
operative fluence of about 0.2 J/cm2

carried out at 0.2 J/cm2), whereas some problems still re-
main with metalized varnishes. In any case, laser cleaning
can provide a significant contribution in order to address
the present problem, as standalone or in combination with
low-toxicity chemical agents. Efforts are needed for includ-
ing the laser methodology within the intervention protocols
stated by local conservation institutions.

2.3 Assessing the degree of cleaning and nature of the
chromatic appearance

As mentioned above, material removal can be controlled and
yellowish appearance of the surface uncovered is prevented
in many cases through a suitable selection of laser pulse
duration or using the double wavelength approach. On the
other hand, the importance of objective characterization of
the degree of cleaning and nature of the chromatic appear-
ance during the restoration work should be stressed.

In rigorous approaches, usually cleaning treatments are
preliminary defined and assessed through petrographic and
compositional analyses carried out on small material sam-
ples taken from the artifact. The invasiveness and the com-
plex procedure of this approach strongly limit its overall
application. Thus, as a matter of fact, cleaning works are
mostly based on naked eye subjective evaluations. Non-
invasive characterizations using portable analytical devices
should be integrated in the conservation protocol in order to
provide prompt answers to a number of interpretation prob-
lems, which are usually encountered in the restoration prac-
tice. To this goal we evaluated the effectiveness of LIPS and
Raman spectroscopy for assessing the degree of cleaning
and the nature of the appearance of yellowish after the laser
irradiation.

The former was a homemade portable instrument previ-
ously described in some details in [78]. Very briefly, we used
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Fig. 7 Comparative cleaning tests of an encrusted baluster (a) and a
tortile column (b) using different wavelengths, pulse durations, and
fluences. Notations as in Fig. 5. Dry: without water assists (used for all
the other tests)

a Q-Switched Nd:YAG(1064 nm) and six high resolution
Czerny-Turner spectrometers (2,400 grooves/mm) equipped
with CCD linear array detectors, which covered the spec-
tral range between 200–890 nm with resolutions ranging be-
tween 0.06–0.3 nm. Raman spectra were measured with a
compact commercial portable device (3 kg) using an excita-
tion wavelength of 785 nm and a thermooptically cooled de-
tector (2048 pixels). The spectral range and resolution were
260–3200 cm−1 and 6 cm−1, respectively.

Laser cleaning tests were carried out on a tortile column
from Florence’s Cathedral and a baluster from the external
Loggia of its Dome. Besides microstratigraphic and colori-
metric analyses previously reported [60], we measured LIPS
elemental depth profiles and Raman spectra in order to un-
derstand to which extent these diagnostics can integrate or
replace invasive petrographic investigations.

Laser parameters and associated cleaning results are
displayed in Fig. 7. As shown, the chromatic hue of the
baluster ranged between light orange to white (Fig. 7a),
according to the operative conditions, whereas that of
the tortile column was almost independent of irradiation
conditions (Fig. 7b). Figure 8 reports the comparison of
Fe(438.35 nm)/Ca(644.98 nm) integrated line intensity ratio
measured in encrusted and cleaned areas using QS and SFR
Nd:YAG lasers at 0.7 and 7.8 J/cm2, respectively. As shown,
the surface peak of this intensity ratio is relatively intense
and broad before cleaning, still significant after QS laser

Fig. 8 LIPS Fe-depth profiles of different zones of the baluster (a)
and tortile column (b) uncovered using different laser parameters (see
Fig. 7)

treatment, then less intense and narrow after SFR laser abla-
tion. Furthermore, Fig. 8b shows a clear correlation of Fe/Ca
and Si/Ca profiles, thus suggesting the QS laser treatment
was incomplete, while SFR laser provided a deeper uncov-
ering. Figure 8b also displays the comparisons between the
mentioned yellow site of the baluster with one of the almost
chromatically homogeneous sites of tortile column. Despite
the marked orange appearance of the latter (Fig. 7b), the am-
plitude of the corresponding iron and silicon depth profiles
were relatively moderate. These features suggest a possible
organic nature of the present chromatic hue.

Raman spectroscopy, using an excitation source at 785 nm,
supported the latter interpretation since the cleaned sur-
faces exhibited an intense fluorescence, which disappeared
at some millimeters beneath the surface (Fig. 9). A similar
feature was found for a 19th century plaster from outdoor
exposition presenting a thin black crust. The appearance of
the yellowish hue after treatment using QS Nd:YAG laser’s
fundamental wavelength was associated with a significant
fluorescence signal, whereas the zone deeply uncovered us-
ing the second harmonic was white (Fig. 10).

From previous studies we know some details of the
present stratigraphies [60] concerning the presence of a
scialbatura on the baluster and a possible organic-matrix
patination on the tortile column. However, it is particularly
interesting from the methodological standpoint to note that
the present conclusions were achieved in situ without any
need to use known microstructural and compositional data.
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Fig. 9 Raman spectra collected on the tortile column (see Fig. 7b)
evidencing the significant fluorescence of the laser cleaned area. Red ∗:
calcite

Fig. 10 Cleaning tests performed on an encrusted plaster using
1064 nm (QS) and 532 nm (QSII), at 0.6 and 0.5 J/cm2, respectively,
and corresponding Raman spectra. The gypsum spectrum (∗) was de-
tected only for the latter treatment, whereas the area cleaned with 1064
was fluorescent

3 Metal artifacts

The application of the laser cleaning of metal artworks con-
cretely begun with the case study of the gilded bronze pan-
els of the Porta del Paradiso by Lorenzo Ghiberti [79]. This
does not mean that Ghiberti’s masterpiece was the first metal
artifact which underwent laser cleaning tests. Such a fun-
damental successful example application was preceded by
several works on the topic since the early 1990s, including
conservation problems of archaeological objects [80, 81],
modern sculptures [82], and other [83]. Rather, the Porta del
Paradiso represents the first case where a critical selection of

the optimum laser parameters was operated, which led to the
introduction of a novel dedicated laser system called Long
Q-Switching (LQS) Nd:YAG(1064 nm) already presented
above. It provided an adjustable pulse duration ranging from
some tens of nanosecond to some microseconds [76].

The effectiveness and safety of the novel laser tempo-
ral regime for cleaning mercury amalgam gilding (experi-
ments were carried out between 30–300 ns and the pulse-
length selected for the Door was 70 ns), gold laminas, sil-
ver and related alloys were thoroughly demonstrated [79,
84–86]. The case study of Florence’s Baptistery East Door
disclosed new practical application perspectives and effec-
tively contributed to reduce the skepticism of the conserva-
tion community against the laser approach, which was still
significant ten years ago.

Overall applications of LQS Nd:YAG laser treatments
silver artifacts were reported in 2004 and 2007. The former
case was the Treasure from Rimigliano (about 3500 silver
alloy Roman coins dated 230–260 a.C.), which was partially
cleaned (about 300 coins) using laser ablation in underwa-
ter irradiation conditions [45, 87] by exploiting cavitation-
mediated processes (see for example [88] and references
therein). The latter (2007) represents the first application of
laser ablation in order to address the well-known problem
of silver tarnishing using Nd:YAG(1064 nm) laser [45, 89].
Metal artifact case studies indeed significantly extended the
application domain of laser cleaning that up to 2000 was
substantially confined to whitish stone reliefs and statues.

A further fundamental step ahead was represented by
the cleaning of mordant (or oil) gilding decorations. The
restoration works of the Santi Quattro Coronati by Nanni
di Banco [90] and of the David by Andrea del Verrocchio
[91] demonstrated SFR Nd:YAG lasers represent the best
selection for uncovering gold leaf decorations with stratified
black crusts and oleo-resinous patinations [92]. The safe-
guard of gilding as a result were found to be better than that
provided by any other technique. After these two success-
ful case studies the recover expectations of similar gilded
decorations, which were suspected to be present also on
other Renaissance masterpieces, suddenly increased within
the conservation community. Laser cleaning was then ap-
plied to a number of gilded artworks, such as the San Mat-
teo by Lorenzo Ghiberti [93], the Capitello by Michelozzo,
the Amore Attis [94] and the David [95] by Donatello, and
other items.

Laser ablation has also been recently used in restora-
tion of large bronze sculptures (not gilded). Case studies
included the removal of organic matrix patinations on ar-
chaeological bronzes, such as the Etruscan statue named the
Arringatore, which is presented in the following, of black
crusts from outdoor Mannerist masterpieces, such as Vin-
cenzo Danti’s sculptural group the Decollazione del Battista,
Baptistery of Florence [96].
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Very interestingly, also some modern copper alloy out-
door sculptures underwent laser cleaning treatments, such
as the Monument to Lord Nelson in Liverpool and the mon-
ument of Queen Victoria in Southport [97].

Finally, several experimentations were carried out on iron
objects [81, 98–103] but only a few application case studies
were reported [104]. Hereafter, we present some more in-
sights on this topic.

The picture described above shows that laser cleaning of
metal artifacts has undergone thorough investigations and
has been very successful in several cases of precious metals
and bronze artifacts, which could suggest the present do-
main of application well-established. On the other hand, de-
spite basic studies having been reported by research groups
from various countries it is quite evident that most of the
applicative work was carried out in Florence, which means
there is still a strong need of dissemination.

