
Snapshot: Modern laser technology can be successfully used 

to improve the conservation, non-destructive diagnostics, and composition analysis of paintings. 

In particular, excimer lasers are promising tools for surface cleaning of paintings, 

cleaning support material, such as canvas, paper, or wood, and recovering original paintings from 

overpaintings. The technique is based on the controllable removal 

of surface layers by photoablation. 

BY COSTAS FOTAKIS 

Art conservation is integral 
to maintaining our cul
tural heritage. For painted 
artworks particularly, 
cleaning is a critical ele
ment in the conservation 

process. Effective diagnostic techniques that character
ize the chemical and structural composition of painted 
works of art are crucial both in terms of the informa
tion they provide on the history of the painting and in 
relation to the application of the appropriate cleaning 
technique. Over the last 20 years the effectiveness of 
lasers for cleaning works of art has been established in a 
variety of applications. In the majority of cases, 
Nd:YAG lasers emitting 5-20 ns pulses in the near 
infrared (1.06µm) have successfully removed surface 
encrustations from marble, limestone, and frescoes.1,2 

The cleaning of corrosion from metals has also been 
demonstrated. In contrast, successful laser conservation 
of paintings has only recently been achieved by using 
excimer lasers emitting nanosecond pulses in the ultra
violet (193, 248, 308 nm) 3 . This is a particularly 
demanding application due to the delicate nature of 
paints and connecting media, which imposes severe 
limitations on the laser parameters used. This article 
focuses on aspects of the current collaborative research 
between the Laser and Applications Division of FORTH 
and the Conservation Department of the National 
Gallery of Athens led by Michael Doulgeridis. The tech
niques developed rely to a large extent on the adapta
tion of current know-how for medical and material 
processing laser applications. 

Conservation requirements for painted artworks 
In any maintenance procedure, the cleaning process 
relies on the gentle removal of contaminations and 
unwanted materials from surface layers. These may 
include harmful oxidizing agents, salts, polymerised 

materials, adsorbed particles, fungi and other organic 
and inorganic compounds, which have accumulated on 
the protecting varnish layers, the paint itself, or the sup
port material according to the history of the painting 
and the environment to which it has been exposed. 
Traditional methods, which are widely used by conser
vators, rely on mechanical and/or chemical means. For 
both of these approaches however, there is only limited 
control of the cleaning process. Thus, mechanical 
methods of cleaning may destroy the painting texture, 
while the application of chemicals, especially strong 
solvents, may affect the pigments and media or cause 
aging due to uncontrollable penetration through the 
body of the painting. 

Successful painting conservation by laser beams has 
been demonstrated recently.3 In contrast to the tradi
tional techniques, laser removal of unwanted surface 
layers may take place under conditions which ensure 
minimal thermal or photochemical influence on the 
underlying material. Furthermore, it allows the applica
tion of optical techniques to control the cleaning 
process in real time and to ensure the absence of dam
age. However, it should be pointed out that the assess
ment of the full capabilities and limitations of the rele
vant technology is still at an experimental stage and a 
close synergy of conservators, art historians, laser physi
cists, and material scientists is required in this respect. 

There are three major issues related to the conserva
tion of paintings: 
1. The cleaning of surface layers of varnish or contami

nated regions. 
2. The cleaning of the support material, which is usually 

canvas, wood, or paper. 
3. The removal of overpaintings. 

There are specific requirements related to each of 
these issues. For example, the surface cleaning of paint
ings usually involves removing the top layers of the 
contaminated coatings of varnish without exposing the 
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pigments underneath. Conservation of the support 
material frequently requires removal of adhesives and 
synthetic glues, which are affected by dirt and microor
ganisms minimizing paint adhesion. Finally, cleaning 
of paintings, which have been overpainted because of 
ignorance or vandalism, requires laborious procedures 
due to the usually unknown number and thickness of 
overcoatings and their preparations. 

Laser cleaning: 
Basic principles and 
important parame
ters 
The understanding 
of processes occur
ring when intense 
laser beams interact 
with solid targets has 
been the issue of 
extensive studies.4,5 

Selective excitation 
and evaporation, 
thermal and photo
chemical ablation, 
and shock wave for
mation are some of the mechanisms involved in this 
respect. The relative importance of these mechanisms in 
laser cleaning applications may be determined by the 
selection of laser parameters such as wavelength, peak 
power, fluence, pulse duration, pulse shape, repetition 

rate, and irradiation geometry, in combination with 
material parameters such as the absorption coefficient, 
reflectivity, thermal diffusivity, enthalpy of evaporation 
and heat capacity. For example, shock wave effects lead
ing to ablation of large amounts of material seem to be 
the dominant mechanism for cleaning marble and lime
stone by Q-switched Nd:YAG lasers in the near infrared, 
while ablative photodecomposition of molecular mate

rials may play an 
important role when 
paintings are cleaned 
by excimer lasers 
which emit in the 
ultraviolet. 

