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Preface

The 5th International Conference LACONA V (Lasers in the Conservation
of Artworks) was held in Osnabriick (Germany) in September 2003.

LACONA'’s aim is to provide an opportunity for scientists from universi-
ties and research laboratories to meet and especially for restorers, art histori-
ans and laser manufacturers to present and discuss new results concerning the
application of laser technology in the restoration of artworks. This conference
also offers opportunities to initiate cooperative projects between professionaly
from the various fields of science and its application.

In 1995 this idea was realized for the first time by Professor Costas Fotakis
from Foundation for Research and Technology Hellas Institute (FO.R.T.H.)
in Crete, Greece, where 100 international attendees took part in LACONA 1.
Since then the field of “Lasers in the Conservation of Artworks” has gained
considerably in importance. As a consequence a large number of nationally
(e.g. DBU, Germany) and internationally funded (e.g. EU) research projects
have been carried out. Furthermore international working groups were es-
tablished (e.g. COST G7). There has also been a substantial increase in
publications concerning laser application in restoration since LACONA 1.
It has turned out that a close cooperation between scientists and restorers
seems to be of utmost importance for the future of laser applications in art-
work restoration. Based on the success of LACONA I, other LACONASs were
organized: 1997 in Liverpool, 1999 in Florence and 2001 in Paris.

LACONA V took place at the modern “Center for Environment Com-
munication (ZUK) of the German Federal Environment Foundation (DBU)”
from September 15-18, 2003. There were more than 80 presentations (50 oral,
30 posters) given by attendees coming from all over the world. While there
was a distinct decrease in presentations compared to previous LACONAs for
specific topics (e.g. laser cleaning of stone) the number of contributions in
other fields such as analyses and diagnostics strongly increased. This is also
true for online-monitoring during laser cleaning.

I am grateful to the members of the Scientific Committee as well as to
the Editorial Committee for their advice and support in reviewing all papers.
I also acknowledge the sponsorship by the “German Federal Environment
Foundation (DBU)” and the administrative support of the “Center for Envi-
ronment Communication (ZUK)”.



VI Preface
I would like to give my thanks to Dr. John F. Asmus, the pioneer in laser

cleaning, and to Professor Costas Fotakis, founder of LACONA, for the many
stimulating discussions and their assistance to LACONA V.

Steinfurt, August 2004 Klaus Dickmann



Contents

Art in the Service of Science
JF. ASTUS . o

Part I Laser Cleaning of Paper

Laser Cleaning Investigations of Paper Models

and Original Objects with Nd:YAG and KrF Laser Systems
H. Scholten, D. Schipper, F.J. Ligterink, J.L. Pedersoli Jr.,

P. Rudolph, W. Kautek, J.B.G.A. Havermans, H.A. Aziz, B. van
Beek, M. Kraan, P. van Dalen, V. Quillet, S. Corr, H.Y. Hua-Strifer .

Anti-Fungal Laser Treatment of Paper: A Model Study
with a Laser Wavelength of 532 nm
E. Pilch, S. Pentzien, H. Mddebach, W. Kautek.....................

Observation of the Post-Processing Effects
due to Laser Cleaning of Paper
K. Ochociniska-Komar, A. Kaminska, M. Martin, G. Sliwiriski . ... ....

The Post-Processing Effects
due to Pulsed Laser Ablation of Paper
A. Kaminska, M. Sawczak, M. Cieplnski, G. Sliwinski ...............

Laser Cleaning of Pressure Sensitive Tapes on Paper
J.H. Scholten, P. van Dalen, S. Corr, P. Rudolph,
J.B.G.A. Havermans, H.A. Aziz, F.J. Ligterink.....................

Chemistry of Parchment-Laser Interaction
L. Puchinger, S. Penitzien, R. Koter, W. Kautek ....................

11



VIII Contents

Part IT Laser Cleaning of Metal

Femtosecond Laser Cleaning of Metallic Cultural Heritage

and Antique Artworks

T. Burmester, M. Meier, H. Haferkamp, S. Barcikowski, J. Bunte,

A, Ostendorf ... oo 61

Archaeological Ironwork: Removal of Corrosion Layers
by Nd:YAG-Laser
K. Dickmann, J. Hildenhagen, J. Studer, E. Misch ................. 71

Laser Cleaning of Metal Surface — Laboratory Investigations
P. Mottner, G. Wiedemann, G. Haber, W. Conrad, A. Gervais ....... 79

1320 nm Range Nd:YAG-Laser in Restoration

of Artworks Made of Bronze and Other Metals

S. Batishche, A. Kouzmouk, H. Tatur, T. Gorovets, U. Pilipenka,

Vo UKRGU oo e 87

Surface Cleaning of Iron Artefacts by Lasers
V.S, Koh, I. Sdrady ....... ... . i 95

Part IIT Laser Cleaning Miscellaneous

Experimental and Theoretical Indications
on Laser Cleaning
J. Marczak, K. Jach, A. Sarzynski, R. Ostrowski.................... 103

Er:YAG Laser Applications on Marble

and Limestone Sculptures with Polychrome

and Patina Surfaces

A. deCruz, M.L. Wolbarsht, R.A. Palmer, S.E. Pierce, E. Adamkiewicz 113

Lasers Cleaning of Patrimonial Plasters
E. Tanguy, N. Huet, A. Vingotte. ... ... ... 125

Overpaint Removal on a Gilded Wooden Bas-Relief
Using a Nd:YAG Laser at 1.064 um
M. Strzelec, J. Marczak, A. Koss, R. Szambelan .................... 133

Pulsed Laser Cleaned Natural History Specimens
with Reference to the Removal of Conductive Coatings
L. Cornish, G. Miller, C. Jones......... ..., 139



Contents X
Laser Cleaning Studies of Hard Insoluble Aluminosilicate
Crusts on Minoan (LM IIIC) Pottery
S. Chlouwveraki, P. Pouli, K. Melessanaki, K. Zervaki, M. Yiannakaki.. 143
Laser Removal of Protective Treatments on Limestone
M. Gomez-Heras, E. Rebollar, M. Alvarez de Buergo, M. Oujja,
R. Fort, M. Castillejo ....... ... i, 149
Comparison of Cleaning Methods
for Stained Glass Windows
H. Romich, P. Mottner, J. Hildenhagen, K. Dickmann, G. Hettinger,
F. Bornschein ... ... e 157
Results of Nd:YAG Laser Renovation
of Decorative Ivory Jug
M. Strzelec, J. Marczak, R. Ostrowski, A. Koss, R. Szambelan . .. ..... 163
Part IV Case Studies
The Conservation Intervention
on the Porta della Mandorla
S. Siano, A. Giusti, D. Pinna, S. Porcinai, M. Giamello, G. Sabatini,
R. Salimbeni . ... ... 171
The Capability of the Laser Application
for Selective Cleaning and the Removal of Different Layers
on Wooden Artworks
G. Wiedemann, K. Pueschner, H. Wust, A. Kempe ................. 179
The Pilot Restoration Yard of the Church of San Frediano
in Pisa: Results of a Multidisciplinary Study
C. Baracchini, R. Pini, F. Fabiani, M. Ciafaloni, S. Siano,
R. Salimbeni, G. Sabatini, M. Giamello, M. Franzini, M. Lezzerini,
M. Spampinato, F. Gravina, F. Andreazzoli ........................ 191

A Bronze Age Pre-Historic Dolmen:

Laser Cleaning Techniques of Paintings and Graffiti

(The Bisceglie Dolmen Case Study)

G. Daurelio . ... ..o



X Contents

Part V Side Effects

Evaluating the Effectiveness of Lasers for the Removal

of Overpaint from a 20th C Minimalist Painting

C. McGlinchey, C. Stringari, E. Pratt, M. Abraham, K. Melessanaksi,

V. Zafiropulos, D. Anglos, P. Pouli, C. Fotakis ..................... 209

Evaluation of Laser Cleaning of Parchment Documents
with a Q-Switched Nd:YAG Laser at 1064, 532 and 266 nm
M. Vest, M. Cooper, R. Larsen ...............uuiuiuuiiienennn.. 217

Cleaning of Soiled White Feathers
Using the Nd:YAG Laser and Traditional Methods
C. Dignard, W.-F. Lai, N. Binnie, G. Young, M. Abraham, S. Scheerer 227

Surface Analysis of the Laser Cleaned Metal Threads
M. Sokhan, F. Hartog, D. McPhail . ........ ... ... ... i .. 237

Part VI Pigments, Conservation Layers

The Effects of Laser Radiation on Adhesives, Consolidants,
and Varnishes
0. Madden, M. Abraham, S. Scheerer, L. Werden . .................. 247

A Study on the Oxidative Gradient

of Aged Traditional Triterpenoid Resins

Using “Optimum” Photoablation Parameters

C. Theodorakopoulos, V. Zafiropulos, C. Fotakis, J.J. Boon,

J. v.d. Horst, K. Dickmann, D. Knapp ............ ... ... .. .... 255

Evaluation of the Effects of Laser Irradiation
on Modern Organic Pigments
M. Abraham, O. Madden, T. Learner, C. Havlik .................... 263

Laser Paint Interactions Studied

by Optical Emission Spectroscopy and Pump

and Probe Analysis of the Ablation Plume

E. Rebollar, M. Ougja, M. Martin, M. Castillejo .................... 277

Effects of Laser Irradiation on Artwork Pigments Studied
by Laser Ablation and Time-of-Flight Mass Spectrometry
R. Torres, M. Jadraque, M. Castillejo, M. Martin................... 285

IR-Laser Effects on Pigments and Paint Layers
A. Schnell, L. Goretzki, Ch. Kaps..........co ... 291



Contents XI

Reaction of Historical Colours

and their Components Irradiated at Different Nd:YAG Laser
Wavelengths (0, 20, 30, 40)

J. Hildenhagen, M. Chappé, K. Dickmann .......... ... ... ... .... 297

Visual Effect of Laser Cleaning on Orissan Murals

Part VII Fundamentals, Innovative Methods

Synchronous Use of IR and UV Laser Pulses

in the Removal of Encrustation: Mechanistic Aspects,
Discoloration Phenomena and Benefits

V. Zafiropulos, P. Pouli, V. Kylikoglou, P. Maravelaki-Kalaitzaksi,

B.S. Luk’yanchuk, A. Dogarit . ....... ... 311

Numerical Modelling of Laser Cleaning
and Conservation of Artworks
J. Marczak, K. Jach, A. Sarzynski ...... ... . . . .. .. .. 319

Laser Signal Dependence

on Artworks Surface Characteristics: A Study of Frescoes

and Icons Samples

E. Esposito, P. Castellini, N. Paone, E.P. Tomasing. ................ 327

Pollution Encrustation Removal by Means

of Combined Ultraviolet and Infrared Laser Radiation:

The Application of this Innovative Methodology

on the Surface of the Parthenon West Frieze

P. Pouli, K. Frantzikinaki, E. Papakonstantinou, V. Zafiropulos,

C. Fotakis. ... ... 333

Moéssbauer and XRD Study of the Effect

of Nd:YAG-1064 nm Laser Irradiation

on Hematite Present in Model Samples

M. Gracia, M. Gavino, V. Vergés-Belmin, B. Hermosin,

W. Nowik, C. Sdiz-Jimeénez ..........couuuuniiiinnannennn.. 341

Can Laser Microprobe Mass Analysis do any Work
in Artwork Conservation?
R. Wurster. ..o 347

An X-Ray Microprobe for In-Situ Stone
and Wood Characterization
P. Lovot, JF. ASMUS. . .. oo e e 353



XII Contents

Non-Invasive Monitoring of Water Intake in Limestones

P. Prado, J.F. ASTUS ... ..o 357
Nd, Er and Excimer Laser Sources: Laboratory Evaluation

of Cleaning Efficacy and of Interaction with Substrate

A. Sansonetti, M. Realini, L. Toniolo, G. Valentini ................. 363
Part VIII Working Groups and Networks

Euregio-Center of Expertise

for Art Conservation Technology

G. von Bally, K. Dickmann, D. Schipper........ ... . ... .. ... ....... 371
COST G7 Action Creates a Durable Instrument

for Advanced Research Implementation

in Artwork Conservation by Laser

R. Radvan ....... ... 381
The Project OPTOCANTIERI: A Synergy

between Laser Techniques and Information Science

for Arts Conservation

R. Salimbeni, R. Pini, S. SiGN0 ... ..o 389
Spanish Thematic Network on Cultural Heritage

M. Castillejo, M.-T. Blanco, C. Sdiz-Jiménez. ...................... 395
Part IX Cleaning Stations and Process Control

for Practise

Laser Cleaning System for Automated Paper

and Parchment Cleaning

W. Kautek, S. Pentzien . ... ... ... 403
Laser Cleaning Monitored by a Spectroscopic Technique —
Experimental Data on The Gotlandic Sandstone Case

M. Jankowska, K. Ochociniska, G. Shwiniski .......... ... ... ...... 411
From the Research Lab to the Restoration Yard:

Practical Procedures to Evaluate in situ the Use

of Laser Cleaning on Facgades

R. Pini, C. Baracchini. .......... ..o 419
Sensor Concept for Controlled Laser Cleaning

via Photodiode

M. Lentjes, D. Klomp, K. Dickmann ......... .. ... ... ... .. ....... 427



Contents  XIII

Ultra-Stable, New Generation Q-Switched Monolithic Laser
Cleaners for Fine Art Conservation
F. Brioschi, P. Salvadeo .......... ... .. . i 435

Part X Spectroscopy for Monitoring
and Identification

Analysis of Archaeological Objects

with LMINTI, a New Transportable LIBS Instrument

K. Melessanaki, A. Mastrogiannidou, S. Chlouveraki, S.C. Ferrence,

P.P. Betancourt, D. Anglos ....... ..o, 443

Spectroscopic Monitoring of the Laser Cleaning Applied

to Ancient Marbles from Mediterranean Areas

V. Lazic, F. Colao, R. Fantoni, L. Fiorani, A. Palucci, J. Striber,

A. Santagata, A. Morone, V. Spizzicchino.......................... 451

Part XI Laser Diagnostics

Artwork Monitoring by Digital Image Correlation
K.D. Hinsch, G. Gilker, H. Hinrichs, H. Joost ..................... 459