3.1 Metal surfaces: optimization aspects

The optimization of cleaning of metal objects is mainly
based on the evaluation of the thermal aspects whenever the
uncovered surface does not exhibit relevant mineralization
phenomena. The heating of the uncovered surface must be
taken well below the critical temperature. For metal thick-
ness of the order of microns and above, estimations can be
achieved roughly considering a thermally insulated metal
film of thickness l, subjected to a heat flux correspond-
ing to a homogeneous laser absorption intensity Ia(t) =
(1 − R)I (t), where R is the reflectance of the metal surface
and I (t) the incident laser intensity. The one-dimensional
temperature rise in the sheet is described by the following
(see [85] and references therein):
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where Km and Dm are the thermal conductivity and diffu-
sivity of the metal, respectively. Dm = Km/(ρmCm), with
ρm and Cm density and specific heat capacity of the metal,
respectively.

Conversely, when the thickness is small like that of gold
leaf (0.1–0.5 µm), the conduction of the substrate is impor-
tant even when it is insulating and the following “metal sur-
face layer approximation” can be used [85, 92]:
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where, as above, the index i indicates an insulating substrate,
such as for example glue and minerals, which represents the
most typical situation, η = z/2(Dit)

1/2, b = riCi/Cm1, with
Cm1 the thermal capacity per unit area of the metal.

Laboratory irradiation tests and associated numerical es-
timations using (1) allowed demonstrating that for mercury
amalgam (fire) gilding, gold laminas, silver, and other pre-
cious metal alloys sheets, LQS1 Nd:YAG(1064) lasers are
very effective and in most conservation cases represent the
best solution. For fire gilding the pulse duration optimiza-
tion criterion is provided by the condition l = lth where lth =
2(Dm · tL)1/2 is the thermal diffusion length: tL = l2

th/4Dm.
Shorter pulses drastically increase the temperature in prox-
imity of the irradiated surface, while longer pulses could be
acceptable up until the second term of (1), which quanti-
fies the reflection contribution, and gets predominant with
respect to the first one, corresponding to the semi-infinite
medium component. Thus for example, it was shown that a
constant radiant exposure of 150 mJ/cm2 (Fa) using pulse
duration between 6–100 ns (Gaussian profiles) roughly pro-
duces surface temperature rises ranging between about 450–
150°C, respectively [84].

Pulse duration longer than about 100 ns does not seem
to be convenient for uncovering metal film of the order of
a micron since the reduction of the metal heating these in-
volve also corresponds to a significant increase of the clean-
ing threshold, with consequent risks of massive heating by
internal reflections, thermal deformation, and melting of the
film. Laser cleaning of a thick metal layer does not involve
this limitation; thus also microsecond pulses (SFR) could be
effective whenever the ablation efficiency and final appear-
ance can be considered acceptable.

SFR lasers also provided unique results for uncovering
gold leaf (mordant or oil gilding) from organic patinations
and deposits. Practical observations on laboratory samples
were coherent with the temperature estimations achieved us-
ing (2). Thus for example, the measured damage threshold
of gold leaf glued with silicone were 60 and 291 mJ/cm2

(Fath) for LQS and SFR, respectively, while the correspond-
ing temperatures were about 1200°C and 500°C.

These general physical laser approaches were demon-
strated in several cases of gilding decorating the impor-
tant masterpieces mentioned above, as well as for several
silver artifacts. Conversely, overall applications to copper
alloy statues are still rare. Similarly, despite several stud-
ies having been reported, also the application to iron ob-
jects still remains at the experimental level. Hereafter, we
briefly describe the recent restoration work carried out on
the Etruscan statue named the Arringatore from Florence’s
National Museum of Archaeology and report some remarks
on laser treatment of iron objects in order to provide further
examples of effectiveness.
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Fig. 11 Representative stratigraphy of the Arringatore including: an
organic binder patination (d), a black tenorite layer (c), corrosion min-
erals (b), and bronze substrate (a, missing)

3.2 Mineralized bronze surfaces: the Arringatore and
related general implications

The Arringatore is an Etruscan large bronze of uncertain dat-
ing between II–I centuries b.C. It is a life-size statue (height:
180 cm) found in XVI century near the Lake Trasimene
in Middle Italy and acquired by the Grand Duke Cosimo
I in 1566. Supposedly, the statue underwent several undoc-
umented restoration and maintenance works along the cen-
turies.

Thorough investigations were carried out within the re-
cent restoration of this masterpiece in order to collect in-
formation on technological features and define the cleaning
protocol. Let us focus here on the overall SFR Nd:YAG laser
treatment, which was carried out for removing a brown-
black patination applied in the past. Here, we also exploit
the present example case study for discussing some general
aspects of laser treatment of mineralized copper alloy sur-
faces.

The unwanted patination was an organic-matrix layer of
some hundred microns including silicates, calcite, gypsum
and a pigment load of carbon black and ochres, along with
sporadic presence of Ca- and Cu-oxalates deriving from the
mineralization of the binder. This was assessed through sev-
eral XRD, FT-IR, and stratigraphic analyses.

Figure 11 reports a representative stratigraphy showing
from the innermost to the outermost layers: (a) bronze sub-
strate (not visible in Fig. 11); (b) copper minerals, mainly
including cuprite and chlorides; (c) an irregular tenorite-rich
black layer, also including cerussite, cassiterite, and chlo-
rides; (d) organic-matrix intentional patination; the tenorite
layer is a very peculiar feature, which could represent evi-
dence of the original ancient patination. Anyway, apart from
this interpretation we will approach elsewhere, the Cu(II)
oxide lying on Cu(I) oxide corresponds to the level of the
original surface to be uncovered.

Water-assisted SFR Nd:YAG laser irradiation at opera-
tive fluencies around 2 J/cm2 was used to partially ablate
and thermally disaggregate the organic-matrix patination;
then the cleaning was mechanically finished using scalpel

Fig. 12 Laser-assisted cleaning test (laser treatment then scalpel) car-
ried out on the right shoulder of the Arringatore

Fig. 13 Comparative laser-assisted cleaning tests carried out on the
Arringatore (see the text)

and brush. Such a preliminary treatment was relatively ef-
ficient and self-terminated. It was carried out using a pulse
repetition rate of 10 Hz and a spot flying time below one
second.

Figure 12 displays the final result of a test using such
a cleaning procedure. The recovery of the surface readabil-
ity is evident as well as the tenorite black layer intimately
bond to the metal substrate. Tests were also carried out in
order to evaluate the possibility of a standalone laser treat-
ment. To this goal LQS Nd:YAG laser was used at fluences
between 0.6–1 J/cm2. However, the uncovered tenorite sur-
face exhibited evident ablation and an undesired appearance
(Fig. 13). Even though mechanical finishing and homoge-
nization were apparently satisfactory with a similar appear-
ance as areas cleaned using SFR laser and scalpel, the action
of the LQS laser on the tenorite and bronze substrate was
judged less controllable or too invasive. Such a choice has
a more general valence since, till now, the safe uncovering
of black mineralization or black paint layers in wall paint-
ings was possible only using SFR lasers. This is allowed by
the low efficiency and large operative fluence range of this
temporal regime.

The Arringatore also offered the possibility to apply laser
irradiation to remove undesired incoherent copper minerals
after mechanical cleaning. This was needed for example for
the right arm where a deeper mineralization and lack of the
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Fig. 14 Arringatore’s right arm: comparison between two cleaning
treatments with mechanical and laser finishing, respectively

tenorite layer were encountered. As visible in Fig. 14, SFR
Nd:YAG laser irradiation at low fluences allowed a deeper
degree of cleaning with respect to mechanical finishing and
then allowed one to control the final chromatic hue of the
surface uncovered. Let us discuss in some more detail this
feature.

Systematic irradiation tests allowed demonstrating that
SFR laser heating at sufficiently high fluences induces abla-
tion and local phase transformation of unstable copper min-
erals such as chlorides and carbonates. The chemical reac-
tions of interest are the following:

Cu2(OH)3Cl
220°C−→ H3O+ + Cl− + 2CuO, (3)

2CuCO3 · Cu(OH)2

180°C−→ 2CuO + Cu2O + 2H2O + 2CO2 + 1

2
O2, (4)

which foresees phase transformations of chlorides and mala-
chite in tenorite occurring at relatively low temperature. The
former (3) suggests that laser irradiation can contribute to
contrast the cyclic corrosion of bronze [105] through the
removal of chlorine and the formation of stable Cu(II) ox-
ide, thus acting as a passivating treatment. The amount of
chlorides transformed, the depth of such transformation, and
then the associated surface darkening effect can be con-
trolled through suitable pulse duration and fluence selec-
tions. In our experience, this goal is better addressed us-
ing microsecond laser pulses at fluencies between about 2–
5 J/cm2. Conversely, nanosecond laser pulses can be useful
for ablating incoherent mineral distributions when the metal
surface is shielded by relatively deep mineral layers, which
can avoid surface micromelting effects. These features are
of particular interest in museum maintenance treatments.

