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Abstract

In the framework of the COBRA (Conservation of Cultural Heritage through Radiation and Enabling
Technologies) project a multidisciplinary study was carried out in order to restore the mural painting
of the dome of the S. Costanzo church in Ronciglione (Italy). Large difficulties were met during the
restitutive restoration of the original renaissance fresco decorating the dome, patronized by the Italian
Ministry of Cultural Heritage (SABAP RM MET). In fact, two and sometimes three layers of paint,
which lays on an extremely crumbled substrate were detected on the surface, in addition to large, deep
and complex degradation forms with the presence of eftlorescence. To solve such a critical situation,
researchers, conservators and laser cleaning system suppliers collaborated to plan the most appropriate
intervention. Laser-based diagnostics were employed to characterize different areas of the fresco
surface before and after cleaning tests. In particular, ENEA offered its prototypes of LIF (Laser Induced
Fluorescence) and RGB-ITR (Red Green Blue Imaging Topological Radar, an innovative 3D colour laser
scanner) in addition to a laser Raman system and an infrared camera for thermographic measurements
for both the material and degradation recognition and a micro-structural study. The results obtained
allowed pointing at the most suitable restoration and conservation strategies. The cleaning tests were
performed with both classical methods and lasers made available by EL.En. group. Different operative
parameters such as pulse duration, repetition rate, energy were tested. The laser employed made it
possible to overpass the difficulties encountered by other cleaning techniques: degradation and painting
layers were removed selectively, allowing bringing to light the original surface.

Keywords: Laser Induced Fluorescence, Raman spectroscopy, laser cleaning, Imaging Topological
Radar
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1. Introduction

In order to face a diagnostic/conservation/
restoration project, a broad collaboration
among different experts is needed. In
particular, art historians, conservators,
scientists and administrations (museum’s
managers, employees at departments of
National Cultural Heritage) have to work
in strict collaboration to obtain satisfactory
results. In fact, their jobs and their expertise
are complementary. Moreover, all of them
have questions to ask and answers to offer.
The term “archaeometry” was coined in
1958 as a name of the internal bulletin of
the Research Laboratory for Archaeology and
the History of Art of Oxford to provide an
answer to the Humanist’s questions: what is
that? How was it realized? What is the mate-
rial provenance? What kind of materials are
used? In the same period, between the years
1957 and 1959, the first lasers were created
and patented. Since then, archaeometry and
lasers had developed on different ways up
to 1970s when their paths crossed [1]. Since
that time, several spectroscopic and optical
laser techniques have been applied to art-
works and demonstrated their effectiveness,
mainly as case studies and only for “scien-
tific” purposes. The time is ripe for a more
synergistic and multidisciplinary approach
in artwork diagnostics and conservation.
The availability of low cost and well-tuned
laser instrumentation may help to fulfil this
request [2-5]. In this context, ENEA (Ital-
ian National Agency for New Technologies,
Energy and Sustainable Economic Devel-
opment) is carrying out a project called
COBRA (Conservation of Cultural Heritage
through Radiation and Enabling Technol-
ogies), funded by Latium Region (Ir13,
n.1031), which is addressed to the transfer

of innovative technologies and methodol-
ogies from research to CH end users and
SME involved in the conservation. In the
frame of the project COBRA, ENEA offers
technologies and expertise in creating dig-
ital services, mobile and fixed laboratories
to respond to end users’ requirements and
to the requests of the specialized market.
The first case-study was a multidiscipli-
nary action carried out in order to restore
the mural painting of the dome of the
S. Costanzo church in Ronciglione (Italy).
To solve the large difficulties met during
the restitutive restoration of the original
renaissance fresco decorating the dome,
researchers, conservators and suppliers of
lasers for cleaning collaborated to plan the
most appropriate intervention. Several areas
of the treated surface were analysed and
characterized by laser-based diagnostics
before and after cleaning tests. LIF (Laser
Induced Fluorescence) and Raman spec-
troscopy were applied to the recognition
of both constituent materials and degrada-
tion forms. A micro-structural study was
performed with an RGB-ITR (Red Green
Blue Imaging Topological Radar). Thermal
Infrared Technology was applied to detect
humidity in the walls, detachments, fissures.
Both classical chemical methods and lasers
made available by ELEn. group were tested
for the cleaning of the degraded painted
surface. After several evaluations, the most
suitable laser and operation parameters
were selected for every area. In the places
where no other techniques worked, the
laser cleaning allowed bringing to light the
original surface.