A complete theory 
of the ablation 
process is a complex 
issue, since the full 
range of photophysi
cal, thermal, mechan
ical, and chemical 
properties of the 
material should be 
taken into account 
together with the 

screening effects due to the plasma plume. However, 
several general guidelines for ablation by nanosecond 
lasers have been established: 
1) The degree and extension of material damage 

around the ablated zone decreases with decreasing 

Figure 1. An enlargement of a vertical cross section of a typical 
painting structure. The top red layer is ca. 80 µm thick. 

Contaminated protecting varnish can be seen on the surface. 

Figure 2. Surface cleaning by excimer laser. 
A 17th century icon before (2a) and after 

(2b) laser cleaning. 
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laser pulse width, τL and increasing absorption coef
ficient, a , at the laser wavelength. It is therefore pos
sible for the thermal penetration length 1 T, 
[1 T ~(D T τ L ) 1 / 2 where D T is the thermal diffusivity] to 
become equal to the optical penetration length l a 
( l α ~α - 1 ) and the laser interaction to affect only very 
thin layers of material. 

2) The threshold fluence decreases with increasing 
absorption coefficient, a , and therefore with 
decreasing laser wavelength since most materials 
absorb strongly at wavelengths in the ultraviolet. It is 
clear that the chemical composition of surface layers 
(protecting overcoatings and paints) and the nature 
of contamination are the critical factors in selecting 
the optimum laser parameters. 
On the basis of the above guidelines, it appears that 

excimer laser ablation is advantageous for the non
destructive removal of thin surface layers from painted 
artworks. It has been actually verified that layers of 0.5 
to 1μm thickness are removed per laser pulse when a 
KrF excimer laser, emitting at 248 nm pulses of τL~15 ns 
is used at fluences of 10 to 200 mJ/cm2 (unfocused) for 
the cleaning of varnished layers to egg yolk media-
tempera) based paintings. Considering that the thick
ness of a typical paint stroke is about 20 μm and the 
total thickness of protecting varnish layers is of the same 
order of magnitude, excimer laser ablation allows a fully 
controlled cleaning process. Using ultrashort KrF laser 
pulses (ΤL~500 fs), although it ensures the absence of 
any thermal effects, is associated with extremely low 

ablation rates. Figure 1 shows a vertical cross section of a 
typical painting, indicating the various layers of interest. 

Excimer laser cleaning applications 
The workstation for laser cleaning involves a computer-
controlled XYZ translator on which the painting is 
mounted and appropriate laser beam shaping and 
beam manipulation optics. Image processing tech
niques together with a module for broadband reflectog
raphy may be incorporated for on-line process control. 
As dirt disappears and a clean thin layer of overcoating 
is exposed, the intensity of the reflected light increases 
and stabilizes. During and after laser treatment, various 
diagnostics such as optical and scanning electron 
microscopy and profilometry, are usually applied to 
assess the quality of cleaning. 

A good example of surface cleaning by excimer laser 
is shown in Figure 2. Figure 2a shows a 17th century 
icon on the verge of disintegration. According to the 
conservators, there were no mechanical or chemical 
methods which could be applied for its conservation. 
The result of excimer laser cleaning is shown in Figure 
2b and demonstrates the effectiveness of the technique 
in demanding conservation applications. In several 
cases, laser irradiation removes surface contamination 
directly, while in others it loosens dirt sufficiently to 
allow the effective use of mild rather than corrosive 
chemicals for cleaning. 

Support material conservation applications by lasers 
have been successfully realized in canvas, wood, and 

Figure 3. Removal of overpainting by excimer laser: 
A 19th century overpainting (3a) is removed from a 14th 

century icon (3b). 
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paper. For example, black fungi, which usually affects 
the paper of paintings can be directly removed by KrF 
laser irradiation. 

An example of the recovery of a 14th century paint
ing from a 19th century overpainting is shown in 
Figure 3, page 33. Figure 3a shows the region of the 
overpainting before irradiation. Figure 3b shows the 
underlying original painting recovered after laser treat
ment. A section of the white plaster preparation made 
by the 19th century painter, as it appears during the 
laser processing, is also shown in Figure 3b. It should be 
mentioned that the texture of the original painting has 
been preserved, as has been proven by detailed profilo
metric measurements. 

Laser-based diagnostics 
The degree of success of any conservation technique 
relies on the availability of non-destructive diagnostic 
techniques. Two major categories of techniques can be 
distinguished in this respect: 
1) Techniques of macroscopic observation and imaging 

providing overall drawing and colour information. 
2) Analytical techniques providing information for the 

chemical composition of the art object. 
As mentioned previously, macroscopic observations 

made by reflectography can be applied for on-line 
monitoring of the cleaning procedure by lasers, safe
guarding against potential damages. The intensity of 
light monitored constitutes a convolution of absorption 
and scattering processes, occurring over the full optical 

penetration depth. Depending on the range of wave
lengths used, information for different layers of the 
painting structure can be obtained. For example, reflec
tographic observations in the range of 200 to 350 nm 
provide information for the top varnished layers, while 
in the range of 1.0 to 2.5 μm they may reveal the under
lying structure in the case of overpaintings. In this 
respect, illumination by tunable lasers allows layer-by-
layer observation of the artwork. 