A 3D Scanning Device for Architectural Relieves Based

on Time-Of-Flight Technology

M.C. Gambino, R. Fontana, G. Gianfrate, M. Greco, L. Marras,

M. Materazzi, E. Pampaloni, L. Pezzati......... ..., 469

Surface Roughness Relief
L. Marras, R. Fontana, M.C. Gambino, M. Greco, M. Materazzi,
E. Pampaloni, L. Pezzati, P. Pogqi........... ... ... 477

Integration of Imaging Analysis and 3D Laser Relief

of Artworks: A Powerful Diagnostic Tool

L. Marras, R. Fontana, M.C. Gambino, M. Greco, M. Materazzi,

E. Pampaloni, A. Pelagotti, L. Pezzati, P. Poggi .................... 485

Parallel Acquisition of 3-D Surface Coordinates

and Deformations by Combining Electronic Speckle Pattern
Interferometry and Optical Topometry

D. Dirksen, B. Kemper, A. Guitzeit, G. Bischoff, G. von Bally ....... 493

Scanning Laser Doppler Vibrometry Application

to Artworks: New Acoustic and Mechanical Exciters

for Structural Diagnostics

A. Agnani, E. ESPOSTEO . ..ot 499



XIV Contents

Supporting the Restoration of the Minerva of Arezzo
M.C. Gambino, R. Fontana, M. Greco, E. Pampaloni, L. Pezzati,
P. Pingi, P. Cignoni, R. Scopigno. ......... .. ..coiuiiiiiinnon... 505

Comparative Holography in the Conservation Structural
Diagnosis: An El Greco Exemplary Exploitation

V. Tornari, A. Bonarou, V. Zafiropulos, C. Fotakis, N. Smyrnakis,

S. Stassinopoulos . ... ... .. 513

A Case Study of Frescoes Diagnostics

by Scanning Laser Doppler Vibrometry (SLDV):

The Brumidi Corridors and The President’s Room

at The United States Capitol

G. Adams, J. Bucaro, E. Esposito, A.J. Kurdila, B. Marchetti,

E.P. Tomasini, J.F. Vignola ......... .. .. .. .. ... .. . ... .... 525



List of Chairs and Committees

Chair

Klaus Dickmann
Lasercenter FH Miinster (LFM), University of Applied Sciences,
Steinfurt, Germany

Co-Chair

Costas Fotakis

Foundation for Research and Technology Hellas (FO.R.T.H),
Institute of Electronic Structures and Laser (IESL),
Heraklion, Greece

John F. Asmus
Institute for Pure and Applied Physical Sciences,
University of California, San Diego, USA

Scientific Committee

Margaret Abraham
Los Angeles County Museum of Art, USA

John F. Asmus
Institute for Pure and Applied Physical Sciences,
University of California, San Diego, USA

Giorgio Bonsanti
Facolta di Scienze della Formazione, Torino, Italy

Martin Cooper
National Museum and Galleries on Merseyside, Liverpool, UK

Klaus Dickmann
Lasercenter FH Miinster (LFM), University of Applied Sciences,
Steinfurt, Germany



XVI List of Chairs and Committees

Costas Fotakis

Foundation for Research and Technology Hellas (FO.R.T.H),
Institute of Electronic Structures and Laser (IESL),
Heraklion, Greece

Wolfgang Kautek
Federal Institute for Materials Research and Testing,
Berlin, Germany

Eberhard Konig
Freie Universitdat Berlin, Germany

Mauro Matteini
Laboratorio Scientifico, Firenze, Italy

Johann Nimmrichter
BDA Restaurierungswerkstéatten, Vienna, Austria

Renzo Salimbeni
Istituto di Fisica Applicata “N. Carrara”,
Sesto Fiorentino, Italy

Véronique Vergés—Belmin
Laboratoire de Recherche des Monuments Historiques,
Champs sur Marne, France

Kenneth Watkins
University of Liverpool, Department of Engineering,
Liverpool, UK

Gert von Bally
Westfalische Wilhelms-Universitéit, Laboratory of Biophysics,
Miinster, Germany

Vassilis Zafiropulos

Foundation for Research and Technology Hellas (FO.R.T.H),
Institute of Electronic Structures and Laser (IESL),
Heraklion, Greece

Editorial Committee

Margaret Abraham
Los Angeles County Museum of Art, USA

Rafi Ahmad
Centre for Applied Laser Spectroscopy, DEOS, RMCS, Cranfield University,
Swindon, UK

John F. Asmus
Institute for Pure and Applied Physical Sciences, University of California,
San Diego, USA



List of Chairs and Committees

Philippe Bromblet
CICRP, Marseille, France

Martin Cooper
National Museum and Galleries on Merseyside, Liverpool, UK

Costas Fotakis

Foundation for Research and Technology Hellas (FO.R.T.H),
Institute of Electronic Structures and Laser (IESL),
Heraklion, Greece

Klaus Hinsch
Carl-von-Ossietzky-University Oldenburg, Germany

Wolfgang Kautek
Federal Institute for Materials Research and Testing,
Berlin, Germany

Jana Kolar
National and University Library of Slovenia, Ljubljana, Slovenia

Johann Nimmrichter
BDA Restaurierungswerkstétten, Vienna, Austria

Rozana Radvan
INOE-CERTO, Bucharest-Magurele, Romania

Hannelore Rémich
Fraunhofer-Institut fiir Silicatforschung,
Wertheim-Bronnbach, Germany

Renzo Salimbeni
Istituto di Fisica Applicata “N. Carrara”,
Sesto Fiorentino, Italy

Hans Scholten
Art Innovation b.v., Hengelo, Netherlands

Manfred Schreiner
Academy of Fine Arts, Vienna, Austria

Robert Sobott
Labor fiir Baudenkmalpflege, Naumburg (Saale), Germany

Véronique Vergés—Belmin
Laboratoire de Recherche des Monuments Historiques,
Champs sur Marne, France

Gert von Bally
Westfilische Wilhelms-Universitat, Laboratory of Biophysics,
Miinster, Germany

XVII



XVIII List of Chairs and Committees

Kenneth Watkins
University of Liverpool, Department of Engineering,
Liverpool, UK

Vassilis Zafiropulos

Foundation for Research and Technology Hellas (FO.R.T.H),
Institute of Electronic Structures and Laser (IESL),
Heraklion, Greece

Local Organising Committee

Markus Grofie Ophoff
Center for Environment Communication (ZUK), Germany

Nicole Frommeyer
Center for Environment Communication (ZUK), Germany

Klaus Dickmann
Lasercenter FH Miinster (LFM), University of Applied Sciences,
Steinfurt, Germany

Elke Engelhardt
Lasercenter FH Miinster (LFM), University of Applied Sciences,
Steinfurt, Germany



List of Contributors

Abraham, M. 209, 227,247, 263 Dickmann, K. 71,157, 255,297, 371,
Adamkiewicz, E. 113 427
Adams, G. 525 Dignard, C 227
Agnani, A. 499 Dirksen, D. 493
Alvarez de Buergo, M. 149 Dogariu, A. 311
Andreazzoli, F. 191
Anglos, D. 209, 443 Esposito, E. 327,499, 525
Asmus, J.F. 1,353,357
Aziz, LA, 11,43 Fabiani, F. 191

Fantoni, R. 451
Baracchini, C. 1917 419 Ferrence, S.C. 443
BELI‘CH{OWSki7 S. 61 Fiorani, L. 451
Batishche, S. 87 Fontana, R. 469,477, 485, 505
B.etaflcourt, P.P. 443 Fort, R. 149
Binnie, N. = 227 Fotakis, C. 209, 255, 333, 513
Bischoff, G. 493 Frantzikinaki, K. 333

Blanco, M.-T. 395
Bonarou, A. 513
Boon, J.J. 255
Bornschein, F. 157
Brioschi, F. 435
Bucaro, J. 525
Bunte, J. 61
Burmester, T. 61

Franzini, M, 191

G. Daurelio 199

Giilker, G. 459

Goémez-Heras, M. 149

Gambino, M.C. 469,477, 485, 505
Gavino, M. 341

Gervais, A. 79

Castellini, P. 327 Giamello, M. 171,191
Castillejo, M. 149, 277, 285, 395 Gianfrate, G. 469

Chappé, M. 297 Giusti, A. 171

Chlouveraki, S. 143,443 Goretzki, L. 291

Ciafaloni, M. 191 Goro.vets, T. 87

Cieplnski, M. 35 Gracia, M. 341

Cignoni, P. 505 Gravina, F. 191

Colao, F. 451 Greco, M. 469,477,485, 505
Conrad, W. 79 Guttzeit, A. 493

Cooper, M. 217

Cornish, L. 139 Haber, G. 79

Corr, S. 11,43 Haferkamp, H. 61

Hartog, F. 237
deCruz, A. 113 Havermans, J.B.G.A. 11,43



XX List of Contributors

Havlik, C. 263

Hermosin, B. 341
Hettinger, G. 157
Hildenhagen, J. 71,157,297
Hinrichs, H. 459

Hinsch, K.D. 459

Horst, J.v.d. 255
Hua-Strofer, HY. 11

Huet, N. 125

Jach, K. 103,319
Jadraque, M. 285
Jankowska, M. 411
Jones, C. 139
Joost, H. 459

Kaminska, A. 29,35
Kaps, Ch. 291
Kautek, W. 11,19, 51,403
Kempe, A. 179
Kemper, B. 493
Klomp, D. 427
Knapp, D. 255
Koh, Y.S. 95

Koss, A. 133,163
Koter, R. 51
Kouzmouk, A. 87
Kraan, M. 11
Kurdila, A.J. 525
Kylikoglou, V. 311

Lai, W.-F. 227
Larsen, R. 217

Lazic, V. 451

Learner, T. 263
Lentjes, M. 427
Lezzerini, M, 191
Ligterink, F.J. 11,43
Lovoi, P. 353
Luk’yanchuk, B.S. 311

Madebach, H. 19

Miisch, E. 71

Madden, O. 247,263
Maravelaki-Kalaitzaki, P. 311
Marchetti, B. 525

Marczak, J. 103,133,163, 319
Marras, L. 469, 477,485
Martin, M. 277,285

Martin, M. 29
Mastrogiannidou, A. 443
Materazzi, M. 469,477, 485
McGlinchey, C. 209
McPhail, D. 237

Meier, M. 61

Melessanaki, K. 143,209, 443
Miller, G. 139

Morone, A. 451

Mottner, P. 79,157

Nowik, W. 341

Ochocinska-Komar, K. 29,411
Ostendorf, A. 61
Ostrowski, R, 163
Oujja, M, 149,277

Palmer, R.A. 113

Palucci, A. 451

Pampaloni, E. 469, 477, 485, 505
Paone, N. 327
Papakonstantinou, E. 333
Pedersoli Jr., J.L. 11

Pelagotti, A. 485

Pentzien, S. 19, 51,403

Pezzati, L. 469,477,485, 505
Pierce, S.E. 113

Pilch, E. 19
Pilipenka, U. 87
Pingi, P. 505

Pini, R. 191, 389, 419
Pinna, D. 171

Poggi, P. 477,485
Porcinai, S. 171

Pouli, P. 143, 209, 311, 333
Prado, P. 357

Pratt, E. 209

Puchinger, L. 51
Pueschner, K. 179

Quillet, V. 11

R. Ostrowski 103
Romich, H. 157
Radvan, R. 381
Realini, M. 363
Rebollar, E. 149,277
Rudolph, P. 11,43



Sdiz-Jiménez, C. 341,395
Sarady, I. 95

Sabatini, G. 171,191
Sah, A. 303

Salimbeni, R. 171,191, 389
Salvadeo, P. 435
Sansonetti, A. 363
Santagata, A. 451
Sarzynski, A. 103,319
Sawczak, M. 35
Scheerer, S. 227,247
Schipper, D. 11,371
Schnell, A. 291
Scholten, J.H. 11,43
Scopigno, R. 505
Siano, S. 171,191, 389
Sliwinski, G. 29, 35, 411
Smyrnakis, N. 513
Sokhan, M. 237
Spampinato, M. 191
Spizzicchino, V. 451
Stassinopoulos, S. 513
Striber, J. 451
Stringari, C. 209
Strzelec, M. 133,163
Studer, J. 71
Szambelan, R. 133,163

Tanguy, E. 125

List of Contributors

Tatur, H. 87
Theodorakopoulos, C. 255
Tomasini, E.P. 327,525
Toniolo, L. 363

Tornari, V. 513

Torres, R. 285

Ukhau, V. 87

Valentini, G. 363

van Beek, B. 11

van Dalen, P. 11,43
Verges-Belmin, V. 341
Vest, M. 217

Vignola, J.F. 525
Vingotte, A. 125

von Bally, G. 371,493

Werden, L. 247
Wiedemann, G. 79179
Wolbarsht, M.L. 113
Waurster, R. 347
Wust, H. 179

Yiannakaki, M. 143
Young, G. 227

XXI

Zafiropulos, V. 209,255,311, 333,513

Zervaki, K. 143



Art in the Service of Science
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Abstract. In fields such as studio art, art conservation, archaeology, anthropol-
ogy, music, and architecture it is often understood that many of the advances
emerge from the introduction of new developments from science and technology.
Scientific research is often justified on the basis of its past as well as potential fu-
ture fallout into other endeavors as diverse as medicine, manufacturing, and the
humanities. The diffusion of scientific innovation into the practice of art conserva-
tion has been punctuated by the introduction of a series of diverse technologies.
Trace element and isotopic analyses, infrared imaging, ultraviolet fluorescence in-
spection, advanced coatings and adhesives, scanning electron microscopy, and pho-
ton/electron microprobes are notable examples. For the past thirty years various
laser technologies have demonstrated utility in the practice of art conservation, as
well. These include photon cleaning and divestment, holographic display and non-
destructive analysis, surface characterization through laser fluorescence, radiation
scattering and absorption, as well as laser-induced ultrasound. At the dawn of laser
technology’s introduction into the art conservation field (1972-74) the Center for
Art/Science Studies (CASS) was established at the University of California, San
Diego (UCSD) with the hope of accelerating and broadening the diffusion of scien-
tific developments into art conservation practice. Surprisingly, one of the first events
in the CASS/UCSD transpired when a Visual Arts Department student employed
a primitive laser statue cleaner to “correct“ a silk-screen print. In the course of
maintaining her laser this art student discovered a dramatically improved method
for aligning the complex optical beam train by utilizing her artistic training. A
few months later another CASS/UCSD student in the Photographic Arts Program
(while modifying a ruby laser to experiment with theater-lighting special effects)
discovered an improved laser beam-profile diagnostic technique. These two, seem-
ingly trite, examples of scientific serendipity “in reverse* are not isolated anomalies.
History is replete with instances of art coming to the aid of science and technology.
Examples include Samuel Morse’s drawing upon his skill as a painter in support of
his electrical engineering research, the collaboration of Michele Besso and Albert
Einstein in the formulation of Special Relativity, Picasso’s vision of wave-function
collapse in Quantum Electrodynamics, and Jay DeFeo’s depiction of Big Bangs and
Black Holes while cosmologists were focusing on Fred Hoyle’s steady-state contin-
uum theory of the universe.
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1 Introduction

The Center for Art/Science Studies (CASS) was established at the University
of California, San Diego (UCSD) in 1974 in order to foster formal interactions
between students and faculty in the arts with students and faculty in the sci-
ences. The majority of these cross-disciplinary activities involved members
of the Schools of Visual Arts, Theater, Oceanography, Physics, Medicine,
Chemistry, Space Sciences, and Applied Mechanics. In its early years CASS
developed into a program of “Science in the Service Art”. Technologies such
as isotopic analyses, holography, laser illumination and surface modification,
digital-computer image processing, ultrasonic imaging, and magnetic reso-
nance imaging (MRI) were applied to art in the areas of display, history,
interpretation, performance, restoration, conservation, and creative expres-
sion. For the most part the stimulus for developing such connections came
from a search for ways of applying current scientific innovation to the arts.
However, it was a surprising revelation to eventually realize that the artists
were contributing to the sciences, as well. This reversal of “common sense”
has roots going back to the earliest civilizations and includes notable re-
cent artistic contributions to general relativity, quantum electrodynamics,
and cosmology [1]. (At the present time the art/science roll of CASS is being
carried on by its successor, the Center for Research in Computing for the
Arts, CRCA).