In the case of the Arringatore, the final laser treatment
in rough and chlorides-rich areas was assessed using LIPS
depth profile analysis. A significant reduction of 422.64 nm
(superposition of Cl I and Ca II)/458.7 nm (Cu I) line in-
tensity ratio was produced by the final laser irradiation of
the surface previously uncovered through SFR laser irradi-
ation and scalpel. Such cleaning, finishing and passivation

Fig. 15 Chlorine depth profile before and after cleaning in two steps
showing significant reduction after laser finishing. The tests were car-
ried out on a corroded Roman lamina

Fig. 16 The bust of the Arringatore after cleaning

effects were also assessed in a more systematic way on a Ro-
man bronze lamina cleaned using SFR laser irradiation and
brush 13 years ago, which exhibited a diffused presence of
hydroxy-chlorides efflorescence. For this sample the analy-
sis was specifically focused on chlorine by using its isolated
line at 837 nm (Cl I) normalized with Cu I line at 809 nm.
The passivation effect was confirmed through ten depth pro-
file measurements performed before and after the SFR laser
treatment each measured in close proximity (Fig. 15).

The bust of the Arringatore restored is displayed in
Fig. 16. It represents a very peculiar case of laser cleaning
with a final appearance slightly darker than before cleaning
but with a more readable surface and a reduction of corrod-
ing agents.

3.3 Ironworks

The laser removal of rust from iron artifacts is a rather safe
treatment, which can be carried out using nanosecond or
microsecond laser irradiations in dry condition, as for tra-
ditional mechanical cleanings. The high critical temperature
of iron makes surface micromelting rather more controllable
than for copper and precious metals. The application of laser
cleaning is simpler with respect to the traditional method-
ologies based on microsandblasting and brushing since it
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Fig. 17 Protection net of a XVII century helmet: result of the laser
treatment (bottom). The diameter of the iron ring is about 6 mm

Fig. 18 Example of laser treatment test of a modern iron key

does not require any special set up, which allows operating
in situ.

The main feature of laser treatment of iron artifacts is the
drastic darkening of the uncovered surface independently
from pulse duration and wavelength. It was observed using
SFR [103] and QS Nd:YAG, as well as CO2 lasers [99]. Ex-
amples are reported in Figs. 17, 18 showing tests carried out
on the protection net of a XVII century Indian helmet and on
a modern key, respectively. After a set of comparative trials,
which pointed out the advantages of laser treatment with re-
spect to microsandblasting, the helmet was entirely cleaned
using QS Nd:YAG laser irradiation at about 0.7 J/cm2 [104].
The test on the key represents the case of a deep cleaning and
passivation using SFR laser irradiation at several J/cm2. This
was carried out only in order to show the effect of an inten-
sive laser treatment, rather than to propose it as a satisfactory
restoration result, which cannot be defined here in a univo-
cal way. Despite the high fluence used, no surface melting
phenomena were pointed out through ESEM examinations.
These practical tests support the possibility to suitably inte-
grate the laser treatment within the restoration work in place
of microsandblasting.

However, a thorough interpretation of the blackening ef-
fect is of fundamental interest before promoting the exten-
sive application of laser approach to ancient and modern ar-
tifacts. Literature contributions assume the “dehydration” of

Fig. 19 Rusted iron: Raman spectra of untreated and laser treated ar-
eas. Red ∗: lepidocrocite. Black ∗: hematite. Black o: magnetite

the rust as responsible process, according to the following
reactions [99]:

2 α-FeOOH (goethite) [or γ -FeOOH (lepidocrocite)] + hv

→ γ -Fe2O3 (maghemite) + H2O (5)

6 γ -Fe2O3 (maghemite) + hv → 4 Fe3O4 (magnetite) + O2

(6)

After testing X-ray diffractometry, which did not allow
detecting phase changes associated with laser irradiation,
Raman spectroscopy measurements were performed. Fig-
ure 19 shows representative spectra of a heavily corroded
Roman sword before and after SFR Nd:YAG laser treatment.
Observed bands at 252, 379, 527, 643 (shoulder) cm−1,
which characterize the spectrum before cleaning, are as-
cribed to the vibrational modes of the mineral lepidocrocite,
γ -FeOOH, (red*), which rules out the effects of transforma-
tion of lepidocrocite in maghemite due to Raman excitation,
also reported in literature [106].

In contrast, the spectrum detected after laser cleaning
shows characteristic Raman bands of hematite (α-Fe2O3)
at 224, 287, 404, 492 and 606 cm−1 (black*). The band
at 650 cm−1 is instead ascribable to magnetite (Fe3O4) or
wustite (FeO) (black◦).

The predominance of hematite after laser treatment is
compatible with the documented transformation of mag-
netite, wustite, and maghemite in hematite [106, 107]. Thus,
in particular, for magnetite:

Fe3O4
200°C−→ γ -Fe2O3

400°C−→ α-Fe2O3 (7)

The band at 650 cm−1 could not be ascribed to that of
maghemite since the Raman spectrum of the standard shows
a band at 680 cm−1, which should disappear completely dur-
ing the irradiation because of its phase transformation under
laser excitation. This band should hence be associated with
magnetite, taking into account that a frequency shift of about
10–15 cm−1 of the magnetite band at 660–670 cm−1, was
observed already at low Raman excitation power [106].
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Apart from these phase discrimination details, the trans-
formations detected (lepidocrocite in hematite and mag-
netite), as well as other possible phase changes of Fe-
hydroxides in hematite, magnetite, and/or wustite associated
with the pulsed laser heating represents a passivation and
stabilization of the metal surface. Incoherent and porous rust
layers embed water moisture and pollutants and take them
in contact with the metal substrate, thus favoring the con-
tinuation of its slow dissolution. Furthermore, the loss of
rust through environmental physical actions re-exposes to
some extent the metal substrate and accelerates its dissolu-
tion mechanism. Laser treatment tests show the formation of
a coherent layer of stable oxides, which shields the substrate
from water and acid rains attacks thus favoring its long term
conservation.

It is worth noting that the present experimentation was
carried out on areas of the mentioned Roman sword soon
after the laser treatment and after about 14 years, by exploit-
ing laser irradiation tests carried out in 1997 [103]. It is also
important to note that no discolorations with respect to the
typical dark gray or new formation of rust were observed
along such a long period of time.

Laser irradiation of corroded iron artifacts involves abla-
tion, chemical passivation, and structural stabilization. The
degree of cleaning, spatial extension of passivation and sta-
bilization and, to some extent, the final chromatic appear-
ance can be controlled by suitably scaling fluence and laser
pulse duration. Choices concerning these specific features
strongly depend on the type of artifact and restoration phi-
losophy, but indubitably the laser approach can provide sim-
ilar final appearances as traditional cleaning with addition of
chemical-physical effects, which increase the effectiveness
and durability of the conservation treatment. These features
are of significant interest also for modern objects.

4 Wall paintings

Along the last five years, the effectiveness of the so-called
intermediate pulse duration approach, which refers to the
use of SFR and LQS Nd:YAG(1064 nm) lasers, was also ex-
tensively shown in a set of wall painting conservation works.
Once again, we do not refer to the first investigations but
rather to those documented rigorous extensive applications,
which provided results of general practical value.

The problems approached included the removal of white-
washes, aged Paraloid®, white and black calcareous crusts,
which correspond to the case studies of the wall paintings
of the Sagrestia Vecchia and Cappella del Manto in Santa
Maria della Scala, Siena [45, 108], donjon of the Castle
of Quart [45, 109], double cubicle P of the catacombs of
Santa Tecla, Rome [110], and the cubicle named “dei for-
nai” of the catacombs of Domitilla, Rome [111]. The results

of these cases of extensive application (i.e. concerning laser
treatments carried out on some tens of square meters) were
unexpectedly and impressively good. As for other artifacts,
SFR and LQS laser regimes significantly extended the oper-
ative fluence ranges with respect to QS lasers, thus allowing
controlled removals and minimized undesired effects. How-
ever, preliminary positive results were also documented for
QS, which was tested in order to remove various encrusta-
tions [112, 113].

At the same time, the effectiveness of Er:YAG lasers has
also been reported for a series of wall painting cleaning
problems. Tests on laboratory samples and real fragments
were reported [114, 115] but extensive applications are still
missing.

The thermal sensitivity of pigments represents a main
topic of investigation. Tests using QS Nd:YAG(1064 nm)
have shown that, in general, iron pigments exhibit the high-
est alteration thresholds with respect to shorter wavelengths
[116]. In the next section we summarize the results of
the systematic studies carried out on some iron pigments,
which supported the application cases of LQS and SFR
Nd:YAG(1064) lasers mentioned above.

4.1 Systematic approach to Nd:YAG(1064) laser cleaning
of wall paintings

Samples were prepared according to the buon fresco’s tech-
nique [117] on ceramic supports (about 10 × 10 cm). The
pigments used were: hematite, yellow ochre, red ochre, raw
Sienna, and green earth. After some weeks, the pictorial
samples were suitably coated having in mind cleaning prob-
lems of practical interest by applying: (1) a suspension of
carbon black and gypsum in acetone to mime a thin black
crust; (2) a thin whitewash layer on the previous black crust,
as encountered in real cases; (3) Paraloid B72® mixed with
amorphous carbon and gypsum in order to simulate the dark
and optically absorbing Paraloid layer encountered in the
case study of the Sagrestia Vecchia mentioned above.