Chemical analysis by laser induced fluorescence 
spectroscopy (LIF) is a technique which has been used 
in demanding medical diagnostics applications.6 A sim
ilar set up, developed by Theo Papazoglou at FORTH, is 
currently being investigated for non-destructive pig
ment analysis and to identify the presence of any pho
tochemical oxidation processes. System calibration and 
the creation of convenient databanks, which will facili
tate the deconvolution of the complex fluorescence 
spectra obtained are critical. This type of analytical 
information is of great interest to art historians and 
conservators and of great value for authentication pur
poses. Usually cw lasers such as the He-Cd laser, are 
used as excitation sources and the dispersed fluores
cence spectra are characteristic of the type of 
pigment(s). Pulsed laser systems for excitation may 
provide additional information through observation of 
the time evolution of fluorescence. 

Figure 4a shows an 18th century copy of the "La 
Bella" of Palma, which has been analysed non-destruc
tively by the LIF technique at the points indicated. 

Figure 4. Laser-based diagnostics. Reflectography in the 
ultraviolet (4b) and laser-induced fluorescence spectra are used for 

the non-destructive analysis of pigments. 
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Reflectography in the ultraviolet as shown in Figure 4b, 
reveals in Region 3 the presence of a restoration repair 
in which a paint providing a coloration similar to the 
original has been used. This is also demonstrated in 
Figure 5 by the wavelength-resolved LIF spectra, which 
can be used to identify corresponding pigments. The 
prospects of other laser-based spectroscopic techniques, 
such as Laser-Induced Breakdown Spectroscopy (LIBS), 
which involves the use of pulsed lasers (e.g. excimer, N 2 

or Nd:YAG lasers) for elemental analysis, are also under 
investigation for pigment and/or contamination analy
sis, and the control of the cleaning process. 7 

Computer-generated holograms for security encoding 
In recent collaborative work of the research teams of 
Trevor Ha l l at King's Col lege and Nikos Va inos at 
F O R T H , computer-generated holographic patterns 
have been produced on a great variety of metallic and 
p o l y m e r i c and other substrates by excimer laser 
microetching. 8 This scheme, which was initially devel
oped for the production of holographic optical inter
connect structures, is currently under investigation for 
holographic security encoding, part icularly for the 
authentication, validation and classification of valuable 
antiquities and works of art. The produced patterns are 
about 1 μ m 2 with less than 0.5 μ m depth pixels, 
depending on the design ho logram reconstruct ion 
wavelength. Binary phase or multilevel patterns can be 
produced by repetitive mask replication or single-pixel 
raster scanning. For most materials, single shot process
ing is adequate. 

A computer-generated hologram, carrying specific 
information concerning the artwork can be designed 
and etched on the surface of interest. Minimal damage 
occurs due to the small dimensions and etch depth. The 
hologram can be optically reconstructed revealing the 
enclosed information, which can be alphanumeric or in 
an encoded form for further processing. 

Future prospects 
Adopt ion o f current laser 
technology in art conser
v a t i o n a p p l i c a t i o n s is 
expected to lead to a sig
nif icant improvement in 
the cleaning and diagnos
tics techniques currently 
a p p l i e d in m u s e u m s , 
archaeological excavations, 
and conservation laborato
ries. A better understand
ing o f the processes 
involved, the development 
of relevant data banks, and 
the availability of on-l ine 
c o n t r o l o f the c lean ing 
p r o c e d u r e , w i l l be 
extremely useful in this 
respect. 

In the future, user-friendly, transportable, and flexi
ble workstations that incorporate diagnostic modules 
capable of efficient local use will be developed. Artwork 
will be cleaned "on-site" rather than at a location that 
requires dangerous and expensive transportation of the 
piece. Apart from controlling the cleaning process, the 
use o f lasers as diagnost ic tools may enhance our 
understanding of material use, provenance, and tech
nology in antiquity and provide a better insight into 
material deterioration processes, which will improve 
methods of protection. 
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Glossary 

Ablation: Removal of solid material by thermal 
and/or photochemical decomposition driven by 
pulsed laser irradiation. 

Laser diagnostics: Monitoring and analytical 
techniques based on the use of lasers. 

Laser induced breakdown spectroscopy: 
Spectral analysis of atomic emission observed in 
laser produced plasma. 

Laser induced fluorescence spectroscopy: 
Emission of fluorescence following laser irradia
tion. 

Micromachining: Machining of structures of 
micrometer size. 

Figure 5. Typical laser-induced fluorescence spectra of pigments giving a similar coloration. 
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