Science has been applied to diverse activities in the arts for generations [2].
The earliest instances probably involved the selection of tools and materials
for painting and sculpture. Lighting, acoustics, and special effects may have
received attention quite early in the performance arts of the stage. In the
mid-twentieth-century radiocarbon dating, infrared and ultraviolet inspec-
tion, trace-element quantification, and the introduction synthetic materials
became ubiquitous in the practice, conservation, and/or authentication of
art.

It was realized after a number of years that a reverse technology transfer
had also been taking place on a routine basis within the CASS Program. This
phenomenon of serendipity, wherein art and artists contributed to science,
had been transpiring with regularity, but had gone on virtually unnoticed
for a decade. The contributions by artists in the program included new ways
of aligning lasers, improved laser-beam diagnostics, low-cost raster-scanning
systems, commercial applications for photonic cleaning, novel construction
materials for lasers, and improved sample preparation for SEM and XRF
analyses. It was as if the diverse talents of students and staff were function-
ing in unison in the manner of the mind of a Leonardo da Vinci [3]. An
investigation of this phenomenon led to the realization that this flow from
art to science has been taking place throughout history. In fact there are
countless examples of art and artists anticipating major scientific advances
by years and sometimes by decades and even centuries. Well known exam-
ples range from the wave aspect of light to the space-time continuum. For
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example Pollock was painting fractals well in advance of the mathematical
formulation by Mandlebrot. Further, DeFeo was painting the “Big Bang”,
super novae, and the “Big Crunch” even before cosmologists had invented
these terms. The art-science connection penetrates still deeper in mystery
upon realization of the role that the arts performed in the creative processes
of many of the greatest of the recent scientists such as Albert Einstein (“an
extraordinary genius”), Marie Curie, Werner Heisenberg, J. Robert Open-
heimer (“an ordinary genius: dreamy, artistic, emotional”), Linus Pauling,
and Richard Feynman (“no ordinary genius”). (Feynman’s daughter, Joan,
maintains that her father visualized the world in four dimensions and that
different terms in mathematical equations appeared to him in different col-
ors) [4].

2 Art in the Service of Science

In many instances members of the CASS Program inspected a conserva-
tion specimen repeatedly in the SEM between laser-divestment or laser-
consolidation irradiations. A kinematic specimen mount and a micrometer
stage aided in returning to the same field of view after each of the repeated
laser irradiation cycles. Sometimes this procedure proved to be difficult and
tedious. One of the art students was studying the silk screen process and was
inspired to attach a bit of silk to the SEM specimen. This silk grid (Fig. 1)
not only eased the specimen relocation process, but also was compatible with
the SEM coating (gold/palladium) and withstood repeated laser shots.

Upon entering the CASS Program art students were routinely instructed
in the operation, alignment, and maintenance of lasers. A key aspect of this
instruction was learning to align the axis of a laser rod with that defined
by the other elements of the beam train. For years this had been performed
with a HeNe alignment beam and a target card with a pinhole. One day it
was discovered that an art student had replaced the pinhole with a fragment
of silk fabric from the silk-screening class. Instead of a point spot, the silk
behaved as a two-dimensional diffraction grating and yielded an array of spots
(Fig. 2). The student had discovered that adjusting the laser rod position so
as to symmetrize the diffraction pattern yielded a perfect alignment in a
fraction of the time required with the pinhole technique.

The preceding two examples of the artist in the service of the scientist may
seem quaint. However, they (and numerous other similar events in the CASS
program involving PVC lasers and novel “zapping” paper) illuminate and
parallel a profound phenomenon in the tension between the artistic perception
and the process of scientific discovery.

On an epic scale Shlain [2] has demonstrated quite convincingly that
a great many innovative artists such as Leonardo, Magritte, Dali, Picasso,
and Matisse anticipated the great discoveries of physics and cosmology long
before the scientific community recognized these. The works of the above
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Figs. 1 and 2. Silk threads for SEM position location (left) and Silk alignment
beam vignetted by off-axis laser rod (right)

as well as many other great artists are laced with both hints and major
themes that portray the concepts and features of planetary motion, gravity,
relativity, and quantum mechanics years, decades, and even generations prior
to the actual scientific discoveries. A modern example of this phenomenon
is illustrated by Figs. 3 (a Jackson Pollock drip painting) and 4 (a fractal
image). Recent mathematical analyses have revealed that some of the Pollock
paintings conform to the mathematics of fractals (over the surface-tension-
dictated scale of his patterns). In the tradition of the connections cited above
Pollock was painting fractals (1948) decades before the discovery of fractal
mathematics by the Nobel Laureate, Benoit Mandelbrot (1976).

Figs. 3 and 4. “Drip painting” by Jackson Pollock and a computer-generated
fractal image

CASS participation in the restoration and study of Jay DeFeo’s painting,
“The Rose” (The Whitney Museum of American Art), uncovered a series
of her 50-year-old paintings portraying many of the modern concepts of as-
trophysical cosmology. Her “Rose” (originally the “Death Rose”) is seen as
the “Big Crunch” or a “Black Hole” by many observers. (Thomas Hoving,
former director of the Metropolitan Museum of New York, associates it with
Genesis [5].) Her “Jewel” has been adopted by cosmologists to portray the
“Big Bang”, the “Primal Bang” or a “Hyper Nova”. Many are struck with
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Figs. 5 and 6. The “Annunciation” painting by DeFeo (left) and a Hubble tele-
scope image from space (right)

the similarity of her “Annunciation” (Fig. 5) with recent Hubble Telescope
images of cosmic explosions (Fig. 6).

Shlain demonstrated in “Art and Physics” [2] that throughout history
there are countless examples of an eerie precognition or clairvoyance in
cutting-edge art of subsequent breakthroughs in physics. Most notable are
Leonardo’s studies of shadows (1501) that anticipated the discovery of the
clues to planetary motion by Copernicus (1543), Giotto’s concept of the linear
time line (1276-1337) before d’Oresme introduced graphical plots (1360), and
Katsushika Hokusai’s 36 views of Fuji in a space-time continuum (1823-29)
that preceded Minkowski’s four-dimensional formulation by almost a century.

Shlain concludes that there are deep connections between the creative
processes in the arts and sciences. It follows that such creative congruencies
and premonitions may be found within individual scientist artists, as well.
The innovative mind of a Leonardo da Vinci may not have been and entirely
unique phenomenon. Several of the greatest scientists of the 20th Century
illustrate this point.

3 Scientist Artists

References to the arts in the lives of 20th Century scientists are ubiquitous
in many of their biographies. For instance, according to Otto Hahn [6], “In
Haigerloch, Heisenberg sometimes slipped away from the scientists in the cave
at the base of the cliff and made his way to the 18th Century Baroque church
at its top. There he would play Bach fugues on the organ (April 1945).” In
“Madam Curie” [7] there are references to piano, voice, and original poetry.
Niels Bohr was known for his fascination with Cubism... “that an object
could be several things, could change. . . allowed contradictory views to coexist
in the same natural frame” [8].

It is widely perceived that the most colorful, flamboyant, enigmatic,
and intelligent of the 20th Century physicists was Richard Feynman. His
classroom lectures were dazzling in their clarity, originality, and insight. In
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Figs. 7 and 8. Nobel Laureate Richard Feynman as teacher, performer, musician,
and stage actor (Fig. 7, left), and on the right (Fig. 8) are examples of his graphical
art including the world’s largest artwork (upper left, in the Mojave Desert, as seen
from an earth-orbiting satellite), the smallest artwork (upper right, as seen in an
electron microscope), and two of his sketches (bottom)

addition he was an accomplished party entertainer, professional musician,
and stage actor (Fig. 7). He claimed to have executed the largest artwork
(visible from an orbiting satellite) and the smallest artwork (requiring an
electron microscope) as well as excellent sketches and cartoons (Fig. 8).

Both Picasso and Feynman chose to portray quantum-electrodynamical
processes in a graphical form (Fig. 9).

The fact that Albert Einstein played the violin is thought by many to be
merely one of his eccentricities; much like his refusal to wear socks. According
to his lifelong friend and collaborator, Michele Besso, “He often told me that
one of the most important things in his life was music. Whenever he felt that
he had come to the end of the road or into a difficult situation in his work he
would take refuge in music and that would usually resolve all his difficulties”.

FEVAMAN
LA

Figs. 9 and 10. Picasso painting interpreted as wave function of “vibrating vacuum
energy” collapsing into a face and the corresponding Feynman diagram (left), and
Albert Einstein the artist with violin (upper left), as puppeteer (right), and family
artist (lower left) on the right
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The enduring friendship and mutual respect between Einstein and Besso
began when they met at a concert. Einstein sums up his attitude toward
Besso in his 1905 paper, “On the Electrodynamics of Moving Bodies”, (which
is devoid of any references, whatsoever) with the acknowledgement “In con-
clusion I wish to say that in working at the problem here dealt with I have
had the assistance of my friend and colleague, M. Besso, and that I am in-
debted to him for several valuable suggestions”. Besso noted that Einstein’s
“intuitive approach was almost like painting a picture. It was an experience
that taught me the difference between knowledge and understanding”. Thus,
it appears that Einstein may have been the artist (Fig. 10) of the pair and
the much more successful Federal Institute student, Besso, contributed the
rigor. Perhaps, it is summed up best by the quotes:

“Art is the queen of all sciences, communicating knowledge
to all generations...”
Leonardo da Vinci
“Imagination is more important than knowledge.”
Albert Finstein

4 The Bohemian Index

The observation put forth above that some prominent scientists have an
artistic temperament and orientation is well known. However, some of the
implications of this phenomenon have only recently been studied with rigor.
In “The Rise of the Creative Class” [10] Richard Florida presents research
data establishing that it takes a special set of circumstances to give birth to a
“Silicon Valley”. Conventional wisdom has long held that for a technological
megalopolis to expand and flourish there must be a local deeply-embedded
intellectual /research environment as often found in conjunction with major
universities.

In studying both successful and failed “Silicon Valleys” Florida’s research
(described in “The Rise of the Creative Class”) developed the concept of the
“Bohemian Index” as a measure of a community’s openness, diversity, toler-
ance, and artistic rebellion and daring. These factors promote the emergence
of creative habitats and ecosystems. Such conditions draw creative individ-
uals. Some of these will establish creative commercial ventures. If this takes
place in the proximity of a technological region of excellence (universities
and/or research laboratories), still more creative individuals will be drawn to
the community, and this pool of talent becomes a magnet that attracts still
other creative organizations. This recipe leads then to the emergence of the
archetypal “Silicon Valley”.

Florida contrasts his own university’s (Carnegie Mellon in Pittsburgh)
stillborn efforts to create a technological megalopolis with the seemingly un-
limited commercial successes represented by the San Francisco Bay area (with
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the cultures of Haight-Ashbury and Berkeley), by Seattle (with the Fremont
culture), and by Austin (with “Austin City Limits”). Even within the LA-
CONA community there is at least one similar development. Most of the
earliest art conservation research with lasers (1972-75) was either in or un-
der the guidance of the museums of London [11]. Thirty years later one finds
the majority of the conservation, academic, and industrial work in this field
in the United Kingdom has shifted to the region in and around Liverpool:
the home of “The Beatles”.
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Abstract. Conventional cleaning methods (mechanical, wet) are not always suffi-
cient for the restoration of brittle papers, fissures and sensitive inscriptions. Partial
cleaning of paper in the vicinity of sensitive media, such as water-colour, is par-
ticularly difficult because of the lack of precision using conventional techniques. In
these cases, where high spatial accuracy and localized treatments is necessary, laser
cleaning might promise to be an additional tool for conservators.

1 Introduction

The variety of combinations of different types of foreign matter (dirt) on
paper objects can present complex cleaning problems in paper conservation.
Current cleaning methods using conventional means (solvents, mechanical)
are not always sufficient to solve problems such as local cleaning in the vicinity
of sensitive media. Lasers may offer a valuable tool for solving problematic
cases. This cooperative research project entitled “Paper Restoration using
Laser Technology” (PARELA, EVK4-CT-2000-30002), funded by the Euro-
pean Commission, has the objective of developing a laser system suitable for
the accurate, efficient and safe cleaning of paper objects. Major results of the
project will be presented here with emphasis on the practical application of
laser cleaning in paper conservation.

A range of cleaning problems that are cumbersome or impossible to treat
using conventional methods has been selected by paper conservators par-
ticipating in the project, including the following types of foreign matter
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commonly found on paper objects: surface dust; adhesives (natural and syn-
thetic); pressure-sensitive tapes; inks and stamps; “sticky fingers” (skin sur-
face lipid, possibly combined with dust); stains from foxing, fungi and oil.