In all the cases the main aim of the technical samples
prepared in the present work was to simulate to some ex-
tent the physical parameters encountered in practical cases,
which determine the ablative effects of laser irradiation.
These are mainly related with the optical, thermal and me-
chanical properties of the materials under irradiation. Con-
versely, the laboratory samples should not be intended here
as a simulation of the real deterioration phenomena, which
are and will remain very badly replicable in laboratory. Fur-
thermore, it seems also useful to recall that besides help-
ing to describe basic mechanisms, systematic ablation tests
on technical samples are mainly exploitable in comparative
studies in order to point out the most significant interaction
differences associated with different irradiation parameters.
This is the basis of the physical approach to the laser clean-
ing problems.
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Irradiation tests were carried out using QS, LQS, and
SFR Nd:YAG lasers in dry and water-assisted conditions. In
dry conditions discoloration occurred at relatively low flu-
ences, while water assists fully prevented this phenomenon,
which was never observed, neither during laboratory tests
nor in applications in real cases. Laser discoloration of iron
pigments in wall paintings is an easily avoidable effect.

The damage fluence thresholds in water-assisted condi-
tion, Fd, for one and 25 laser shots, as determined through
micromorphological examinations (optical and ESEM-EDX)
and colorimetric measurements, are reported in Table 1
along with the reflectance (R) of the samples. It shows a
significant increase of Fd with the pulse duration, up to
above 4 J/cm2, while a relevant reduction was found when
increasing the number of laser pulses, which evidenced the
occurrence of cumulative effects. The thresholds of QS were
too low with respect to the cleaning threshold of the various
samples. Table 2 lists the operative ranges in water-assisted
conditions, which allowed achieving satisfactory cleaning
results.

The most critical and sometime untreatable situation was
that with whitewash alone, whereas its removal was strongly
simplified when it was in superposition onto the black crust.
Whitewash spallation was achieved already at 0.2 J/cm2 us-
ing the LQS laser, almost independently of the pigment.
The complete removal of the underlying black crust was
achieved already at about 0.3 J/cm2. However, this case was
also treatable using the SFR laser and by combining the two
temporal regimes, as clearly shown in Fig. 20. Colorimet-
ric assessments in cleaned areas showed the complete chro-
matic recover with color differences (�E) under the percep-
tivity threshold of human eye.

It appears (Tables 1, 2) that the operative fluence ranges
were rather narrow in some cases. Anyway, similarly to
other laboratory simulations, it should be underlined that the
main aim of the present experimentation was the comparison
among different laser approaches, while the thresholds de-
termined should be considered just as indicative values. As
a matter of fact, till now, the damage thresholds encountered
in real cases were significantly higher than those of the sys-
tematic experimentation. This is reasonable due to the better
degree of carbonatization of the real pictorial layer with re-
spect to prepared laboratory samples.

Let us consider for example the case study to the cat-
acombs of Santa Tecla in Rome [110], where laser abla-
tion was extensively used in an entire cubicle in order to
remove calcareous crust growths in this hypogean environ-
ment. Figure 21 show a typical stratigraphy including cal-
careous crust (c), an ancient deposit of lump black (p), a red
ochre-based pictorial layer (b) and eventually the substrate
(lime plaster with sandy aggregate, a). SFR laser allowed
the selective removal of the thick calcareous crusts around
3 J/cm2 (for thick crust) and then of the underlying black

Table 1 List of frescoed laboratory samples tested, their reflectance at
1064 nm, and damage thresholds

Pigment R (%) Laser Pulses Fd (J/cm2)

Hematite 43 SFR 1 2.2

25 2.0

LQS 1 1.3

25 0.6

QS 1 0.2

Red ochre 72 SFR 1 3.0

25 2.2

LQS 1 1.3

25 0.6

QS 1 0.2

Yellow ochre 61 SFR 1 3.9

25 3.0

LQS 1 1.0

2 0.94

25 0.7

QS 1 0.3

Raw sienna 55 SFR 1 4.0

25 2.7

LQS 1 1.0

2 0.8

25 0.7

QS 1 0.3

Green earth 63 SFR 25 3.3

LQS 1 1.2

2 1.2

25 0.9

QS 1 0.4

crust by rising the fluence up to 5 J/cm2 (Fig. 21). In this
way, it was possible to treat ochre-based painted areas (red
and yellow, as well as black pigmented zones using a lower
peak fluence (Fig. 22a). In zones where the calcareous crusts
were thinner also LQS1 laser was effective using fluences
around 1 J/cm2 (Fig. 22b). Furthermore, LQS1 was more
effective than SFR for the complete removal of the carbon
black layer (p), as is recognizable in Fig. 22b.

During the optimization of this restoration work we
also noticed a possible advantage of using multiple pulses
(LQS2, LQS3), which apparently allowed to reduce the flu-
ence with respect to SFR laser by maintaining similar effi-
ciency and effectiveness. Laboratory tests were carried out
in order to investigate this feature.
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Table 2 Operative cleaning ranges of prepared wall painting sam-
ples in water-assisted conditions providing satisfactory cleaning re-
sults. n.p.: not practicable

Sample Treatment SFR LQS

Hematite black crust n.p. 0.4–0.7

limewash on black n.p. 0.5–0.6

Yellow
ochre

black crust 1.3–3 0.4–0.6

limewash on black 1.9–2.1 0.4–0.5

Red ochre black crust 2.0–2.2 0.6–0.7

limewash on black 2.5–3.0 0.5–0.7

Raw Sienna black crust 1.3–3.0 0.4–0.6

limewash on 1.9–2.1 0.4–0.5

Green earth black crust 2.7 0.5–0.8

limewash on black 2.0–2.7 0.5–0.7

Fig. 20 Selective removal of whitewash and black crust on frescoed
laboratory samples

Black crust and whitewashes were applied on aged fresco
samples (after two years of preparation). The layer of lime
was between 70–200 µm, which induced some variation of
the removal thresholds. The histogram of Fig. 23 confirmed
the observation suggested by the practical application in the
catacombs of Santa Tecla. When using LQS laser pulses
with one, two, or three peaks, the increase of the threshold
for removing the lime layer was relatively moderate. Thus,
the threshold for three peaks was significantly lower than

Fig. 21 Paleo-Christian wall paintings of the catacombs of Santa
Tecla, Rome. Representative stratigraphy (top): (a) lime plaster with
sandy aggregate; (b) pictorial layer; (p) carbon black deposit; (c) cal-
careous crust. Single shot cleaning tests (bottom): level p uncovered at
3 J/cm2, level b uncovered at higher fluence

that of the equivalent length SFR pulse (80 µs). This could
be usefully exploited whenever encountering very weak or
thermally unstable pictorial layers where the photomechan-
ical and photothermal effects associated with the fluence
needed using single-peak LQS1 or SFR lasers could be in-
vasive. On the basis of this principle, some zones of the
paleo-Christian pictorial cycles of the cubicle of Santa Tecla
were cleaned using LQS2 and LQS3, according to the spe-
cific phenomenology.

5 Easel paintings

Easel paintings represent the main challenge of laser clean-
ing. Despite several works having been reported since the
early 1980s [118–120], including systematic investigations
on laser interaction effects induced on pigments, binders,
and varnishes, as well as some case studies, the laser ap-
proach is still far from conservation practice.

Various laser systems were tested, such as excimer lasers
emitting at 308, 248, or 193 nm [118, 121–126], Free Run-
ning (FR) Er:YAG(2.94 µm) laser [119, 127–129], and QS
Nd:YAG(1064, 532, 355, 266 nm) lasers [116, 130–132].
The potential use of the latter was mostly investigated in
laboratory tests aimed at assessing the stability of pigments
and paint layers under different irradiation conditions.
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Fig. 22 Paleo-Christian wall paintings of the catacombs of Santa
Tecla, Rome: (a) effectiveness of SFR Nd:YAG laser on different pig-
ments, (b) comparison with LQS1 laser

Fig. 23 Comparison among laser spallation thresholds of whitewash
on black crust using single (LQS1), double (LQS2), and triple (LQS3)
peak LQS Nd:YAG laser pulses

Despite the laser-material interaction mechanisms asso-
ciated with UV radiation emitted by excimer (or high or-
der harmonics of QS-Nd:YAG) lasers being very different
from the ones of the specific near-IR wavelength emitted
by Er:YAG laser, their use in the cleaning of painted sur-
faces has a common feature. In both cases the basic idea
is to exploit the very short optical penetration depth (less
than 1 µm), which is significantly smaller than the thick-
ness of the layer to be usually removed (aged varnishes, de-
posits, over-painting etc.). In recent years this approach also
brought the proposal of ultrashort lasers in order to minimize
undesired side effects.