The characteristics and critical issues of
the dome decoration, details of the apparatus
used and the first results obtained are pre-
sented in the following sections.
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2. The decoration of the dome of
S. Costanzo

Historical documentation traces the church’s
origin back to the 16 century. During its
lifetime, the decorative setting has gone
through many changes, and the current
general appearance spans from the baroque
style of the altar to the neoclassic one of the
nave. The dome shared its fate: the ongoing
restoration work is showing the visible
coffered decoration of the 18t century,
concealing other more ancient decorations.
A long history of infiltration and careless-
ness had produced several damages such as
the decay of mortar, accretions, brittleness,
losses and flaking. The paintings appeared
to be in very poor condition, but yet several
different and fine decorative pieces were still
visible. An earlier overview highlighted the
presence of two/three layers of paint, irregu-
larly overlapped one to each other, laying on
a plaster substrate extremely disaggregated
and with the presence of efflorescence. In
Fig. 1 examples of the deteriorated surfaces
are presented.

On a disaggregated mortar, filled with
soluble salt deposits and altered materials
due to past infiltrations, there was a fresco
with a glory of angels, of very fine manufac-
ture, yet highly damaged and overpainted.
It presented painting holes, secco paintings

and strong decohesion. On such layer, there
was a polychromy at lacunars motif, painted
without any preparatory layer and engraving
the decorative pattern directly on the fresco
layer. In some areas, there was a third layer
having another polychromy with the same
lacunar motif of underlying layer. The deg-
radation of the polychrome multi-layer was
so dramatic that it could not sustain neither
the pressure of alancet nor the weight of
a compress. Then, issues encountered in con-
solidation, in identification of biodeteriogens
and of different pictorial techniques that were
used required accurate investigations and the
use of the least invasive techniques. Moreo-
ver, due to the large quantity of areas to be
evaluated rapidly (see Fig. 2), fast imaging
techniques were preferred in order to reduce
the time of the analysis.

After the first phase of the study of the
dome, of the decoration and of its degrada-
tion, the open questions were emphasised.
In fact, to face the consolidation and the
cleaning of the surface correctly, leading to
the restitution of the original renaissance
fresco, the conservators needed to know the
techniques (secco or tempera) used for the
outer layers, have knowledge regarding the
presence of biodeteriogens, detachment and
crack location. Moreover, since the first tests
of consolidation by acrylic resins showed
the lack of homogeneity in the distribution

Fig. 1. Deterioration of decorate surface of the dome.
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Fig. 2. The 360° view of the dome showing the major intervention areas (in light gray). The circumference at
80 cm is 14 m. The total dome area is 37 m? of which 22 m? with painting remains.

of the consolidants in the surface, their
penetration level and migration directions
had to be evaluated. Finally, the possibility
to perform a laser cleaning and its efficiency
were evaluated.

As in many real cases, referring to large
artworks, the main requirements were the
ability to work in situ (in uncontrolled
experimental conditions), in quasi-real time
conditions, in order to quickly find a solu-
tion to specific problems, mapping large
areas, without sampling. To meet them, the
techniques presented in next session were
selected.