Two parallel lines of research have been pursued: (1) critical assessment of
the results of laser treatment of a representative group of real paper objects
displaying the selected problems; and (2) evaluation of the immediate and
long-term chemical and physical alterations of the paper substrate caused by
laser treatment, using paper/dirt model systems. The experience gained is
used to build a dedicated laser cleaning station for paper objects. Central
issues are the spatial resolution of the laser guiding system, which is critical
for precision work in the presence of sensitive media, and the detection system
for monitoring the progress of the treatment in real time.

2 Experimental Methods

2.1 Laser Systems

So far three different laser systems have been used within the project. One
is a diode-pumped Q-switched Nd:YAG pulsed laser (pulse duration <10 ns;
repetition rate <1 KHz) operating at 1064 and 532 nm, designed and set up
by the Federal Institute for Materials Research and Testing (BAM), Berlin,
Germany [1, 2]. The laser beam is scanned onto the area to be cleaned using
an array of moveable mirrors. The maximum scanning area is of 14cm X
14 cm, and the focus beam diameter is of the order of ~100um. A video
camera situated next to the optical head captures the image of the surface
to be cleaned, which is digitised and displayed on a computer screen where
the area(s) to be lasered can be selected via software and where the progress
of the treatment can be monitored and documented. The station is provided
with halogen and ultraviolet illumination for diagnosis, and an exhausting
system to remove volatile/vaporised residues. The support stage is 70cm x
100 cm, and the objects are typically mounted under weights to keep them
flat. Fibre beam delivery is available as an option for manual cleaning. When
closed, the housing of the laser workstation makes it a Laser Class 1 Option,
i.e., eye protection is not needed.

The second laser system, also located at the BAM Institute, which was
used in the project is another Nd:YAG laser operated at 355 nm. Here posi-
tioning is done with a separate x-y stage, so that the sample moves and the
laser beam is stationary.

The third laser system belongs to Art Innovation (A.I.) b.v., Hengelo,
The Netherlands. It consists of a Lambda Physik Compex 205 excimer laser
operating at 248 nm; pulse duration ~20ns, repetition rate range 1-50 Hz;
pulse energy range 0-600 mJ/pulse; maximum average power 30 W. The laser
beam, which is X: Gaussian, Y: top hat, and which has a working spot size of
X: 0.2-10mm and Y: 1-35 mm, is delivered by a motorised articulated arm,
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and the focussing optics consist of a cylindrical telescope yielding a collimated
beam in X. Additional features are a HeNe aiming beam, on-line monitoring
and analysis by Laser-Induced Breakdown Spectroscopy, auto focus system,
and high resolution viewing camera [4].

3 Materials and Methods

3.1 Determination of Short and Long Term Behaviour
of Laser Treated Papers

Three well characterised paper types, (sulphite wood pulp, cotton linters, and
a mechanical wood pulp, were chosen for the evaluation of the immediate and
long-term chemical and physical alterations of the paper substrate caused by
laser treatment. These papers were laser treated at the BAM Institute at
three different wavelengths (355 nm, 532 nm and 1064 nm just below the (di-
rect observable) alteration threshold. In order to simulate long-term effects,
the laser treated papers were next subjected to an accelerated ageing proce-
dure at TNO by storing the papers for 12 days at 90°C and 50% R.H. (relative
humidity). The sensitivity of colorimetry, infrared spectroscopy, and chemo-
luminescence was tested on the laser-treated and artificially aged samples at
ICN. Mechanical strength tests were performed at TNO.

3.2 Model Systems for Laser Removal of Ink and Adhesives

In addition to the evaluation of laser treatment on the pure paper substrate,
two paper sample systems were developed in the project to simulate two
common types of conservation problems found on paper. A paper model
was devised to represent conservation problems encountered with tapes and
adhesives and a model system was developed for inks and stamps. The test
papers were made on the 3 different test papers (linters, acid mechanical and
sulphite).

For the ink and stamp model a bleeded area of ink was made to simulate
staining and water damage. The aim was to remove the bleeded spot from the
paper. A second model was made to represent undesired stamps and writing
or graffiti. For this model either blue ballpoint ink or ecoline ink was drawn
over a rectangular ecoline ink stamp in a cross shape fashion. The aim is to
remove the ballpoint ink or ink stamp without removing the ecoline stamp
underneath.

For the adhesive tape model on paper three different pressure sensitive
tapes (Scotch tape 840 S, Sello tape L and masking tape) were applied to A4
sized sheets of the above-mentioned types of paper. To simulate a realistic
situation in which adhesives are used for repairs, a tear was made in one end
of the paper. A length of adhesive tape was then applied over the tear. A
second length of adhesive was applied to an undamaged part of the sheet to
simulate the use of adhesive tape as reinforcement (backing).
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3.3 Laser Cleaning Trials on Original Objects

Finally, a selection was made of a group of original objects representing the
range of cleaning problems as found on naturally aged paper objects. The
originals include: adhesive layer (probably animal glue) covering a printed
text on a rag paper; adhesive from a pressure-sensitive tape on a mechanical
pulp paper [3]; fungi stains covering a writing ink text on a blue-dyed 20th
century paper; felt tip pen on a modern alkaline office paper; water-based
stamp (methyl violet) on a mechanical pulp paper; oil-based stamp (proba-
bly carbon black) on a late 19th century paper; surface dust on a rag paper.
Besides the variations in the compositions of both foreign matter and sub-
strates, the distribution of the former on and in the paper varies significantly
from object to object, and in most cases the foreign matter is non-uniformly
distributed.

3.4 Comparison of Laser versus Conventional Cleaning
of Ink and Tape Models

In order to evaluate the laser cleaning results in an objective manner, the
conservators in the project were separately asked to treat a full set of test
systems with conventional cleaning methods according to their best possible
practices and techniques. A special grading system was developed by the con-
servators in order to assess the conventional cleaning methods and compare
the results with the laser cleaned objects.

The targeted areas were marked and documented before and after laser
and conventional treatment by photography and by multispectral imaging.

3.5 Laser Cleaning Procedure

The actual laser cleaning experiments were carried out at BAM and Al Se-
lection of laser treatment parameters was based on past experience with com-
parable materials and pre-testing on the objects to be treated. The progress
of treatment was assessed visually and with multi-spectral imaging by exam-
ining the object after each sequence of pulses.

Selection of laser treatment parameters was carried out by visual exam-
ination of a test matrix created by systematically lasering little squares on
the layer to be removed, with varying energy density and step distance over-
lap. A (visually) optimal cleaning result within the test matrix is defined by a
minimal colour difference between the dirt-containing area and the surround-
ing paper, in combination with a minimal discolouration and/or structural
change of the paper.

The laser cleaning procedure was systematically evaluated according to
the following aspects: suitability of the laser guiding system; suitability of
the detection system; cleaning efficiency; occurrence of undesired side effects.
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4 Results

A number of laser cleaning effects on paper have been observed during the
preliminary evaluation of project results. The most commonly observed side
effects of laser cleaning on paper are:

1. “Fluffing” of the paper surface induced by the forceful expulsion of parti-
cles located between the fibrous structure of the paper, causing the fibres
to stand up.

2. “Thinning” of the paper thickness by excessive removal of material (ab-
lation).

3. “Charring” or “Carbonization” of the paper or pigments often caused
by high levels of laser radiation.

4. “Yellowing” or discoloration of the paper surface or pigments.

Preliminary results of the laser cleaning process on paper clearly show
that laser treatments using a wavelength of 532nm has no or very limited
effect on the mechanical properties of paper, which is a relief to curators and
conservators.

The measurement of colorimetric changes during and after laser treatment
proves to be the most sensitive and informative tool to monitor the laser
cleaning process. Therefore, imaging colorimetry will be further developed to
form an on-line monitoring method in the final design of the laser cleaning
station.

5 Prototype for Selective Laser Cleaning

Based on the research performed in this project, a special station was be
built within the PaReLa project using a Nd:YAG laser system operating at
532nm, to demonstrate the benefits of laser treatment of paper. The com-
monly encountered complexity of composition and relative distribution of
the dirt/substrate combinations on paper objects requires a high spatial po-
sitioning accuracy of the laser beam and automatic decision algorithm(s) to
discriminate between dirt and paper and between dirt and media, as well as
to control the number of pulses per spot.

In this prototype the required high spatial positioning was achieved by
combining imaging techniques with the high accuracy scanning mirror system
of the laser system, see Fig. 1.

During this procedure, first a digital image is taken from the object. Then
the user can, through digital image processing with a computer, select those
areas that need to be cleaned. In cases where there is printed text on the
object the text can be isolated and the laser can scan around it. The accuracy
of this technique is near pixel level. Finally, a black and white image is created,
where the white indicates where the laser should not hit the surface, and the
black indicates the area that needs to be treated as indicated in Fig. 2.
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s

Fig. 1. Diagram of laser cleaning station set-up, consisting of the Nd: YAG laser,
the scanning head and the digital camera

go% 90

Fig. 2. Selective cleaning procedure involving three steps: (1) digital image taken
from object, (2) isolate area to be cleaned (black) and (3) the selective laser treat-
ment

Criteria such as contrast/colour differences are monitored in different re-
gions of the electromagnetic spectrum (UV, VIS, IR) to ensure that the laser
cleaning process is performed within safe boundaries as defined by conserva-
tors.

In the specific case where the removal of homogenously distributed adhe-
sive was required from art objects, satisfactory cleaning results were obtained
with the existing UV laser station at Art Innovation. Removal of adhesive
left by pressure sensitive tape could be performed with sufficient accuracy
and speed to be economically interesting to conservators.

5.1 Selective Cleaning Demonstration

The selective removal of chalk inside the crown on the paper documents is
a good example of the accurate cleaning possible with the prototype laser
cleaning station. In Fig. 3 before and after laser treatment images are shown
of the removal of chalk in and around a coat of arms. In Fig. 4 a magnified
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Fig. 3. Selective removal of chalk from paper (left) before cleaning the object,
(middle) digital isolated black and white image and (right) the object after laser
treatment

Fig. 4. Detail view of the before (left) and after image (right), showing the removal
of chalk inside the crown, demonstrating the accuracy of the cleaning

section of Fig. 3 is show, where the chalk has been removed from within the
coat of arms, to indicate the accuracy of the system.

6 Conclusions

As a cleaning strategy, the selective laser ablation of dirt located between
paper does not yield satisfying results. Laser treatment seems to be most
successful in cases where the material to be removed is located on the sur-
face or has penetrated only slightly between the fibres. On basis of the laser
cleaning trials, it can be concluded that the green laser (532nm) has the
highest cleaning efficiency and the least (visual and chemical) side effects for
the removal of inks, stamps and surface dirt from originals.

The UV laser (248 nm) has proven to be the most effective tool in the
removal of homogenous layers of adhesive from original objects [5].
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Abstract. Biodeterioration of organic cultural heritage materials is a common
problem. Particularly the removal of discoloration caused by fungal pigments is yet
an unsolved problem in paper conservation. In the present study, cellulose (cot-
ton and linters) and 16th century paper (rag), were incubated with several fungi
types, such as Cladosporium, Epicoccum, Alternaria, Chaetomium, Aspergillus, Tri-
chophyton, and Penicillium on agar for three weeks. Then they were immersed in
70% Ethanol for removal of hyphae and mycelia and deactivation of the remaining
conidia. These specimens were laser-treated in a computer-controlled laser cleaning
system with a high pulse energy diode pumped Q-switched Nd:YAG laser oper-
ating at 532nm and a pulse duration of 8ns. Colour differences were determined
spectrophotometrically. Best cleaning results were observed with fungi such as Peni-
cillium and Alternaria. Dry laser cleaning generally turned out to be superb over
wet bleaching approaches.

1 Introduction

Biodeterioration of organic cultural heritage materials is a common prob-
lem [1, 2]. Cellulose is probably the most abundant material of biological
origin on the earth and is a prime source of energy for many fungi. While the
conventional sanitizing techniques for removal of fungal material from paper
using chemical or physical means have proved sufficient in many cases [2],
the removal of discoloration caused by fungal pigments is yet a problem in
paper conservation.

There are very rare reports on the removal of fungi from paper by
lasers [3, 4]. A far-UV krypton fluoride (KrF) excimer laser was able to re-
move Aspergillus niger mould from filter paper while viable spores and mould
fragments were released into the atmosphere [5]. Actually UVB radiation of
a 308 nm XeCl excimer laser can be used for the treatment of skin mycosis
fungoides [6]. That means that UV laser radiation can deteriorate fungi.

However, irradiation of cellulose with even a near-UV excimer laser at
308 nm resulted in photo-oxidative degradation of the paper substrate, ac-
companied by an increase in oxidized groups content (carbonyl or carboxyl)
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and a severe decrease in degree of polymerisation [7, 8]. That means that
successes of anti-fungal laser treatments with UV lasers are accompanied by
photochemical paper deterioration.

There are several types of fungal damage on paper, such as (1) surface
damage caused by obstruction of any image by the growth of colonies, and
embedded fruit bodies. (2) Discoloration may be caused by pigments either
produced in fruiting bodies, or located in mycelium, or secreted into the
paper substrate. (3) Structural deterioration of the paper may be due to
the enzymatic digestion of cellulose. Many species of moulds are involved in
cellulose decomposition, but none are more widespread than species of the
ascomycete genus Chaetomium.

Conventional anti-fungal treatment consists of (1) mechanical removal of
fungal bodies (brush, suction devices, scalpel), of (2) disinfection by fungi-
cides (ethanol 70%, fungicide, bleaching), and removing of discolorations of
the object (solvents, bleaching) [3].

In this context, sanitizing by ethanol (70%) with 0,2% PHB-esters was
done, though it does not act very sporicidal [9]. This process was followed
by laser irradiation at a visible wavelength of 532 nm known to be the least
aggressive to the paper matrix [7, §].