Studies on the picosecond and femtosecond laser pulses
were carried out, which provided promising results
[46, 133–136]. The potential of these last generation lasers
was investigated using prepared laboratory samples includ-
ing doped single and multiple polymer layers. The selective
removal of the outermost layer was demonstrated also ex-
ploiting fluorescence and other optical techniques for moni-
toring the ablation process [137–140].

As evidenced in various parameterization studies, the di-
rect irradiation of the paint layer by UV radiation produces
discoloration and ablation effects occurring at the operative
fluences of the laser cleaning [122, 125, 137]. In specific
case studies excimer laser irradiation was used for lighten-
ing aged varnishes, ablating incoherent deposits at relatively
low fluences, and removing over-painting layers under care-
ful monitoring of the uncovering process [125, 141].

Side effects can be minimized when using ultrashort
laser pulses. Thus for example, a direct micromorpholog-
ical change associated with nanosecond and femtosecond
UV laser irradiations pointed out that the latter involves
reduced alterations with respect to the former [142]. Very
interestingly, it was also proved that ultrashort UV laser
irradiation (213 nm, 150 ps) can avoid discoloration ef-
fects [143]. On the other hand a recent study evidenced the
occurrence of cumulative effects when using multiple fem-
tosecond pulses [144].

Experimentations using FR Er:YAG laser pointed out the
occurrence of thermal side effects when directly irradiat-
ing the paint layer [128]. Problems arise from the lack of
thermal confinement due to the long pulse duration (200–
400 µs), whose corresponding thermal diffusion length is
above one order of magnitude larger than the optical pen-
etration depth in typical materials of interest. Besides the
mentioned experimentations [127, 128], systematic tests are
still being carried out on canvas and wooden panel paintings
for the removal of varnishes, over-painting, black carbon,
and animal glue [145].

Within this picture and having in mind all the practi-
cal limitations associated with the laser sources proposed
to date, we retained our interest to preliminarily test the ap-
plication perspectives of QS and LQS1 Nd:YAG(1064 nm)
lasers.

5.1 Exploring the potential of Nd:YAG(1064 nm) laser for
cleaning easel paintings

About 30 laboratory samples were prepared according to the
following procedure: (1) application of gypsum and rabbit
glue on wooden panel (15 × 15 cm); (2) application of paint
layers using the pure and mixed pigments listed in Table 3;
(3) application of a black carbon layer representing an accu-
mulation of deposits or of vanish (dammar or mastic) doped
with carbon black.
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As mentioned above, we prepared laboratory samples
in order to simulate to some extent optical, thermal, and
mechanical features encountered in practical situations and
carry out comparative evaluations, without facing the diffi-
cult task to simulate real deterioration phenomena. In par-
ticular, we focused on the removal of dark varnishes often
encountered in conservation practice, which can have very
different origins. As regards some details, a relevant case is
that of the so called pigmented varnishes applied by the au-
thors themselves or by late hands in order to achieve aged
appearances. Besides this, deep darkening can also be the
result of complex deterioration phenomena including oxida-
tion, deposits, alteration of impurities, and other.

All the irradiation tests were carried out without any liq-
uid assists. The lowest fluences that produced observable al-
terations to the paint layer after one or ten LQS Nd:YAG
laser pulses were carefully determined through microscopy
inspections. The main alterations observed were blanching
or darkening (linseed binder) effects, which were precursors
of ablation of the paint layer observed at higher fluences.

Very surprisingly, single pulse-damage thresholds be-
tween 0.8–2.8 J/cm2 were determined, apart from cinnabar,
lead white, and minium, whose sensitivity to laser heating
is well-known. The occurrence of damages was strongly de-
pendent on the type of pigment while the influence of the
binder was generally less pronounced, but not negligible.
The damage threshold significantly decreased for repetitive
irradiation (ten pulses), which indicates that the cumula-
tive alteration effects starts at fluences well below those de-
rived by single-pulse tests. Thus, for example, the estimated
thresholds of red ochre decreased from 1.2 to 0.7, from 1
to 0.8, and from 0.8–0.4 in egg tempera, fat egg tempera,
and linseed oil, respectively. As said, the worst situation was
confirmed to be that of lead white, cinnabar, and minium.
As well known these pigments exhibit darkening or black-
ening effects at relatively low fluences. Very interestingly,
the damage threshold increased when lead white was mixed
with red ochre or lapislazuli (Table 3). However, only the
discoloration of cinnabar was permanent, whereas a chro-
matic recover of lead white and minium was observed in
the course of about a week, as also reported in the litera-
ture [131].

As for wall paintings, the values of Table 3 should not
be intended as absolute, since irradiation trials carried out
after several months confirmed that aging produces a general
tendency toward a higher resistance of paint layers to the
laser irradiation.

Cleaning tests for removing black carbon layers and
darkened varnishes were carried out. For most of the sam-
ples the possibility of selective partial or complete uncover-
ing was demonstrated (Fig. 24) using the operative fluence
ranges indicated in Table 3. The complete cleaning without
any observable side effect was achieved also for green earth
and lapislazuli mixed with lead white.

Fig. 24 Evidence of gradual removal on prepared samples of black
crust on yellow ochre in egg tempera (a) and of doped dammar on red
ochre (b) and malachite (c) in egg tempera, which were achieved using
LQS1(120 ns) laser

Fig. 25 Cross-section showing the partial removal of doped varnish
from red ochre in egg tempera

The uncovered surfaces were characterized through col-
orimetry and microstratigraphy. An example of partial
cleaning of red ochre paint is displayed in Fig. 25. Extensive
characterization of laser cleaning phenomenology and of the
degree of cleaning allowed proving practicable treatments
of the samples with sufficient degrees of self-termination of
the ablation processes. The high homogeneity of the energy
distribution within the laser spot, which is guaranteed by
fiber-coupling of LQS Nd:YAG lasers, was very helpful for
achieving the gradual removal.
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Table 3 Reflectance, damage thresholds, and cleaning ranges of prepared pictorial samples

Binder Pigments R (%) Alteration thresholds Carbon
black

Varnish

Number of laser
pulses

1 10

Egg tempera Pure pigment

Yellow ochre 45 1.2 0.7 0.3–0.4 0.2–0.4

Red ochre 57 1.2 0.7 0.2–0.3 0.2–0.4

Burnt Sienna 42 1.8 1.2 0.2–0.3 0.2–0.5

Malachite (light) 20 1.2 0.9 0.2–0.6 0.2–0.5

Azurite (dark) 50 1.2 0.7 0.2–0.3 0.2–0.5

Lapislazuli 35 1.1 0.9 0.1–0.3 0.2–0.4

Cinnabar 67 0.3 n.m. n.p. n.p.

Lead white 65 0.3 n.m. n.p. n.p.

Mixed pigments

Verdigris/Yellow Naples (50%–50%) 36 0.95 0.7 0.2–0.3 0.2–0.3

Green earth/lead white (80%–20%) 39 1.0 0.6 0.2–0.3 0.2–0.3

Fat egg tempera Pure pigment

Yellow ochre 64 1 0.4 0.2–0.3 n.m

Red ochre n.m. 1 0.8 n.m. n.m.

Yellow Naples 86 1 0.3 0.1–0.3 n.m.

Malachite (light) 23 1.3 0.9 n.m. n.m.

Lapislazuli 37 1.6 1.2 0.2–0.3 n.m.

Burnt Sienna 41 2.7 1.4 0.2–0.3 n.m.

Linseed oil Pure pigment

Yellow ochre 60 1.4 0.5 0.2–0.3 0.2–0.3

Red ochre 74 0.8 0.4 0.2–0.3 0.2–0.4

Burnt Sienna 36 2.8 1.8 0.2–0.3 0.2–0.5

Yellow Naples 91 1.2 0.6 0.1–0.3 0.2–0.4

Cinnabar 61 0.3 n.m. n.p. n.p.

Minium 81 0.5 n.m. 0.1–0.2 0.1

Mixed pigments

Yellow ochre/lead white (80%–20%) 79 0.3 n.m. n.p. n.m.

Red ochre/lead white (80%–20%) 53 0.9 0.2 n.p. n.m.

Verdigris/Yellow Naples (50%/50%) 40 1 0.8 0.2–0.3 n.m.

Lapislazuli/lead white (90%–10%) 38 1.6 0.3 0.1–0.2 n.p.

5.2 Optical aspects of Nd:YAG(1064) laser irradiation of
paint layers

The investigation of the potential of laser cleaning of easel
paintings using 1064 nm involves irradiation and heating of
the paint layer. Besides the precise determination of dam-
age thresholds reported above (Table 3), it is of fundamental
importance to estimate the optical penetration and associate
heating at the pigment level. To reach this goal, reflectance,
transmittance, and scattering measurements were carried on

yellow and red ochre, and malachite, in order to achieve pre-
liminary estimations of the optical parameters.