3. Techniques

For the characterization of constituent mate-
rials and degradation forms Laser Induced
Fluorescence (LIF) and Raman spectroscopy
were used [5, 6]. For the latter, a portable
i-Raman spectrometer (B&W TEK Inc.,
USA) provided with a 785 nm excitation
laser source and a CCD detector thermoe-
lectrically cooled at 10 °C was chosen. The
spectrometer having a resolution of 3 cm™
covers the spectral range 789-1048 nm, cor-
responding to Raman shifts of 75-3200 cm™.
The excitation source is a GaAlAs solid state
diode laser with a power scalable in the range
3-300 mW. The laser power used during the

measurements was set to a few milliwatts
to prevent pigment photodecomposition.
Typical acquisition conditions were 1 to 10
accumulations with exposure times of 1-5s
each. For measurements a probe, equipped
with a quartz window and a spot diameter of
85 um, was used. It has two optical fibres: the
first is to deliver the excitation source and has
a 105 um core, the second is for the collection
and is characterized by a 200 pm core. For
LIF measurements a scanning prototype
able to collect hyperspectral fluorescence
images on large areas, realized at the ENEA
in the Diagnostic and Metrology Laboratory
of Frascati, was used. The system performs
a point by point scanning, suitable for
rapid investigations on large areas. A diode
pumped Nd:YAG laser source is utilized to
generate the UV radiation at 266 nm with
repetition rate of 20 Hz, pulse duration of
8 ns and energy up to 1.5 mJ, which is well
below the damage threshold previously tested
on fresco’s specimens. Each scan is monitored
by a portable computer in which a specific
program developed in LabView allows set-
ting experimental parameters and controlling
data acquisition. In the main control panel,
data are shown both as 2D monochromatic
images and LIF spectra, from 270 nm to 750
nm with a 2.5 nm spectral resolution, for each
pixel. Additionally, the LIF scanning system
can be utilized as hyperspectral analyser, with
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the laser switched off, to collect reflectance
images upon the availability of an intense
standard light source. For locating disconti-
nuities and detachments thermovision and
RGB-ITR (Red Green Blue Imaging Topolog-
ical Radar) measurements were performed
and compared. For thermographic measure-
ments a commercial infrared camera FLIR
T440 with frame rate of 60Hz, field of view
25° x 19°,a minimum focus distance of 0.4m,
thermal sensitivity <0.045°C at 30°C, a focal
plane array (FPA) uncooled microbolometer
320 x 240 pixels as a detector and a spectral
range between 7.5 and 13um was used. The
RGB-ITR is a scanner prototype developed
in DIM laboratory at ENEA Frascati: the
main feature of this system is the capability
to collect simultaneously both colour and
structural information by the use of three
amplitude modulated lasers and respective
photodiodes [7].

4. Diagnostic Results

Measurements were performed mainly in the
western and southern sectors of the dome,
which appear to be the most interesting and
rich in original fresco remains. With the LIF
system some different areas of about 0.25 m?
each were scanned with a spatial resolution

of about 1 cm. This value is a compromise
between the need of shortening acquisition
times and those of providing answers to the
specific questions asked by conservators. All
collected spectra were processed and used to
build fluorescence images, as the ones shown
in Fig. 3. To generate every image, spectral
data were filtered at the selected wavelength
and normalized by the maximum obtained
at such wavelength on the whole scan. In
particular, in Fig. 3, fluorescence images at
300 nm and 700 nm are reported. They are of
great importance because they are indicative
of the presence of acrylic consolidants on the
one hand and of photosynthetic microorgan-
isms on the other, according to literature [8]
and a database prepared thanks to laboratory
research conducted on known samples. In this
way, characteristics not visible by naked eye
were highlighted. The obtained results con-
firmed the presence of preferential migration
directions for consolidants injected in the
surface for the consolidation action (Fig.3,
centre), providing detailed maps which can
help conservators in the evaluation of the
consolidation technique.