2 Experimental

Fungi common on decaying plant materials have been chosen for this study
because they are potential decomposers of cellulose, i.e. paper. (1) Cladospo-
rium forms dark greenish to black colonies, which are black in reverse. (2)
Epicoccum is easily recognized by its nearly spherical spores (conidia) on
clustered conidiophores (sporodochia). The colonies are usually some shade
of red, orange, or yellow. (3) Alternaria shows dark brown spores borne in
simple or branched chains from the tips of simple dark conidiophores. (4)
Chaetomium, a particularly strong cellulose decomposer, is characterized by
densely hairy, egg-shaped fruiting bodies (perithecia) containing asci, which
in turn enclose brown spores (ascospores). (5) Aspergillus is recognized by its
distinct conidiophores terminated by a swollen vesicle bearing flask-shaped
phialides. The spores come in several colours. It is sometimes pathogenic to
man. (6) Trichophyton has colourless spores (conidia). It usually occurs as
a skin parasite (dermatophyte) on man and animals but occasionally also in
soil, leather, feathers, etc. (7) Penicillium is recognized by its dense brush-
like spore-bearing structures. The spores (conidia) are nearly always green.
Penicillium is a large and difficult genus encountered almost everywhere, and
usually the most abundant genus of fungi in soils. Some species produce toxins
and may render food inedible or even dangerous. On the other hand cheeses
such as Roquefort, Brie, Camembert, Stilton, etc. are ripened with species
of Penicillium and are quite safe to eat. The drug penicillin is produced by
Penicillium chrysogenum, a commonly occurring mould in most homes [10].
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Pure cultures of these species were subcultured in Petri dishes containing
malt agar with the so-called slide culture technique. A block of sterile agar
was cut out of a Petri dish and was placed upon a sterile slide resting on
a bent glass tube within a sterile Petri dish. A few spores of a fungus were
inoculated at the edges of the sterile agar block and topped with a cover
glass for incubation on either cotton filter paper or handmade rag paper from
around 1600. A disc of moist filter paper in the dish maintained humidity for
the culture. After incubation at room temperature for three weeks, the paper
samples were taken out of the dishes and immersed in 70% ethanol with PHB-
ester for removal of hyphae and mycelia and deactivation of the remaining
conidia. After drying, coloured stains remained as contaminant. To reduce
shrinks and folds, samples were slightly moistured (1hour) using a Gore-
Tex laminate and then flattened for easier handling during laser cleaning.
Chemical bleaching was done in a 0.5% KMnOy solution for 30s, which was
terminated by submersion in 1% potassium metabisulfite.

The laser treatment of these paper samples contaminated with the above
described fungi remnants were undertaken with the wavelength 532 nm at the
Federal Institute for Materials Research and Testing, Berlin. A computerized
prototype laser cleaning system, based on a high pulse energy diode pumped
Q-switched Nd:YAG laser operating with a pulse duration of approximately
8 ns, a repetition rate <1 kHz, and a maximum energy 2.5 mJ was employed.
The set-up consisted of a scanning optical system (254 mm focal length) which
delivered a spot size of approximately 100 um and maximum energy densities
(fluences) in the range of up to F(532nm) = 10 Jem 2. An integrated exhaust
system served to remove fungal tissues.

The multi-spectral imaging system (MuSIS 2007, Art Innovation, Hen-
gelo, The Netherlands) operated in a spectral range from 320nm up to
1550 nm. Several imaging modes were employed: visible reflection, infrared
reflection, visible fluorescence, and ultraviolet reflection.

Semiquantitative colour measurements (spectral reflectance) were carried
out with the same system. The illumination conditions were the same as in
the imaging mode (qualitatively similar spectral characteristics as standard
illuminant Dgs with UV and VIS components) and were kept constant. CIE-
L*a*b* colour coordinates were therefore formally used for the evaluation.
Data allow relative, not absolute, comparisons under the described conditions
in respect to lightness changes AL, saturation and hue changes given by
the chromaticity coordinates Aa* and Ab*. The vector between two data
sets in the colour sphere is the colour difference AFE that is very useful for
semiquantitative assessments of colour changes:

AE = \/L*2 § ¢*2 § b2 (1)

Lightness changes AL quantified by this relative technique could be corre-
lated with the cleaning status. The overall colour difference AFE includes also
the colour changes for which the human eye is particularly sensitive.
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3 Results and Discussion

Mechanical removal by rubber and scalpel of all fungi remnants after the
alcohol treatment showed practically no success in almost all cases. The dis-
coloration could not be reduced, only paper fibres were removed in an un-
controlled way.

Chemical bleaching by KMnO, after the alcoholic treatment led to accept-
able improvements of the sample appearance in the cases of Trichophyton,
Epicoccum and Penicillium. Limited success was observed with Cladospo-
rium, Chaetomium, Alternaria, and Aspergillus.

Laser irradiation after the ethanol leaching resulted in drastic improve-
ments of the specimens’ appearance to the naked eye in respect to
discoloration with all fungi types except Cladosporium and Aspergillus. The
almost black remnants of Cladosporium present deeply in the bulk of the
paper matrix could not be removed, and resulted in a dark brown appearance.
The colourless Aspergillus deteriorated the paper fibre and the printing ink
extensively. Therefore laser-induced alterations became relatively irrelevant.
Alternaria caused substantial problems with mechanical and chemical treat-
ments but yielded good results by Laser treatment. This grows in surface-near
regions and therefore can be removed without paper ablation. In contrast,
Chaetomium grows deeply in the paper matrix with its hair-like aspendices.
Therefore, conventional approaches were completely unsuccessful, whereas
the laser could yield an acceptable cleaning affect (Figs. la, 2a). Epicoccum
exhibits leaching remnants deeply distributed in the paper matrix with vari-
ous colours. Bleaching resulted in relatively good in-depth discoloration. The

(a) (b)

() (d)

Fig. 1. Chaetomium on cotton paper (Whatman filter paper). Multispectral Imag-
ing. (a) VIS reflectivit (b) fluorescence (c) IR reflectivity (d) UV reflectivity. Flu-
ence 0.8-2.3 Jem 2. KMnOjy-bleached sample in upper right corner of each image.
Insert [10]: drawing of egg-shaped fruiting chaetomium bodies (perithecia) contain-
ing asci, which in turn enclose 4-8 brown spores (ascospores)
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(a) (b)

(© (d)

Fig. 2. Chaetomium on handmade rag paper (~1600 A.C.). Multispectral Imaging.
(a) VIS reflectivity (b) fluorescence (c) IR reflectivity (d) UV reflectivity. Fluence
0.5-1.3 Jem 2. KMnOy-bleached sample in lower right corner of each image

laser could remove coulored material near the surface, and deep contaminant
regions were left over causing a brownish colour. Penicillium material was
converted into almost black material by the alcohol treatment. It could well
be removed by mechanical and bleaching processing. The type 7 however,
grew deeper in the paper and therefore was resistant to mechanical removal.
The laser was very successful, at least in the surface-near regions (Figs. 3a,
4a). Cladosporium grows deeply in the fibre material forming dark leach-
ing products that could not be affected by neither mechanical nor chemical
treatment. The laser yielded a limited success near the surface.

Multispectral imaging allowed documenting laser-cleaning results in com-
parison to cut paper sections, which have undergone bleaching in perman-
ganate instead. Laser cleaning examples of Chaetomium and Penicillium on
cotton paper and rag are represented in Figs. 1 and 2, and 3 and 4, respec-
tively. These two fungi show that remnants after the removal of hyphae and
mycelia and the deactivation of the remaining conidia by ethanol could be
removed by the laser at least in surface-near regions. The ablation threshold
fluences determined by microscopic inspection were at least Fyy, ~ 1.4 Jem ™2
for the pure cotton paper, and at least Fy, ~ 1.0Jem ™2 for the rag paper.
The applied laser fluences ranged below the ablation thresholds and above.
In the latter case, the laser was used as a “contactless scalpel”.

An appreciable deep cleaning action is documented by the IR reflectivity
images (c). The laser turned out to be more efficient than the aggressive
bleaching process (a, d). The fluorescence images (d) may be used to identify
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(a) (b)

(©) (d)

Fig. 3. Penicillium on cotton paper (Whatman filter paper). Multispectral Imag-
ing. (a) VIS reflectivity (b) fluorescence (c) IR reflectivity (d) UV reflectivity. Flu-
ence 0.1-1.8 Jem 2. KMnQOy-bleached sample in upper left corner of each image.
Insert [10]: drawing of dense brush-like spore-bearing structures of Penicillium

== ]

(© (d)

Fig. 4. Penicillium on handmade rag paper (~ 1600 A.C.). Multispectral Imaging.
(a) VIS reflectivity (b) fluorescence (c) IR reflectivity (d) UV reflectivity. Fluence
0.3-1.8 Jem 2. KMnOy-bleached sample in upper left corner of each image

possible irreversible material changes. The Aspergillus type examined showed
efficiency in deteriorating printing ink on the rag paper. It was practically
colourless, so that the laser interaction was comparatively inefficient.

The spectral imaging system was further used for semiquantitative colour
change measurements according to the CIE-L*a*b* formalism. This allowed
an even more detailed analysis.

This approach was used to identify irreversible changes of the paper
types caused by the chemical treatment, alcohol vs. KMnOy, (Table 1). Both
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Table 1. Influence of fungicide and bleaching liquid treatment on pure paper. Col-
orimetric data (CIE-L*a*b* colour coordinates), colour difference AE, brightness
AL (Averaged over 7 measurements). Treated status vs. original sample

Paper Type Colorimetry Ethanol vs. Orig. KMnOy vs. Orig.
Rag VIS reflectance AL —1.4 —-3.4
AFE 6.1 7.1
Fluorescence AL —12.2 —20.1
Cotton VIS reflectance AL +7.0 +4.7
AFE 8.4 5.7
Fluorescence AL —36.3 —36.3

treatments cause conceivable colour changes expressed by AE ~ 5 — 9. The
cotton darkened it both cases (AL > 0) whereas the old rag underwent a
slight cleaning. The change of the entire fluorescence spectrum could be ex-
pressed by a AL evaluation. Interestingly, the pure cotton type showed a
drastic increase of fluorescence in both chemically very different liquid treat-
ments suggesting irreversible chemical alterations. This was found to a weaker
extent with the old rag.

Tables 2 and 3 sum up the lightness change (A L) results of all investigated
fungi except Aspergillus, which was exempted because of its lack of colour.

Table 2. Influence of laser/alcohol treatment and bleaching on rag paper contami-
nated with fungi. Brightness AL (CIE-L*a*b* colour coordinates), treated vs. pure
or infected sample. Laser parameters, F//R/N: fluence F[Jem™2]; scan rate R [pulse
per mm]|; number of scans N

Fungus Laser AL AL AL KMnOy4

on Rag Parameters Laser vs. pure Laser vs. Fungus vs. Fungus

F/R/N “Success” “Efficiency” “Efficiency”
1 Cladosporium  0.8/20/3 4 —65 —29
2 Epicoccum 0.8/20/5 16 —27 —38
3 Alternaria 0.8/40/2 10 —55 -39
4 Chaetomium 0.8/40/2 36 —29 —6
6  Trichophyton 0.8/20/2 13 —19 —23
7 Penicillium 0.8/20/3 -5 -71 —16
8 Penicillium 0.8/20/2 1 —70 —38

The comparison of AL of the infected areas after and before the laser
interaction (“Laser vs. fungus”) and after and before the KMnO,4 bleaching
(“KMnOy vs. Fungus”) is a measure for the “efficiency” of the cleaning pro-
cess. A high negative AL indicates a strong relative cleaning effect. Clearly,
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Table 3. Influence of laser/alcohol treatment and bleaching on cotton paper con-
taminated with fungi. Brightness AL (CIE-L*a*b* colour coordinates), treated vs.
pure or infected sample. Laser parameters, F//R/N: fluence F [Jem™?]; scan rate R
[pulse per mm]; number of scans N

Fungus Laser AL AL AL KMnOy4 vs.
on Cotton Parameters Laser vs. Pure Laser vs. Fungus Fungus
F/R/N “Success” “Efficiency” “Efficiency”

1 Cladosporium  1.3/40/1 19 —50 —13

2 Epicoccum 1.3/20/1 27 —23 —21

3 Alternaria 0.8/40/1 -2 —68 —58

4  Chaetomium 1.3/20/2 1 —36 —73

6 Trichophyton  1.3/20/2 8 —59 —42

7 Penicillium 1.8/20/5 -1 —66 —16

8 Penicillium 1.3/20/1 14 —48 —13

the laser showed the higher efficiency versus the chemical bleaching. The
laser exhibits the most negative AL values when used on Cladosporium, Al-
ternaria and Penicillium, which species show the dark material remnants.
On Epicoccum, Chaetomium and Trychophyton the laser is less efficient but
still comparable to the chemical bleaching process.

A further criterion for the laser cleaning result is the comparison of AL
of the infected areas after laser irradiation with pure and uninfected samples
(“Laser vs. pure”). The best result would be the resemblance of the cleaned
surface with the original pure surface (“Success”), i.e. AL ~ 0. In this re-
spect, the substrates exhibit different behaviours. On cotton (Table 3), the
best success was observed again with the dark types Alternaria and Peni-
cillium, but not Cladosporium. Even Chaetomium and Trichophyton could
be removed so that AL almost resembled that of the pure cotton paper. On
rag (Table 2), the darkest species Penicillium shows the best cleaning suc-
cess followed by Cladosporium and Alternaria in analogy to the “efficiency”
described above.

4 Conclusions

Laser cleaning experiments were done at 532nm after sanitizing fungi-
overgrown cotton and rag paper by ethanol. Chemical bleaching by KMnO,4
was compared. Remnants after the removal of hyphae and mycelia and the
deactivation of the remaining conidia by ethanol could be removed by the
laser at least in surface-near regions.

Spectral imaging served to register the visible reflection, infrared reflec-
tion, visible fluorescence, and ultraviolet reflection in a spectral range from
320 nm up to 1550 nm. Semiquantitative colour change measurements accord-
ing to the CIE-L*a*b* formalism allowed to identify irreversible changes of
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the paper types caused by the chemical treatment, alcohol vs. KMnQO,. Both
paper types showed an increase of fluorescence in both liquid treatments
suggesting irreversible chemical alterations.

The comparison of AL of the infected areas after and before the laser
interaction and after and before the KMnQO, bleaching was a measure for
the “efficiency” of the cleaning processes. The laser turned out more effi-
cient than the chemical treatment, particularly on Penicillium, Alternaria,
and Cladosporium, which species show the dark material remnants. A fur-
ther criterion was the comparison of the brightness AL of the infected areas
after laser irradiation with pure uninfected samples (“Success”). Again laser
cleaning of Alternaria and the Penicillium types showed the best success.
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Abstract. Samples of artificially contaminated model papers were cleaned by the
use of pulsed Nd:YAG laser at 1064nm and 532nm and the ArF excimer laser
193 nm. The post-processing effects were analysed basing on comparison of DRIFT
spectra and colorimetric data obtained before and after accelerated ageing. In the
DRIFT spectra measured after the laser surface cleaning at 1064 nm, the largest
long-term changes were observed for the gelatin-sized paper. This paper revealed
higher oxidization than the non-sized one after irradiation at 193 nm, too. Presence
of gelatin resulted also in yellowing and darkening of the laser treated paper after
prolonged ageing.