Phase functions f (θ) and associated anisotropy factor,
g, of various pigments were determined through angular en-
ergy distribution measurements. Paint layers of the various
pigment analysed (yellow ochre, red ochre, and malachite)
above 20 µm thickness exhibited an almost isotropic distri-
bution of the transmitted energy, which was satisfactorily
fitted with a Rayleigh scattering phase function (Fig. 26):

f (θ) ∼ 1 + const · cos2(θ). (8)
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Fig. 26 Scattering phase function of yellow ochre in egg tempera: fit-
ting of the experimental data with a Rayleigh scattering function

This allowed us to put g = 0 and determine the scatter-
ing and absorption coefficients, μs and μa, using the the-
ory of fluxes by Kubelka-Munk [146], which provides the
Kubelka-Munk scattering and absorption coefficients K and
S through the inversion of reflectance and transmittance for-
mulas. In the case of isotropic scattering, as for the present
paint layers, K and S are related with the scattering and ab-
sorption coefficients μs and μa through the following ex-
pressions [147]:
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

μa = ηK, μs = χS,

η = (ϕ−1)(1−a)
ξ(ϕ+1)

, χ = − a(ϕ−1/ϕ)
2ξ

,

ϕ2−1
2ϕ

= 1+R2−T 2

2R
,

ϕ = ξ+ln(1−ξ)
ξ−ln(1+ξ)

, a = μa
μa+μs

.

(9)

In this way the absorption and scattering coefficients, μa

and μs, and hence the effective optical penetration depth δ

were derived for the three pigments investigated: δ = 97,
187, 224 µm for malachite, yellow ochre and red ochre,
respectively. Such relatively deep penetrations, along with
the high reflectances limit the temperature rises under laser
irradiation and then broaden the operative fluence ranges
for cleaning. Thus for example, maximum temperature rises
under an absorption flux of 100 mJ/cm2 of about 5–9°C,
2–4°C, and 2–4°C can be roughly estimated for the three
pigments using �T (z) = Fae

−z/δ/δCi. For this calcula-
tion, based on volume-heating, specific heat capacities Ci

ranging between 1100–1800 J/kg K were used, which rep-
resent the range of variation from epoxy to natural rub-
ber. Similarly, the temperature of the doped dammar used
for ablation experiments was estimated to be between 3–
6°C/(100 mJ/cm2).

The results achieved for the other pigments and further
aspects of optical properties of pictorial layers will be more
extensively discussed elsewhere starting from the methodol-
ogy described above.

Fig. 27 Ablation rates of doped dammar using QS and LQS1 Nd:YAG
lasers

5.3 Nd:YAG(1064 nm) laser ablation rates of absorbing
varnishes

As for the removal of black crusts from stones, it is in-
teresting to measure the dependence of the ablation rate
of absorbing varnish on the laser fluence and pulse dura-
tion. Measurements were carried out on relatively thick sam-
ples of dammar homogeneously doped with carbon black
producing an optical penetration depth of 147 µm, as es-
timated through direct measurements and the methodology
described in the previous section. The dammar varnish was
prepared at 30% in White Spirit (30 g/100 ml, wt/v%), then
1 g of carbon back was added (2.5 wt%).

Ablation tests were carried out on a film of doped
dammar with a thickness of about 230 µm on red ochre in
egg tempera using LQS1 and QS Nd:YAG(1064 nm). The
ablation depths produced by several laser pulses were mea-
sured using a contact-microprofilometer and, as usual, nor-
malized to the single pulse rate. The number of pulses was
varied from four (at high fluences) to 100 (limit of the low
fluences). The fluence range explored was extended up to
2 J/cm2.

The results for QS and LQS1 lasers are reported in
Fig. 27. As for black crusts, the former provided a higher
efficiency at low fluences, whereas above 0.9 J/cm2 the rates
of the two lasers were practically coincident.

One interesting aspect was the observation of a sort
of efficiency jump in the ablation curves around 0.6 and
0.8 J/cm2 for QS and LQS1 laser, respectively, which sepa-
rates two different behaviors. The rate as a result was found
to be formerly (low fluences) linear and then exhibited a
typical saturating behavior after the mentioned jump, whose
possible origin is discussed below.

These features indicate the ablation phenomenology of
the two temporal regimens is similar but, at the same time,
very different from what observed for black crusts. A fit-
ting with the blow-off scaling law would make no sense in
this case. Furthermore, for the LQS1 laser we observed that
at a given fluence the first laser shot was significantly more
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efficient than the others, whose ablation rate is almost con-
stant. The efficiency jump was much more evident in abla-
tion rates achieved using only the first pulse. This was likely
due to the drastic changes of the optical properties of the ir-
radiated surface after the first laser shot, which produces a
rather whitish and diffusive appearance. The ablation curve
of LQS1 laser (Fig. 27) should consequently be intended as
a quantification of an averaged removal effect, which is of
practical interest.

6 Study of the photomechanical aspects of the ablation
processes

As reported in several works, photomechanical effects are
supposed to play an important role in laser ablation pro-
cesses involved in laser cleaning of cultural assets. Never-
theless, to date no direct measurements were reported in or-
der to objectively support this assumption and provide some
quantitative evaluations of pressure wave involved in the
material removal process.

Pressure sensors were realized using 9 µm thick metal-
ized PVDF piezoelectric foils, as shown in Fig. 28. The
irradiated sample was the upper component of a sequence
of strata including a thin gel layer to ensure the mechan-
ical continuity between the sample itself and the underly-
ing PVDF foil, which is in turn glued to a thick Plexi-
glas base taking care to avoid the formation of air bubbles.
The two metalized sides of the PVDF foil were connected
through a short coaxial cable to the high impedance input
of the oscilloscope. In this configuration the voltage V (t)

is proportional to the pressure p(t) with sensitivity in the
order of 1 mV/bar, depending on the area of the pressure
front Ap. If the thickness of the sample is much smaller than
the area of the laser spot, AL, a planar approximation can
be assumed with Ap = AL. This allows one to derive the
following proportionality law: V (t) = d33 · AL · p(t)/Ctot,
where Ctot is the total electrical capacitance of the circuit
and d33 = 20 pC/N the piezoelectric coefficient. Ctot is prac-
tically determined by PVDF foil’s capacity (1 nF) that of the
cable (20 pF) and of the oscilloscope (10 pF) being practi-
cally negligible.

The more systematic pressure transient measurements
were carried out for doped dammar slabs with a thickness
of 600–700 µm using 10 ns (QS) and 120 ns (LQS1) laser
pulse durations. The irradiation spot was about 2 mm while
the fluence was varied between 0.1–2 J/cm2 using suitable
neutral filters. In this condition the attenuation and diffrac-
tion of the pressure transient before hitting the PVDF sen-
sor are moderate (see below) and consequently the profile
measured is almost coincident with that propagated by laser
irradiation in close proximity of the irradiated volume.

Fig. 28 Setup for measuring pressure transient generated by laser ir-
radiation

The behaviors of the pressure temporal profiles for the
two lasers are reported in Fig. 29. At low fluences al-
most symmetrical double-phase (compression and stretch-
ing) pressure profiles were detected, whereas the positive
pulse started to be predominant already around 0.2 J/cm2

for the QS laser, while this threshold was slightly higher for
the LQS1 laser (around 0.4 J/cm2). Afterwards, the com-
pression phase got much more intense than stretching and
its width slightly increased. Without entering the problem
of the precise quantification of the pressure peaks, which
also requires some consideration on possible reflections oc-
curring before the piezoelectric foil, let us note that pressure
peaks of about 225 bar were detected for the QS laser at
1.1 J/cm2, while the corresponding maximum for LQS1 was
about 97 bar (Fig. 29). These values represent underestima-
tions because of the reflection at the sample-gel interface.

One more interesting feature concerns the width (FWHM)
of the positive peak, which was almost constant around
100 ns for the QS and between 155–210 ns for the LQS1

regime. Finally, the measurements of the pressure wave
speed into the dammar bulk provided very variable values,
from 1900 to 3000 m/s. This variation showed a dependence
on incident fluence and the values measured for QS were
higher than for LQS1 laser.

Very interestingly, a similar behavior as for doped varnish
was observed when irradiating a thin slab of prepared black
crust with the QS laser (Fig. 30). Differently, the width of
the profile was significantly larger, ranging between 200–
300 ns when passing from double to single phase with the
increasing of the fluence.

The previous features can be interpreted to some extent
through the theory of photoacoustic generation.

6.1 Interpretation of the pressure transients and ablation
processes

The laser generation of symmetrical double-phase pressure
transients as those measured at low fluences (Figs. 29, 30) is
theoretically described through the optoacoustic thermoelas-
tic generation theory [148, 149], which can be summarized
as follows.
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Fig. 29 Behavior of the pressure transient temporal profiles as mea-
sured during QS and LQS1 Nd:YAG laser irradiations of doped
dammar at increasing fluences

Fig. 30 Pressure profiles measured during QS Nd:YAG laser ablation
of black crust

Laser irradiation of an absorbing liquid with pulse dura-
tion short enough to realize the thermal confinement con-
dition (tL 	 tth) generates fast thermal transients within
the irradiated volume and hence associated pressure rises.
This produces a pressure wave, which propagates into the
medium with a quasi-sonic speed. This thermoelastic gener-
ation is described by the general wave equation:

∇2p − 1

c2

∂2p

∂t2
= − β

Cp

∂ε

∂t
, (10)

where c is the sound speed, Cp the specific heat capacity at
constant pressure, and β the thermal expansion coefficient
of the liquid, while ε(x, y, z, t) is the laser energy density
released into the liquid.