The fluorescence spectra of the whole
surface are dominated by the presence of
large bands centred at 450 nm and 500 nm
due to the presence of CaCOj; and CaSOs,.
No signals that can be referred to organic

Fig. 3. An area examined by
LIF: standard image in visible
range (left), fluorescence
map at 300 nm, indicative of
acrylic consolidants (centre),
fluorescence map at 700 nm,
indicative of photosynthetic
microorganisms (right). In
the maps the colour is from
blue for low intensities to red
for higher intensities at the
selected wavelength.

257



Valeria Spizzichino et al.

binders, in agreement with a database built
in laboratory from known samples prepared
according to Cennino Cennini’s recipes [9],
were found on the surface. This observation
would exclude the use of a tempera technique
for the repainting of the dome, but rather
it would suggest the use of lime painting.
These results were confirmed by Raman
spectroscopy, which allowed to recognize
pigments and constituent materials. In the
outer layers in the dark spots a black carbo-
naceous pigment from animal sources (ivory
black or/and bone black) was individuated
(Fig. 4 left) [10]. In the original fresco in red
and pink areas, red ochre, mixed with CaCO;
and CaSO4x2H,0 was found (Fig. 4 right).
Moreover, characteristic signals from calcium
carbonate and sulphate were found on the
whole surface without any signals that could
be assigned to organic binders, in the limits
of detections of the specific instrument used.
In fact, spectral bands that can be assigned to
aliphatic modes (near 3000 cm™ and between
900 and 1500 cm™) or to carboxylic group
and unsaturations (1600-1800 cm™! region)
typical of most common historical binding
media (fresh and aged) were not detected
[11,12].

The RGB-ITR was used for digitalizing
before and after the laser cleaning interven-
tion. This kind of digitalization had a dual
purpose: the first was to have a historical
memory of the drawings before the cleaning
of the surface, the second to have two 3D
multispectral maps of the interested areas
for a semi-automatic detection of possible
colour or structural modifications caused by
the laser-cleaning intervention. This result
was obtained by superimposing the data
collected by different instruments (like LIE
RAMAN and thermography) on RGB-ITR
3D colorimetric meshes. The RGB-ITR was
tested only on a limited portion of the dome:
the rest of the structure was digitalized by
the use of a low-cost structured light sensor
called COBRAKIN. This latter sensor is
also able to collect high definition photos
by the use of a standard camera: this infor-
mation was affected by the environmental
lights, because it was impossible to create
a photographic light setup. For calibrating
these images the RGB-ITR colorimetric
information will be used. An example of the
images obtained is presented in Fig. 5. In this
figure, a thermogram of a selected area (in
the black box) is presented, too. Thermog-
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Fig. 4. Raman spectra for: black pigment in the outer layers (left) and for red pigment in the original fresco
(right). In the latter Raman lines from calcite (at 1084 cmY), red ochre (at 225, 291, 408 cm™) [13] and
CaS04xH,0 (492,621, 1007, and 1135 cm-1) are clearly visible.
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Fig. 5. on the left RGB-ITR
scan (on the west sector

of the dome) on the first
tests with a new prototype,
COBRAKIN. In the

box a thermogram with

a highlighted detachment

area in white-yellow.

raphy revealed widespread detachments of
the painted areas of the dome. They can be
attributable to phenomena of crystallization
of the soluble salts due to the presence of
rainwater and/or the biological attack. The
presence of overlapping layers of paint could
triggered widespread detachments of the
surface layers. External materials coming out
from previous restorations can be the reason
for the final degradation state. The images of
the upper dome levels showed very critical
conservation conditions due to rain water
infiltration (Fig. 6).

5. Laser cleaning

The laser cleaning technique [14-16] was
tested thanks to the collaboration with ELEn.
S.p-A.In particular, the system COMBO EOS
1000 was used. It is characterized by an emis-
sion at 1064 nm and two temporal regimes
in one system: Short Free Running (SFR)
mode, with a pulse duration ranging from
30 to 110 microseconds, and Long Q-switch
(LQS) regime with 100ns. The energy ranges
are 200—1400 m] for the SFR mode and from
150 m]J to 450 m]J for the LQS mode.