1 Introduction

The laser cleaning of historical documents on paper and parchment represents
a relatively new conservation technique and is intensively studied recently.
Compared to the well established methods, i.e. dry or wet which are char-
acterized by the use of mechanical action and are often supported by an
application of solvents and chemicals, the pulsed laser radiation acts selec-
tively and is controllable. It allows for a well localized removal of surface
contamination with a minimal damage to the substrate fibers. However, a
safe application of that tool requires an adequate selection of the laser inter-
action parameters. Also questions addressing the post-processing effects such
as the yellowing, discoloration and changes of the chemical composition of
the substrate material should be clarified [1, 2].

In this paper the results of experimental study of the long term effects
due to laser irradiation of the cotton paper are reported. The paper sam-
ples are made in conformance with the paper production methods used in
the past and are characterized by the properties and composition close to
these of the historical paper. Samples are treated by the Nd:YAG and ArF
lasers at wavelengths of 532, 1064 and 193 nm and at fluencies below damage
threshold (0.3-0.9 J/cm?). The accelerated ageing is applied for checking of
the post-processing, long term effects due to laser treatment. The DRIFT and
colorimetric measurements are performed for sample characterization and the
results are discussed.
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2 Experimental

Samples of a high purity, hand-made, non-bleached cotton paper (A) and
also of the same material, gelatin-sized (B) were investigated. These paper
samples were selected because of properties and chemical composition close
to those of the historical hand-made paper.

The model samples were artificially contaminated with graphite pow-
der and surface-cleaned by the Nd:YAG laser at 1064 nm or 532 nm (20 Hz,
pulsewidth 6ns), and for both irradiation wavelengths the same fluence
around 0.6 J/cm? was applied. The ageing was performed at 90°C and rela-
tive humidity of 65% for the periods of 5 and 10 days which was equivalent
to ageing under natural storage conditions for 25 and 50 years, respectively.

For DRIFT measurements the FTIR spectrometer (IFS66, BRUKER)
equipped with the diffuse reflectance unit was used and the spectra were
recorded for all samples before and after processing, and after artificial ageing,
too.

Samples of the same paper, but not surface-covered by graphite were
treated by the 193 nm ArF excimer laser. After irradiation at fluencies of 0.3;
0.6 and 0.9J/cm? the DRIFT spectra were recorded. Also the colorimetric
measurements were performed in conformance with the CIE Lab system by
using the DMS apparatus (Autronic) with an illuminant D65.

3 Results and Discussion

The data obtained from division of the spectra for laser-treated samples by
the spectra of untreated and uncovered by graphite ones are shown in Figs. 1
and 2.

The spectrum of the laser-cleaned (532nm) sample A revealed changes
larger than that of sample B, although the band positions were nearly the
same for both of them. A number of bands characteristics for the paper
samples was observed: the broad OH band (3600-3200 cm~1!); bands of CH,
CH, and CHj3 groups (~2890cm~!) and also some bands from the finger-
print region. These bands corresponded to the stretching and bending modes
of cellulose elements COC, CO and CHz at 1180/1130/1090/890 cm ™! and
1430 cm?!, respectively. The increase of band intensities was due to forma-
tion of the inter- and intra-molecular bonds directly after irradiation [2]. For
both samples cleaned at 532 nm the relative changes in intensities decreased
after prolonged ageing. This indicated on recover of the primary chemical
composition of the paper.

For samples cleaned at 1064 nm the spectral changes observed via band
intensities increased due to ageing. The intensity growth of the C=0 band
(1650 cm™!) was due to oxidization effect which accompanied the ageing of
cellulosic paper. This was most distinct for the gelatin-sized sample B in
agreement with literature [2, 3]. The graphite-free samples which were treated
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Fig. 1. DRIFT spectra of sample A after laser irradiation

by the 193 nm ArF laser revealed growth of the band intensities with increas-
ing fluency of the laser applied for cleaning. The largest differences between
the laser-treated and untreated samples were observed in the fingerprint re-
gion — see Fig. 3. Even the smallest (0.3.J/cm?) irradiation fluency resulted
in marked intensity differences of the cellulose bands for sample B whereas
sample A remained almost intact after irradiation under the same conditions.
Also, the sample B appeared more oxidized than sample A which was con-
cluded from the band intensity increase at 1640 cm ™! after laser treatment.
The colorimetric results in the form of time dependences of the standard
parameters L* (lightness) and y (yellowness) calculated from CIE values
XYZ; y =Y — Z, were summarized in Figs. 4 and 5. The data were obtained
as averages of measurements at 5 various locations of non-overlapping spots.
In the long term changes of L* after laser irradiation of samples A and B no
distinct differences were observed compared to the non-treated samples.
However, except of sample A treated at 532 nm in general smaller values
of L for the treated samples after ageing were observed. The sample B ir-
radiated at 532nm showed the largest decrease of lightness after prolonged
ageing. The change of yellowing of sample A proceeded similarly for the
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Fig. 2. DRIFT spectra of sample B after laser irradiation

laser-irradiated and non-irradiated samples. In contrary, for sample B irradi-
ated at both wavelengths a dramatic increase of yellowing was observed after
ageing. The yellowness of that sample irradiated by the 532nm and 1064 nm
laser increased by a factor of three and more than two, respectively.

4 Conclusions

The post-processing effect due to laser irradiation at different wavelengths of
the cotton-based, model paper samples of properties and composition similar
to the historical paper was investigated by means of the DRIFT and col-
orimetric techniques. The experimental results indicated that the presence
of gelatin in the paper substrate influence significantly the laser irradiation
effects observed on the long time scale. In the DRIFT spectra measured after
the laser surface cleaning at 1064 nm, the largest long-term changes were ob-
served for the gelatin-sized paper. This paper revealed higher oxidization
than the non-sized one after irradiation at 193nm, too. The presence of
gelatin resulted also in yellowing and darkening of the laser treated paper
after prolonged ageing.
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Abstract. For contemporary samples the effect of pulsed laser ablation applied at
wavelengths selected from the range UV — near IR of 266, 355, 532 and 1064 nm
were investigated. All the samples were made by the same method and of the same
material, i.e. mixture of pure cotton cellulose and wood-pulp. Results of the col-
orimetric measurements indicate the most effective surface cleaning at 532 nm for
the artificially soiled samples. An artificial aging resulted in neglectable changes
in lightness and yellowness of the laser cleaned laboratory soiled samples but in-
fluenced the changes in non soiled samples. Marked changes were noticed due to
266 nm, 355nm and 1064 nm irradiation and were ascribed to the photochemical
damage of the cellulose fibres and to enhanced absorption of the laser radiation by
the soil particles.

1 Introduction

The cleaning and conservation of historical documents on paper represent
a difficult task for restorers due to the delicate substrate material. Until
recently, for cleaning of the paper surface the mechanical methods and tools
such as erasers or scalpels, and also chemical ones with the use of water and
other solvents were used. The irreversible changes of the substrate structure
and chemical composition, and also surface damage resulted often due to
these procedures and were extensively discussed [1, 2].

Recently, the use of laser radiation for cleaning and restoration of his-
torical documents was proposed. This technique allows avoiding the effects
encountered when using the traditional, mechanical and chemical procedures
to remove surface impurities. Moreover, the laser assures a non-contact and
solvent-free, well localised action, and also computer control of the pro-
cess [3-6].

It is known, that even if physical changes to the structure of the cellulose
fibres are not observed immediately after the paper restoration, they can
appear due to aging. These time dependent changes are difficult to notice
by the naked eye. However, they can be effectively investigated by using
artificial aging together with measurement of the absolute color changes.
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This was confirmed by several spectrocolorimetric studies and allowed for
better understanding of the chemical and structural processes involved [7-9].

The laser radiation used for ablative cleaning of the paper surface may
have various effects on the structure of the cellulose fibres, depending on the
laser interaction parameters such as the wavelength, fluence, pulse length
and the total energy deposited. There are two types of interaction effects,
depending on the wavelength and the paper substrate: the photo-chemical
reactions caused by UV radiation which lead to photo-oxidation, and thermo-
chemical ones due to IR radiation which are responsible for heating and the
thermal decomposition of the cellulose. In both cases the destruction of the
cellulose bonds occurs [10-13].

Both the photo-oxidation and the h-chemical reactions lead to similar
processes that accompany natural aging. The oxidation and photo-oxidation
reactions lead to cellulose pigment bonds and cellulose-chromophores, which
are responsible for the paper yellowing being a clear sign of aging. Cellulose
chromophores develop from hydroxyl, aldehyde and ketone groups. During
natural aging the appearance of aldehyde groups around 2-3 atoms of carbon
hydroxyl groups represent the main reason for the changes in colour [14].

In this work, the surface cleaning by means of laser ablation is performed
on a modern, paper made from mixture of cellulose and wood pulp with
and without additional gelatine glue. For the reference samples, and laser-
processed ones, artificial aging is applied. Measurements of colorimetric pa-
rameters such as yellowing, absolute changes of colour and lightness were
performed.

2 Experiment

The artificial and original paper samples were selected in order to collect a
set of substrate materials representative so for the high quality XIX century
historical documents made from wood pulp and cellulose mixture sized with
gelatine as well as for application in restoration and conservation works [15].
In the experiment the following samples were investigated:

A. mixture of wood pulp and pure cotton cellulose ( 40% and 60%)

B. as A, gelatine-sized in the ratio of 3% vs. total sample mass (Gelatine
glue, Kremer, Poland)

C. as B, laboratory soiled (contamination amount 20% of the mass of clean
sample)

Samples A, B, and C were prepared and supplied by the Pulp and Paper
Research Institute in Lodz. The artificial soiling under laboratory conditions
was obtained by means of charcoal powder (CHEMIA, Warszawa).

For the ablative laser cleaning a pulsed Nd:YAG laser (Quantel) charac-
terized by a pulse duration of 6 ns (FWHM), pulse repetition of 20 Hz and a
nearly gaussian intensity distribution was applied. The laser was operated at
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wavelengths of 1064 nm, and alternatively also at 532 nm 355 nm and 266 nm
when the SHG, THG and FHG modules were used, respectively. The spot
diameter in the laser interaction region was changed in the range of the wave-
lengths from 1.7 mm to 4.5 mm and the fluencies were selected and controlled
by means of the beam expander together with a focusing lens (f = 200 mm)
and joulemeter (Gentec). Values of fluence were varied between 0.3-0.9 J /cm?
in order to operate in the range between the ablation and damage thresholds
of a given material. In this way so the occurrence of the minimal cleaning
effects as well as preservation against the substrate damage was assured.
The respective threshold values were obtained prior to the sample cleaning
experiments.

The accelerated aging was applied to the laser-processed and also refer-
ence samples in a closed climatic chamber at a temperature of 353 K and at
65% RH (rel. humidity) for a period of 10 days, which was equivalent to the
aging of paper under natural conditions for 50 years, respectively.

In order to analyze the absolute colour changes due to laser processing
the spectrophotometer (L&W Elrepho) operating with illuminant CIE C and
the CIE standard colorimetric observer Z° in conformance with the CIELAB
Colour System was applied. The entrance port diameter of the integrating
sphere was equal to 8 mm, and the measurements were made at a temperature
of 297 K (23°C) and RH of 50%. The data representative for a given surface
area was obtained as averages of the series of 4 individual measurements
made at various spot locations without overlapping. For data conversion into
the Lab colour space a standard numerical code was used, with L — for
lightness, Aa for red or green colour changes and Ab for the yellow or blue
changes. Moreover, two descriptive parameters were calculated: the colour
enhancement C and the yellowing Yell/DIN according to DIN 6167).

3 Results and Discussion

Data obtained from the colorimetric measurements were compared for the
three groups of samples A, B, C.

3.1 Sample A

The laser irradiation at various wavelengths of 1064 nm, 532 nm, 355 nm and
266 nm caused a little change of the colorimetric parameters. After 10-day
aging of these samples the parameter L dropped for about two units for the
samples treated with 532 nm and 1064 and for those treated with 266 nm and
355 nm for about 4 and 5 units.

The R457 parameter, which describes the whiteness of the paper, became
smaller for the samples treated with 266 nm, 355nm, 532nm and 1064 nm.
After 10 days of aging it dropped from about 7 till 18 units for the sample
surface treated with 266 nm.
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The green-red changes in colour, which are described by the parameter,
were very similar for all the samples. The samples become more reddish but
the changes were very negligible (about 1 unit for all the samples).

The yellow-blue changes in colour described by the b parameter were simi-
lar for all the four samples: the values of samples treated with 532 nm, 355 nm
and 1064 nm grew, which means that the surface becomes more yellow how-
ever the biggest change was recorded for the surface of the sample treated
with 266 nm (about 7 units). The sample treated with 532 and 1064 nm be-
came yellow for about 3 units, which was the smallest change. Results of
measurements of the parameters b are shown in Fig. 1.

13 a) 10

—®&— laser treated
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reference level 1 - laser cleaning process
rrrrrrrrrrr -reference after aging 2 -aging process

Fig. 1. The yellow-blue changes in colour (b) recorded on the cellulose and wood
pulp paper surface after laser treatment with: (a) 266 nm (b) 355nm (c¢) 532nm
(d) 1064 nm

The yellowing due to laser interaction was the most noticeable for the
surface of the sample treated with the irradiation of 266 nm. It rose for about
12 units and for about 9 units for the sample treated with 355 nm. Compared
to the rest of the treated samples it was the biggest change. For the sample
treated with the irradiation of 532 nm and 1064 nm the change was about 7
units. For the samples treated with 1064 nm and 532 nm the yellowing process
proceeded much the same as in the case of reference zones.

3.2 Sample B

The samples of the same paper, but sized on the surface with gelatine glue,
became darker after the laser irradiation and after 10 days of artificial aging
the change became deeper of about 1 unit for all the samples. The L param-
eter went down generally about 1 unit for the entire irradiated surface. The
difference of parameter Ry57 between the untreated zones and treated ones
was about one unit.