For the present purposes, let us confine the model to the
one-dimensional planar case [148, 150], which holds under
the condition dL/2 � δ, where dL is the laser spot diame-
ter. Two different solutions of the propagation equations are
determined for rigid (r) and free (f) boundary conditions,
respectively:

pr(t̄) = βδ

2πCptL
·
∫ +∞

−∞
Ia(t

′) · ψ(t̄ − t ′) dt ′,

pf(t̄) = δ

ctL
· dpr(t̄)

dt̄
,

(11)

where t ′ = t/tL, t ′ = tL(t − z/c) denotes the reduced time
of the co-moving coordinate. ψ is the thermoelastic transfer
function for the rigid boundary condition [148, 150]:

ψ(t − t ′) = π

(
ctL

δ

)2

e− ctL
δ

(t−t ′). (12)

The transit time along the distance δ is named elastic re-
laxation time, tel = δ/c. If tL < tel, the pressure into the irra-
diated volume increases along the whole laser pulse duration
since the elastic relaxation occurs at longer times. This de-
fines the inertial or pressure confinement condition, which
gives rise to a high-pressure gradient at the interface. In prin-
ciple, this condition can be realized when using short pulse
duration (e.g. a few nanoseconds) on materials exhibiting
relatively large optical penetrations (e.g. several tens of mi-
crons).

The compression phase is generated by thermal expan-
sion whereas the development of a rarefaction phase in free
boundary condition is due to the propagation and reflec-
tion of the compression wave at the solid-air interface. The
acoustical reflection coefficient is defined as

Rac = Z − Z0

Z + Z0
, (13)

where Z0 and Z are the acoustic impedances of air and liq-
uid, respectively (Z = ρc). Since we have Z � Z0, (13)
provides Rac ∼= −1, which corresponds to a total reflection
at the water-air interface, which is accompanied by a phase
inversion producing the rarefaction peak described by (11).

Despite the whole model above having been developed
for absorbing liquids, it can provide useful information also
in other situations. Thus, in particular, it has been widely
used in the physical diagnostics of laser ablation of soft bi-
otissue [151, 152], which has a predominant water content
(70–80%). This is the first time the present theory is experi-
mentally applied in order to investigate the ablation mecha-
nisms in laser cleaning of cultural assets.

6.1.1 Pressure transients generated in absorbing dammar
and associated ablation channels

In general, let us observe that the thermoelastic optoacous-
tic model can be used to describe the generation and propa-
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gation of the longitudinal pressure transient component as-
suming that the transverse (or shear) one is negligible or cut
away. Without entering into problem of the transverse com-
ponent in natural resins, let us note that traveling through the
coupling gel layer put between the sample and the PVDF
sensor (Fig. 28) stops any possible shear component.

On the basis of our previous experiences [152] we can
say that apparently the pressure signals of Fig. 29 are not
relevantly affected by diffraction effects, as suggested by the
presence of single-phase compression peaks. The character-
izing parameter of diffraction is given by D = z/LD, where
LD = d2

L/4λac, with λac acoustic wavelength. The latter can
be achieved from the duration of the compression pulse
tac as measured in close proximity of the pressure source:
λac = 2tac · c. By considering the present pulsewidths and
speeds: λac = 380–600 µm for QS and λac = 589–798 µm
for LQS1. Thus, at z = 600–700 µm (thickness of doped
dammar samples used) D = 0.2–0.5, which is allowed, at
the present level of discussion, assuming low diffraction ef-
fects.

The propagation of pressure transient during QS laser
irradiation (sound speed 1900–3000 m/s) corresponds to
propagations z = 19–30 µm, which is lower than the mea-
sured δ = 147 µm or equivalently tL < tel = 70 ns. This
means the pressure rise occurs in inertial confinement con-
dition. In this case the acoustic wavelength is determined
by the optical penetration depth: λac = 2δ. The latter can
provide an independent estimation of δ in a purely ther-
moelastic regime. Here, at the lower speed one achieves
δ = 190 µm, which could still be considered to be not so dif-
ferent from the measured value. Conversely, at higher speeds
such estimation gets incongruent, thus suggesting that over-
pressure produced by the QS laser has a non-linear ori-
gin, i.e. pressure transients are only apparently thermoelas-
tic. This provides a qualitative explanation of the relatively
higher photoacoustic conversion efficiency of QS with re-
spect to LQS1 laser. However, ablation by inertial confine-
ment (i.e. produced by positive overpressure) was not ob-
served, since in this case one would expect a strong reduc-
tion of the compression and the lack of the rarefaction phase
should be observed at low fluences.

During LQS1 laser irradiation the pressure wave prop-
agates outside of the irradiated depth (z = 228 µm). The
acoustic wavelength is hence determined by laser pulse du-
ration, which is roughly in agreement with the measured
pulsewidth of the compression peak (155 ns).

For both the lasers, the symmetry of the pressure transient
was lost above some hundreds mJ/cm2. Nevertheless, the
compression phase had an almost constant width up to sev-
eral hundreds of mJ/cm2. This behavior reveals that the main
cause of the material removal has to be attributed to the de-
structive stretching produced by the negative pressure phase
in proximity of the varnish’s outer surface. The slight broad-
ening of the compression peak observed for LQS1 laser at

Fig. 31 Dependence of the compression peaks associated with QS and
LQS1 laser irradiations on the fluence

higher fluences could likely be due to the development of
a small recoil stress component due to the raising fluid-
dynamic contribution.

However, spallation is an important component of the ab-
lation process but also the softening of the material and other
phenomena seem to be significantly involved. A key of in-
terpretation is suggested by the discontinuity of the ablation
rate plots (Fig. 27), which is also observable in the plot of the
positive pressure peak as a function of the fluence (Fig. 31).
The present efficiency jumps observed at about 0.6 and 0.8
for QS and LQS1 laser, respectively, have to be associated
to the first phase transition of the dammar resin, which is the
glass transition occurring at a temperature of Tg = 39–40°C.

The glass transition is an important phenomenon occur-
ring when heating polymeric materials. Above Tg the energy
within the material induces a rotation of the main molecu-
lar chain segments, which produce an increase of the free
volume of the polymer, and then an increase of the ther-
mal expansion and elastic coefficients. The material does not
melt (Tm is much higher than Tg); rather it is softened, even
though Tg should not be confused with softening Ts, which
refers to the macroscopic softening occurring at higher tem-
perature (for dammar Ts ∼= 90°C, Tm ∼= 180°C).

Hence the discontinuities of Figs. 27 and 31 are reason-
able due to the glass transition of dammar. Conversely, the
macroscopic softening and liquefaction occurring at higher
fluences is a gradual process, which does not produce any
observable irregularity.

According to the results of optical measurements and
temperature estimation, the maximum surface temperature
at the ablation thresholds (0.15–0.25 J/cm2 for the two laser
temporal regimes) is between 5–15°C (the uncertainty is due
to the lack of dammar’s specific heat). This is in good agree-
ment with detected phase explosion threshold whether as-
suming the average value (10°C/200 mJ) for the LQS1 laser
(about 0.8 J/cm2) while that of QS laser is slightly lower
(about 0.6 J/cm2). Before trying to explain such a difference,
we have to focus on an apparently major feature: in which
way can the action of a rarefaction wave produce ablation of
a solid material at only 10°C temperature rise?
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Fig. 32 Swelling of doped dammar after about 100 LQS1 laser shot
at 0.2 J/cm2: example of 2D profile extracted from the 3D microscopy
relief of the irradiated area

Irradiation tests at low fluence (around the ablation
threshold) allowed to point out that many LQS1 laser pulses
(around 50–100) formerly produces a slight surface swelling
from some tens of microns up to about 100 µm and then an
irregular material detachment starts on such micropromi-
nence. Figure 32 displays an area of about 2 mm after irra-
diation with 100 LQS1 laser shots at 0.22 J/cm2, which is
close to the estimated ablation threshold (Fig. 27). This phe-
nomenon put in evidence the occurrence of under-threshold
cumulative (or incubation) effects, which get important
when irradiating the surface with many pulses. At higher
fluences the swelling of the material is replaced by ablation.

The alteration of the material at very low fluences raises
two orders of considerations. From one side it is important
to investigate to which extent under-threshold cumulative
effects can be exploited in combined cleaning approaches,
where LQS1 laser irradiation could be used to weaken the
structure of the varnish thus allowing an easy removal us-
ing mild mechanical and/or chemical actions. On the other
side, substantial insights are needed in order to gain a deeper
knowledge of the phenomenon, which could be due to a
superposition of contributions such as energy transfer at
molecular level, action of the photomechanical wave, opti-
cal inhomogeneities of the doping, and material impurities.
The latter likely play an important role also for single pulse
irradiation at higher fluences. Dammar resin contains vari-
ous substances exhibiting phase transitions at lower temper-
atures, such as for example dammar waxes [153].