€ Fig. 6. Results of thermovision on the west sector,
same area analysed by LIF and presented in Fig. 3.
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The selection of the operation parameters
was particularly hard due to the high varia-
bility of impact points characteristics. In fact,
the laser beam can impinge on areas with
salts between fresco and the upper layers, on
cohesive and tenacious layers, on fresco layer
pulverized mixed with mortar, fresco layer
damaged and patchy, on mortar, or on wide
detachments. Moreover, chromatic selectivity
was impossible because of the presence of
polychromy in every different layer, which
caused main difficulties. Nevertheless, after
several tests the most suitable working
conditions for every kind of problems were
individuated. Both regimes were been used
depending on the micro-area under study
and for both of them the energy level was
manually modified empirically to obtain the
best result.

The successful outcomes of the laser clean-
ing are mainly due to a secondary spallation
effect that allowed to remove micro-portions
of the outer layers with high accuracy. An
example of the obtained results is shown in
Fig.7. Here the same area of the dome before
(left) and after (right) the laser cleaning is
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Fig. 7. Before (left) and after
(right) the application of laser
cleaning.

shown. As it is possible to notice on the
left, originally a lacunar damaged motif is
present and just some fragments of a human
figure are visible (mainly feet at the bottom
of the picture). The laser cleaning allowed
discovering a whole cantor angel (clearly
visible in the picture on the right). Thanks to
this painstaking cleaning work several angel
figures of good quality emerged.

Important results were obtained due to
an accurate and slow work of restorers that
cleared a large part of the surviving paintings
from repainting with the use of the laser.
As no other cleaning techniques could be
successfully applied on the most part of the
dome, the artwork was given up for lost up to
the use of the laser cleaning. The frescoes in
the dome of S. Costanzo proved to be a great
surprise: there are just rare and sporadic
documentary sources referring to it and no
publications that remember the existence of
this cycle. Further and deeper historic and
artistic studies are being carried out by the
SABAP RM MET.

After the removal of degradation and
outer decoration layers, alaser cleaning
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tests were carried out on the pitting due to
biological attack found on the original fresco.
Moreover, in the areas previously cleaned by
classical chemical manual methods, the EOS
Combo removed also a residual thin layer
of white patina. The remote colour meas-
urements obtained by RGB-ITR on areas
already treated with chemical approaches
showed that the colours obtained after the
laser cleaning are much more saturated than
before the intervention, highlighting the
ability of the laser cleaning to remove thin
patinas, impossible to eliminate by means of
other techniques.

The good performances of laser cleaning
have now allowed other important interven-
tions on the dome, first of all the consolida-
tion of plaster and the refurbishment of the
aesthetic appearance.

6. Conclusions

This work highlighted that the collaboration
among different competences of people
working on Cultural Heritage is necessary
to achieve a correct and comprehensive
restoration and conservation action. In fact,
the collaboration between conservators, art
historians and scientists allowed to verbalise
open questions, to identify more suitable
methodologies, to correctly read into the
results, to reach complete answers. Different
laser systems were used for diagnostics,
documentation and cleaning of the dome of
S. Costanzo church in Ronciglione (Italy).In
particular, a LIF scanning system and Raman
spectroscopy were applied to characterize the
materials (both original and used during res-
toration actions) and to obtain information
about techniques used for the different paint-
ing layers. Moreover, the ability of the LIF
prototype to produce fluorescence images

261

allowed to map bioattacks and preferential
migration directions of consolidants used by
restorers. The EOS Combo system by ELEn.
was used successfully for the effective clean-
ing of the surface, succeeding where classical
mechanical and chemical cleaning methods
had failed. The RGB-ITR prototype provided
both the mapping of cracks and detachments
in collaboration with thermography, and
a 3D colour documentation for technical and
media purposes before, during and after the
cleaning of the dome.
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