The green — red changes indicated by the parameter a were not even
for the samples. The surface irradiated with 266 nm and 1064 nm became
greener. The change was minimal for the samples irradiated with 532nm
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(below 1 unit) and about 1 unit for sample irradiated with 266 nm. Samples
irradiated with 355 nm and 532 nm became redder in appearance and for the
sample irradiated with 1064 nm the change were significant: about 10 units.
The parameter b, which indicates the yellow-blue changes in colour moved
toward the yellow for the surface, irradiated with UV laser. The biggest
change was observed for 266 nm. Irradiation with 532 and 1064 nm laser re-
sulted in change the b parameter towards a blue colour. The biggest change
(about 2 units) occurs for the surface irradiated with 1064 nm (Fig. 2).
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- reference after aging

1 - laser cleaning process
2 - aging process
Fig. 2. The yellow-blue changes in colour (b) recorded on the cellulose and wood

pulp paper surface sized with gelatine glue after laser treatment with: (a) 266 nm
(b) 355nm (c) 532nm (d) 1064 nm

The most noticeable change after 10 days of artificial aging was observed
for the samples treated with 266 nm and 355 nm radiation. The yellowing on
the surface of the samples grew for the samples and achieved greater value
after 10 days of artificial aging. Samples treated with 532nm and 1064 nm
after the laser treatment become less yellow but after 10 days of artificial
aging of the sample treated with 1064 nm the Yellowness parameter rose for
about 1 unit comparing to the reference level of untreated zone.

3.3 Sample C

For the same kind of paper, i.e. laboratory soiled with a layer of charcoal
powder dust, the significant changes were recorded after laser irradiation. L
parameter increased for all the irradiated samples for about 20 units and the
biggest difference was recorded for the surface irradiated with 266 nm and
1064 nm from 62.37 to 81.24 and 81.20. After 10 days of artificial aging there
were not many changes in the L parameters, only the surface of the sample
irradiated by 355 nm radiation went lighter for about two units. The Rys7
parameter became higher for all the samples. The differences were similar for
all the samples and the biggest one was recorded for the sample treated with
radiation 266 nm — 17 units.
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The b parameter, which indicates the yellow-blue changes moved towards
a yellow colour for all the samples. The most significant change was recorded
for the samples irradiated with 532nm (about 6 units) and 1064 nm (about
8 units). Results of measurements of the parameter b are shown in Fig. 3.
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Fig. 3. The yellow-blue changes in colour (b) recorded on the cellulose and wood
pulp paper surface sized with gelatine glue and laboratory soiled after laser treat-
ment with: (a) 266 nm (b) 355 nm (c) 532nm (d) 1064 nm

The general level of yellowing on the surface of the samples grew for all the
samples. The most noticeable change was observed for the samples treated
with 1064 nm radiation: 18 units and 532nm about 11 units. The sample
irradiated with 266 nm changed only for 3 units.

4 Conclusions

Samples produced contemporarily from pure cellulose and wood pulp gener-
ally become lighter in appearance after the laser treatment, especially when
it comes to the laboratory soiled paper. The paper samples made from pure
cellulose and wood pulp became the most yellowed under the influence of
266 nm and 355 nm radiation. The results above shows, that ultraviolet radi-
ation accelerates the aging process in cellulose. Samples of paper artificially
soiled with the charcoal powder dust were effectively cleaned at all laser
wavelengths applied. In the case of the 1064 nm radiation the largest surface
yellowing was measured compared to 266 nm, 355 nm and 532 nm. This was
ascribed to the thermal component prevailing in processes due to material
ablation induced at the longest wavelength applied. For samples produced
contemporarily with the gelatine glue additive the increased yellowing of the
paper surface after laser cleaning with 266 nm and 355 nm was revealed, for
the sample of since this additive increased the range of absorption of the pa-
per. In conclusion, it was found that the UV radiation at 266 nm and 355 nm
had the least beneficial effect on the paper. This is due to the photochemical
damage of the cellulose fibres. The near IR at 1064 nm enhanced absorption
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the laser radiation by the soil particles when it comes to the laboratory

soiled samples. This indicates that laser cleaning of the hand-made paper by
means of pulsed laser radiation at 532 nm represents the best solution and is

in

agreement with the literature [15, 16].
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Abstract. Cleaning of paper objects can be very complex due to various combi-
nations of contaminants. Conventional chemical and mechanical cleaning methods
suffer from the common phenomenon that the foreign matter is diluted into the
substrate rather than removed. In these cases, and where high spatial accuracy and
localized treatments is necessary, laser cleaning promises to be an additional tool
for conservators.

1 Introduction

Conservation of paper objects commonly deals with severe damage of vari-
able origin. Frequently, these damages are divided into sub-categories such
as foxing (coloured stains are formed on the paper), use (the tax form with
coffee stains and written notes in textbooks) and old repairs such as the use
of self adhesive tapes.

At present, conservation of these types of damage, if feasible, is very time
consuming. Current cleaning techniques are often based on the use of or-
ganic solvents, liquid nitrogen, water, or a scalpel-blade knife. As scientific
research in the conservation field progresses, the drawbacks of these conven-
tional methods become more and more obvious. The use of a scalpel-blade
(mechanical cleaning) can cause fiber damage, while chemical cleaning is
difficult to perform locally, often dilutes the foreign matter into the paper
substrate and produces emission of highly volatile organic compounds, which
can be harmful to the conservator.

There is a need for new conservation technologies aiming at safe paper
cleaning. However, the viability of these methods has to be verified, consider-
ing both the efficiency and long-term effects. The research presented in this
paper was carried out within the cooperative research project entitled “Pa-
per Restoration using Laser Technology” (PARELA, EVK4-CT-2000-30002),
funded by the European Commission. The emphasis of this paper lies on the
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practical application of laser cleaning to remove the adhesives left by pressure
sensitive tapes.

2 Conservation Considerations
of Pressure Sensitive Tapes

Much has already been written on the types of pressure sensitive tapes that
have been used in the past and of those that are currently available, in-
cluding amongst others, sellotape, scotch tape, masking tape and archival
tape. All are proprietary brands which differ in both the carrier material
and the chemical composition of the adhesive layer but, pertinently, they all
eventually lose their adhesive properties, turn yellow, ultimately harden and
consequently embrittle the paper fibre, albeit at different rates. This is why
it is imperative for the conservator to remove these tapes.

Because of ease of application their use has been widespread and indis-
criminate, they have been used for both repair and attachment, as much on
culturally valuable material as on day-to-day objects of no significance. Their
removal is therefore a regular procedure in the work of a conservator.

3 Assessment of Traditional Methods

From its application, a tape passes through several distinguishable stages in
its deterioration. Initially, the adhesive layer is dry and very sticky, adhering
strongly to the paper substrate whilst remaining closely bonded to its own
carrier material. The tape is first removed using a scalpel and directed warm
air, the residual adhesive is then removed from the surface of the paper using
a rubber square [3, 4].

The next stage is usually characterised by a general softening of the ad-
hesive layer that becomes tacky. As a result, the carrier may move or slip
slightly on the adhesive layer. The adhesive is still clear although probably
turning a little yellow, and it may have begun to penetrate the paper fibre.
Again it may be possible to remove the carrier by easing it off with a scalpel
and even to “ball” the adhesive layer with an eraser to facilitate removal.
Sometimes, however, an appropriate solvent has to be introduced.

The final stage in a continuous oxidative action on the adhesive layer
results in a product that is quite different in colour, form and function from
the original. The adhesive generally crystallises, becoming hard and brittle, it
will usually turn dark brown and where it has been absorbed into the paper
fibre it is likely that it will have cross linked with it. This discolours the paper
and may cause it to appear translucent. All adhesive properties are gone and
the carrier, if in place, is retained out of memory of a former function.

If the hardened adhesive has remained on the surface, it is sometimes
possible to prise it off with a scalpel, risking loss of paper fibre. Usually the
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adhesive has penetrated in to the structure of the paper to some degree and
a solvent is required.

Solvents are an important tool in the conservator’s repertoire, and, used
carefully, can achieve great results. But, there are accompanying risks. All
solvents are toxic to the conservator to some degree, some solvents of them-
selves can leave an oily residue in the paper, solvents can soften the binding
agent in ink and paint media and solvents can reduce the natural moisture
content of the paper fibre at molecular level. Therefore, the method of solvent
application requires consideration sensitive to the media and the paper.

Local treatment methods include poultice, exposure to solvent fumes and
treatment on the vacuum table. The disadvantages of local treatment include
the risk that the solvent may carry dissolved material further into the paper
fibre leaving a residue at the interface between the treated and untreated
areas. This can result in tide marking that appears in later years.

Total immersion of the paper in a suitable solvent allows for even dis-
persion of the adhesive into the solvent solution. However, the adhesive will
most likely migrate throughout the complete object. In addition, the paper
fibre can be saturated with solvent, which can remain for long periods of time
before complete evaporation, increasing the risk of inducing chemical changes
in the inks.

4 Selected Objects and Treatment Method

By using carefully chosen originals, it is possible to test which type of laser
treatment is most effective at a certain degradation stage [1, 5], according
to the classification of the three-stage deterioration process of rubber based
adhesives by Feller [2], being:

I. oxidative induction stage
II. oxidation stage
III. crosslinked stage.

The Film museum Amsterdam submitted the following non-valuable orig-
inal posters. According to the conservators, these specific posters properly
represent the conservation problems encountered with pressure sensitive tape:

e poster Filmweek (6303D)
e poster Operetteliefde (2586D)
o poster Nikdo (06.22.5047)

The material used for these posters is wood pulp. Masking tape has been
applied to reinforce the edges of the posters against wear and tear. The
adhesive of the tape tends to migrate to the verso side of the paper during
natural ageing. Due to the migration, the paper has discoloured. Furthermore
the adhesive eventually hardens causing the paper to become brittle and
finally the tape carrier will fall off. Before laser treatment, poster 2586D
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and 06.22.5047 were judged to be in degradation stage I. On poster 6303 D
a certain area was chosen where the adhesive had hardened and migrated
through to the other side of the poster according to degradation stage II
and ITI.

Effective conventional cleaning and laser cleaning requires prior removal
of the tape carrier to gain access to the adhesive layer. The carrier on both
posters was removed using the hot-air tool. Most of the adhesive was left
behind on poster 2586D and as expected the substance was very sticky. On
some samples a part of the tape carrier has been retained to assess future
post-ageing of the samples.

5 Laser Cleaning Procedure Using UV Laser

The UV laser system developed by Art Innovation is originally designed for
cleaning of paintings [6]. It consists of a Lambda Physik Compex 205 excimer
laser operating at 248 nm; pulse duration ~20ns, repetition rate range 1—
50Hz; pulse energy range 0-600mJ/pulse; maximum average power 30 W.
The laser beam, has an adjustable working spot size of X: 0.1-10 mm and
Y: 1-35mm, and is delivered by a motorised articulated arm. Additional
features are a HeNe aiming beam, on-line monitoring and analysis by Laser-
Induced Breakdown Spectroscopy, auto focus system, and high resolution
viewing camera.

On poster 6303 D, areas with hardened (cross-linked) and sticky adhesive
layers were chosen for treatment. Laser parameters such as pulse energy,
spotwidth, overlap, number of pulses per spot and number of scans were
optimised in an iterative manner [7].

Poster 2586D was used to check that the optimal parameters found on
poster 6303D were still valid when applied to a different original object and
not just a “lucky shot”. With a pulse energy of approximately 220mJ, a
spotwidth of 1mm, an overlap of 80% percent between consecutive spots, 2
laser pulses per position and a large number of scans (>15) similar, repro-
ducible results to poster 6303D were obtained.

A larger area on poster 06.22.5047 was cleaned using these optimal clean-
ing parameters. After mechanical removal of the carrier, the distribution of
the adhesive is not even or homogenous but irregular. Due to the large spot-
size of the UV laser complete removal of adhesive would cause thinning of
areas where the paper was not covered by adhesive. Therefore, the sticky ad-
hesive layer on poster 06.22.5047 Nikdo was spread and flattened by a spatula
to form a homogenous layer before treatment with the UV laser.

After treatment, visual evaluation by conservators showed that the surface
was satisfactorily cleaned. However, the surface still felt slightly sticky to
touch, indicating fragments of adhesive still remained. These fragments can
be observed more clearly in fluorescence and ultraviolet reflection. No visual
changes could be observed on the verso side of the poster.
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6 Conclusions

An additional assessment had to be made after ageing of the posters to evalu-
ate if the laser treatment has induced effects that only become apparent after
certain time has passed. Following the laser treatment additional aging was
performed by storing the papers for 12 days @ 90°C and 50% R.H. (relative
humidity). Although it might be observed that the chosen temperature of
90°C induces effects not seen during natural ageing and therefore might be
considered to be too high, the purpose of post-ageing in this specific case is
to visualize and enhance possible negative effects of UV laser cleaning and
conventional cleaning.

After ageing, the front sides of all posters exhibit a strong brown discol-
oration along the edges, matching the position of the masking tape on the
recto. The reason for this discoloration is migration of the adhesive through
the paper due to the ageing process; the migrated and hardened adhesive
now corresponds to degradation stage III, see Fig. 1.

Visual assessment clearly shows that areas that have been laser treated
display considerably less discoloration on both sides of the posters. Obviously,
the removal of the adhesive due to the laser treatment prevents migration of

©
o
J
2,
=

Fig. 1. Front (top) and back (bottom) of poster 6303D after ageing, notice the tide
lines left by the use of solvent
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adhesive and discoloration of the paper. More important however is the fact
that the intense ultraviolet laser radiation to which the treated areas have
been subjected has not induced any additional discoloration.

Another remarkable effect that becomes visible after the aggressive ageing
procedure is “bleeding” of the plasticizers along the edges of the masking tape
carrier, as can be most clearly seen in Fig. 2. The reverse sides of the posters
show a light brown discoloration, which is caused by residual, adhesive.

L

Fig. 2. Front (top) and back (bottom) of poster 06.22.5047 after ageing
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Abstract. Laser-induced chemical modifications of various types of contemporary
and ancient parchments have been studied. Such research in physico-chemical diag-
nostics is the prerequisite of computer-aided laser destructionless processing based
on off-line and on-line diagnostics. The photometric determination of the water-
soluble degradation products of collagen proved to be a sensitive method to detect
laser-induced alterations of parchment even below the ablation threshold fluence.
It is indicative for changes on the molecular level. The shrinking temperature mea-
surement by the micro-hot-table technique turned out to be sensitive only to laser
treatment that caused photochemical reactions (i.e. UV, 308 nm). At the visible
(532nm) and the infrared wavelengths (1064 nm), photochemical alterations are
absent, solely thermally induced crosslinking of the collagen fibres is observed.
Scanning electron microscopy proved only sensitive to phase changes like melting
accompanying ablation above the threshold fluence.