The hypothesis of minor phase changes preceding the
massive glass transition at 0.6–0.8 J/cm2 could also ex-
plain the high amplitude and broadening of the compres-
sion peak observed when using the QS laser. Whereas this
phenomenon could be less photomechanically pronounced
for the LQS1 Nd:YAG laser. This interpretation was also
suggested by comparison of the experimental pressure tran-
sients with those provided by the 1-dimensional photoacous-
tic generation theory briefly summarized above.

In Fig. 33 we tried to simulate the leading edge of the
profile produced by QS laser at 0.2 J/cm2. As shown, the
slope of the pressure rise is achieved, to some extent, by

Fig. 33 Numerical simulation of photoacoustic generation produced
by QS Nd:YAG laser irradiation of doped dammar at 0.2 J/cm2

assuming a propagation speed of 3600 m/s. On the other
hand, the calculated peak is rather narrower than the mea-
sured one. Once again, this evidences that a non-linear pres-
sure generation was superimposed to the thermoelastic ef-
fect, which better represents the peak profile generated by
LQS1 laser (Fig. 34). The almost perfect coincidence of the
calculated peak with the measured profile in the latter case
was achieved by assuming a propagation speed of 1900 m/s.

The picture of laser-varnish interaction phenomena re-
figured above allows for formulating the following descrip-
tion of the ablation processes. At low fluences, the varnish
is weakened by low-threshold softening processes; then the
stretching phase of the photo-generated pressure transient
detaches a given amount of material. This ablation channel
is what was previously named primary spallation [44, 45].

When the stretching wave gets destructive it disappears
from the pressure transient, since spallation also “interrupts”
the reflection at the dammar-air interface. This is the reason
why symmetric rarefaction peaks are observed only at very
low fluences, whereas already at 0.2 J/cm2 for QS and at
0.4 J/cm2 for a LQS1 (Fig. 29) laser it starts to be heavily at-
tenuated because of the material spallation. Around the glass
transition fluences, the pressure peaks become single-phase
and that of LQS1 also exhibit a slight broadening (from 155
to 205 ns). The latter feature suggests the occurrence of a
cumulative effect given by the gradual switching toward a
fluid-dynamic regime. Actually, at 0.9 J/cm2 a similar fit-
ting as that of Figs. 33, 34 provides a speed estimation of
3600 m/s. The broadening is less pronounced for the QS
laser because, according to the previous discussion, its pho-
tomechanical generation cumulates a fluid-dynamic contri-
bution already at low fluences.

6.1.2 Laser ablation of black crust

Pressure measurements carried out on black crust under QS
laser irradiation (Fig. 30) support the qualitative descriptions
of the ablation processes involved in laser cleaning of stone
reported in previous works [45].
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Fig. 34 Numerical simulation of photoacoustic generation by LQS1
laser irradiation of doped dammar at 0.2 J/cm2

Despite the discrete nature of the optical absorption, a
macroscopic double-phase pulse was observed at low flu-
ences (some hundred mJ/cm2), which preserves only the
compression phase and gets broader at high fluences.

The sound speed in the composite medium given by black
crust and water assists was estimated to be about 2300 m/s.
For a laser pulse width of 10 ns the corresponding propaga-
tion length is 23 µm, which is in the same order of magni-
tude as the measured optical penetration δ = 27 µm and then
laser irradiation is not inertially confined.

Laser ablation can be driven by fast thermal expansion
or by vaporization of a given amount of water around ab-
sorbing centers. As a matter of fact no discontinuities were
found in ablation rate curves, which suggested the vaporiza-
tion was predominant since the beginning (at low fluences)
but the removal was strongly assisted by photomechanical
generation. An estimation of the typical radial size of the mi-
crovolume vaporized is derivable from the thermal diffusion
length lth = 2(Dw · tL)1/2 (Dw: thermal diffusivity of water):
76 nm, 264 nm, 4.8–8.3 µm for QS(10 ns), LQS1(120 ns),
and SFR (40–120 µs), respectively. The comparison of oper-
ative energy densities with εcr estimated enables us to make
the following considerations.

For SFR laser pulses the energy densities at the threshold
are compatible with a massive vaporization of water con-
tent (εw = Cw · �T + Qw = 2591 J/cm3, with Cw at con-
stant pressure specific heat and Qw latent heat of vaporiza-
tion of water); conversely, for QS and LQS1 regimes one
achieves a kind of paradox for the blow-off model used to
fit the ablation rates (Figs. 2–4) since the vaporization is
almost negligible. Let us consider the operative fluences:
0.8 J/cm2 for QS(10 ns), 1.5 J/cm2 for LQS1(120 ns) and
7 J/cm2 for SFR (100 µs). The corresponding energy densi-
ties for δ = 20–30 µm are: 267–400 J/cm3, 500–750 J/cm3,
2333–3500 J/cm3.

SFR laser energy densities are compatible with the va-
porization of a relevant fraction of the water that imbibes
the irradiated volume, which produces a vapor plume of-
ten noticeable to the naked eye. Conversely, the correspond-

ing amount for short pulses (QS and LQS1) could be al-
most negligible but a large increase of volume is associ-
ated with the phase explosion, because the heating is much
more localized. The pressure peaks detected for the QS show
the generation of a coherent macroscopic pressure transient
(Fig. 30) produced by the superposition of the many micro-
scopic sources whose stretching phase can substantially con-
tribute to the removal process.

The width of the positive phase observed ranges be-
tween 170–300 ns, which evidences a “prolonged” compres-
sion action of the ablation plume due to the fluid-dynamic
regime, which is better described by blast theory (see for
example [154] and references therein). Conversely, it is not
reasonable to assume an alteration of the optical penetration
of a factor ten, which could alternatively explain the present
duration.

Likely, also the case of the removal of calcareous strati-
fications on wall paintings (Figs. 20–22) involves a similar
explosive vaporization of the water assists around the car-
bon absorbing component between crust and pictorial layer.
The resulting removal process has been previously indicated
as secondary spallation [44, 45], since it is produced by a
pressure generation beneath the non-absorbing whitish crust
rather than in the irradiated volume, as for primary spalla-
tion. However, this case needs further specific investigations
also to clarify the existence and a possible role of the stretch-
ing phase. This feature will be the subject of forthcoming
studies.

7 Conclusions

The things reported above aim at supporting the broaden-
ing of the application perspective of adjustable pulse du-
ration Nd:YAG(1064) lasers. The advantages this approach
provides in cleaning of stone and metal artifacts, as well
as in passivating treatments of corroded bronze and iron,
were shown through laboratory investigation and example
applications. In this respect, insights on compositional fea-
tures were achieved using portable LIPS and Raman spec-
troscopy, two diagnostic techniques, which are for cases of
interest ready for replacing traditional invasive laboratory
analyses and provide prompt compositional answers in situ.

Preliminary tests on the removal of biodeteriogens and
graffiti from stone artifacts suggest a potential practical use-
fulness of Nd:YAG laser’s second harmonic (532 nm) in or-
der to address such problems. We are now performing ex-
tensive trials in restoration yards in order to verify this pre-
liminary conclusion.

Suitable pulse duration Nd:YAG(1064) laser systems
were also used for removing deposits, limewashes applied in
the past, and calcareous crusts from wall paintings. In these
cases, the observed behavior of the ablation thresholds of
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multiple-peaks LQS laser pulse with respect to SFR laser is
very interesting, since it extends the control on the photome-
chanical and photothermal generation during the cleaning
treatment.

Finally, the preliminary results reported on samples re-
lated with the laser cleaning of easel paintings using QS and
LQS1 lasers pointed out interesting application perspectives,
which motivate the need of future application tests on con-
crete conservation problems. The projection of the experi-
mentation here reported toward the case of optically absorb-
ing varnishes suggests that phase transitions and primary
spallation could play a fundamental role in the ablation pro-
cesses. The LQS1 laser allows a significant reduction of the
photomechanical effects with respect to the QS laser, thus
favoring a higher discrimination potential of the former.

Optimized pulse duration Nd:YAG lasers represent a
powerful tool in the conservation of cultural assets. While
also other laser approaches are explored, including different
sources and ultrashort pulses, the consolidation and exten-
sion of Nd:YAG application through systematic investiga-
tions is of crucial importance. Laser treatments in conserva-
tion will become enduring on the condition that the scientific
community will be able to extend the versatility of the laser
systems and support their practical employ. Frontier stud-
ies using very innovative laser sources are justified only if
they stimulate and strengthen the application of sustainable
technologies. Conversely, the risk to invert the route of the
successful technological transfer refigured in the introduc-
tion could get concrete.

Similarly to other advanced techniques, laser treatments
in conservation will have a long life only if a stable scien-
tific presidium will be established on its application and per-
manent updating. Despite the many case studies of the last
decade, the lack of internal competence within most of the
conservation institutions represents a weak point for the con-
solidation of the laser methodologies. Thus, now more than
ever, the state of the art provides concrete motivations for re-
search activities aimed at assessing the correct definition of
the laser treatments in restoration works, performing labora-
tory simulations, and basic studies on novel technologies.

Following this philosophy, we proposed here a proactive
overview of the state of the art by trying to renew the inter-
est on a set of laser cleaning aspects related with both the
physical interpretation and practical application, which are
still open.
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