1 Introduction

Restorers have begun to use pulsed lasers [1-3]. The contactless laser cleaning
of biogenetic surfaces such as parchment (Fig. 1) has been studied however

Fig. 1. Contaminated ancient psalterium parchment (15th century, Southern
Germany; private W. Kautek)
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only in recent years [4-9]. Laser cleaning of parchment to some extent par-
allels dermatological laser applications that are regarded as a multi billion-
dollar market [10, 11]. There, selective photothermolysis of pigmented subsur-
face structures, such as melanin particles, enlarged blood vessels, and tattoo
ink particles, or char-free vaporization of skin takes place. Then the skin’s
natural physiological mechanisms break down and remove the laser-altered
remnants. In parchment cleaning, however, natural resorption of laser-altered
remnants is absent, and contaminants have to be removed completely without
any irreversible morphological and chemical conversions of the substrate.

Modern analytical chemistry offers valuable tools to investigate laser-
induced degradation, i.e. morphological and chemical changes, of such a bio-
genetic fibre material. On-line laser-induced plasma spectroscopy (LIPS) and
on-line laserinduced fluorescence (LIF) during laser cleaning of model sys-
tems consisting of multilayer composites of carbon containing contaminants,
pigments and parchment have been reported [4-6]. Since LIPS relies on the
destruction of a substrate, it provides limited applicability in the in-situ mon-
itoring of non-destructive laser cleaning of parchment and paper. However, a
substantial list of mainly inorganic pigments shows strong LIF emission inten-
sity, and provide good spectroscopic separation from the LIF emission of the
parchment substrate [4-6]. Further, colour metrics and Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFT) are powerful techniques
to verify any laser-induced chemical alterations both of the pigment-binder
coatings and the parchment [7, 8].

In the present study, a multi-method approach was undertaken with scan-
ning electron microscopy, the photometric determination of the water-soluble
degradation products of collagen, and the shrinking temperature measure-
ment by the micro-hot-table technique.

2 Experimental

The parchment samples described in this paper are based on animal hide, goat
and calf origin (Gerberei Ludwig Edlauer, Enns, Austria, and Carl Wildbrett,
Bobingen, Germany). Ancient specimens were selected and provided by the
Biblioteca Apostolica Vaticana [12].

Parchment is commonly manufactured from the dermis layer of animal
skin after strong alkaline removal of the epidermis and the subcutaneous
tissue layers. It mainly consists of collagen fibres. Their molecular subunits
are polypeptide chains with various amino acid side chains Ry:(-NH-CHRx-
CO-),. The major constituent is the hydroxyproline amino acid polypep-
tide protein. The structure of collagen consists of three individual protein
strands in the a-helix conformation. These are rigidly held by strong hydro-
gen bonding interaction between the hydroxyl of the hydroxy-proline and
the amino hydrogens of adjacent glycine units. In parchment manufacture,
two-dimensional reorientation of the collagen fibres takes place in a stretching
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and drying process controlled by CaSO,, CaO, and CaCOj3 additives. Often a
plasticising rehydration end-treatment is applied using egg white and linseed
oil.

Laser treatments were undertaken by three different laser wavelengths
(308 nm, 532nm, 1064nm) at the Federal Institute for Materials Research
and Testing, Berlin. An excimer type (Lambda Physik, model EMG 150)
filled with XeCl gas was used for a wavelength of 308 nm. The pulse duration
was 17 ns and the repetition rate ranged between 1 and 2 Hz. The wavelengths
of 1064nm and 532nm were delivered by a computerized prototype laser
cleaning system, based on a high pulse energy diode pumped Q-switched
Nd:YAG laser operating with a pulse duration of approximately 8 ns, and
a maximum energy of 5mJ (1064nm) and of 2.5 mJ (532nm), respectively.
The set-up consisted of a scanning optical system (254 mm focal length) which
delivered a spot size of approximately 100 um. The repetition rate was 500 Hz.

The sample preparation for the photometric determination of the water-
soluble degradation products of collagen in laser-treated parchment required
1025 mg of parchment, which was ultrasonically treated in 1ml HsO for
1(1/2) hours. After filtration of the insoluble components, the solution was
mixed with 2ml 6N HCI in a 15 ml-Sovirel tube. After the end of CO5 evolu-
tion, an 18-hour acidic treatment at 110°C followed. The hydrolysed solution
was then mixed with 7ml citrateacetate buffer (pH 6), neutralized with 4N
NaOH, and diluted with 25 ml distilled water. 1 ml of the extract was mixed
with 2ml propanol and 1 ml chloramine-T solution in a 20 ml-test-tube and
left for 20 min. Upon addition of a 1 ml aldehyd-perchloric acid mixture it
was heated in a water bath at 60°C for 20 min. After cooling, photometry
of the hydroxyproline colour complex was done in a 1 cm-cuvette at 550 nm
versus a standard of distilled water. The calibration was performed with a
collagen standard.

The measurement of shrinkage temperature in the so-called micro-hot-
table technique demands small samples of parchment fibres (~0.3 mg) [13],
which were heated in water on a microscope slide positioned on a microscope
hot table (Nikon Eclipse 1.200). During heating the fibres started shrinking
at the shrinking temperature (Ts), which depends on the stability of the
collagen.

3 Results and Discussion

The quantity of water-soluble degradation products of collagen is affected by
laser radiation already below the ablation threshold fluence, Fij, at which
material removal is detected under microscopic inspection (Table 1). The
solubility of the modern parchment increased with 308 nm at low fluences
(0.3 Jem™2) possibly due to photochemical degradation (Table 2). The an-
cient specimen already showed increased solubility at even lower fluence
(0.1 Jem™2), but exhibited a decreased value at 0.3 Jem ™2, where the modern
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Table 1. Ablation threshold fluences

Ablation Threshold Fluence/Jcm ™2

Parchment 308 nm 532nm 1064 nm
Modern (Goat 57) 0.7 3.0 3.0
Ancient (Vatican 4) 0.5 0.8 0.8

Table 2. Photometric determination of the water-soluble degradation products
of collagen in laser-treated parchment. Dashed lines indicate positions of ablation
thresholds (Table 1)

Solubility /ug mg™"

Parchment Fluence/Jem™2 308 nm 532nm 1064 nm
Modern 0.0 13.97 13.97 13.97
(Goat 57) 0.3 17.31

08  ----- 13.62

1.0 11.47

4.0 11.82
Ancient 0.0 15.86 15.86 15.86
(Vatican 4) 0.1 18.99

0.2 12.54

0.3 12.50

(0 J—— 7.94

0.8 10.53

sample still showed molecular degradation. Obviously, the decrease of soluble
products indicates crosslinking or other analogous phase changes.

At the visible (532 nm) and the infrared wavelengths (1064 nm), the pho-
tochemical phenomena were absent, and the only result was a decrease of the
solubility due to thermally induced crosslinking of the collagen fibres. Both
photochemical (308 nm) and photothermal (532 nm, 1064 nm) alterations oc-
curred already at fluences below the respective ablation thresholds as indi-
cated in Table 2 by horizontal dashed lines.

Scanning electron microscopy (SEM) detected massive phase changes like
melting and boiling that accompanied the ablation (vaporization) of the ma-
terial above Fy,. However, no changes were observed at F < Fiy, where the
water-soluble degradation products of collagen already were affected by the
laser treatment and exhibited changes on the molecular level.

The hydrothermal stability by the micro-hot-table technique relies on
heating collagen above the helix-coil transition temperature, which causes a
collapse of the rod-like three-stranded collagen unit into random coils, which
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Fig. 2. Scanning electron micrographs of laser treated calf parchment (Carl Wild-
brett, Bobingen, Germany). 308 nm, 17ns, spot dimension 0.17mm X 5.50 mm,
scanning speed 0.05 mm/s, ablation threshold Fi, ~ 0.7 Jem™2. (a) F = 0.0 Jem ™2,
(b) F =3.6Jem™?2

Fig. 3. Hydrothermal stability after UV-laser treatment (308 nm) by the micro-
hot-table technique. Micrographs of ancient parchment flakes (Vatican 4) after laser
irradiation (0.5 Jem™2). Left: 23°C; right: 60°C. Lower row high contrast presen-
tation

then constitute gelatine [14]. When collagen hide fibres are heated in water
they will deform and this deformation was seen as shrinkage of the fibres
(Fig. 3). The hydrothermal stability of the fibres decreased in proportion to
the state of deterioration.

This technique proved sensitive to laser irradiation that caused photo-
chemical reactions as e.g. collagen polymer degradation (Table 3; comp.
Table 2, 308 nm). The shrinking temperature, T, was only decreased under
UV laser treatment, also at F' < Fi,. Wavelengths which caused mainly ther-
mal reactions (e.g. crosslinking, melting etc.) did not affect Ty. even though
some laser fluences were chosen above the ablation thresholds.
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Table 3. Hydrothermal stability of parchment by the micro-hot-table technique

Shrinking Temperature, Ts[°C]/{Fluence [J/cm?]}

Laser

Wavelength Untreated 308 nm 532 nm 1064 nm
Modern 60 45 59 60
(Goat) {03 < Fth} {20 < Fth} {10 < Fth}
Ancient 48 39 50 49
(Vatican 4) {0.5 ~ Fin} {0.2 < Fin} {1.0 ~ Fin}

The photochemical deterioration at 308 nm observed by the increase of
soluble products (Table 2) and the decrease of T (Table 3) may be related
the oxidation of collagen. Both oxidative and acidic deterioration is reflected
in the measurements of the increase of soluble products and the shrinkage
temperature. These methods are therefore valuable indicators for the total
degree of deterioration of a parchment sample. Recently, shrinkage temper-
atures determined by micro-thermomechanical analysis was correlated with
the amino acid residue composition of parchment, in particular proline and
hydroxyproline [15].

Oxidative breakdown processes of parchment base on heat and light [16].
Parchment starts degrading at tripeptides in clusters of charged amino acids
following the pattern: (1) loss of mainly the basic amino acids Lysine, Argi-
nine, Hydroxylysine, and the imino acids Proline and Hydroxyproline, (2)
gain of acidic amino acids, (3) formation of small amounts of breakdown
products. Autoxidation of parchment occurs only in the presence of light [17].
Accordingly, one can conclude from our findings (Tables 2, 3) that hydroxyl
radicals are generated by UV laser irradiation. These may attack carbon
atoms in peptide side chains (indicated with an asterix) as shown in an ex-
ample of lysine R-C*Hy-NHy; — +[eOH] — R-CHO + NHj3 — +[O2, HO]
— R-COOH with R as the rest of the Lysine side chain, -(CHz)3-, including
the peptide main chain. Polar groups, particularly carboxylic acid functions
(besides some conjugated double bonds) are then formed.

4 Conclusions

Photometric determination of the water-soluble degradation products of col-
lagen is a sensitive method to detect laser-induced alterations of parchment.
These occur already below the ablation threshold fluence and are indicative
for changes on the molecular level.

UV laser light (308 nm) causes photochemical degradation i.e. molecular
degradation at moderate fluencies far below the ablation threshold. At higher
fluences, less for ancient aged parchment, photothermal alteration takes over
the behaviour.
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At the visible (532nm) and the infrared wavelengths (1064nm), the
photochemical phenomena are practically absent. Solely thermally induced
crosslinking of the collagen fibres is increasingly observed with increasing
fluence.

The hydrothermal stability and shrinking temperature measurements by
the micro-hot-table technique rendered itself sensitive only to laser irradiation
that caused photochemical reactions (i.e. UV, 308 nm). Wavelengths which
caused mainly thermal reactions (e.g. crosslinking, melting etc.) did not affect
Ty even though some laser fluences were chosen above the ablation thresholds.

Scanning electron microscopy (SEM) is only sensitive to massive phase
changes like melting and boiling accompanying ablation (vaporization) above
the threshold fluence.

The photochemical deterioration at 308 nm observed by the increase of
soluble products and the decrease of the shrinking temperature may be re-
lated to oxidative breakdown processes, which occur only in the presence of
light.
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Abstract. Numereous metallic artworks show environmental damages. Often cor-
rosion products and other contaminations can not be removed sufficiently by con-
ventional techniques such as chemical cleaning agents. Within the framework of
an 18-month project, LZH is carrying out investigations with the aim to develop
a new cleaning method for antique metallic artworks with a temperature-sensitive
surface using femtosecond (fs) laser technology to avoid damage or discoloring of
the original surface. In the presented work the removal of corrosion products or
pigment coatings from original objects made of copper, bronze and silver using a
Titan-Saphir femtosecond laser is being investigated. This laser cleaning technology
will be qualified at the end of the project by an exemplary restoration of a part of
a bronze sculpture createtd by Adrian de Vries in 1648. In the frame of the project,
the influence of the laser fluence and of the repetition rate on the specific removal
efficiency of the various corrosion products is analysed. Specific fluence thresholds
have been found for the removal of different types of corrosion products and pig-
ment coatings. A sequential removal by non-thermal ablation of discrete corrosion
layers or products has been achieved by varying the laser fluence.

1 Introduction

Copper and bronze materials suffer from various corrosion processes caused
by atmospherical influence mainly such as Og, water and air pollutants (SO,
soot, gypsum, silica). Most of the outdoor placed objects show different cor-
rosion states and damage phenomena at various regions of the object sur-
face mostly depending on the distinguishable range of influence of water and
wind [1].

The goal of restoration measures is to generate a homogenous and es-
thetical view and to inhibit further corrosion processes which may lead to
irreversible damages or changes of the morphology of the original surface.
Hence, the porous corrosion layers which contain humidity and also gases
(basic copper sulfates and -chlorides as well as dust containing components)
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promote corrosion processes and have to be removed. Near to the metal-
lic surface, copper- and tin oxides can be found which build a strong and
non porous layer. These oxide layers passivate the surface and avoid further
corrosion, so they should be left on the surface [2].

The absorption and interaction of the laser irradiation with the metal
target depends not only on the laser wavelength but can also interact with
a plasma cloud which is build of hot gases of ions [4, 5]. The plasma cloud
absorbs a part of the laser irradiation and also induces a heat transfer to the
target surface which can lead to melting, discoloring or damaging processes
[6]. Those negative effects on restoration applications of metallic objects and
also the melting of the metallic phase can be avoided by using femtosecond
laser irradiation when the laser fluence is below the threshold of plasma
formation [7-9].

2 Experimental Methods and Materials

The investigations have been carried out by using a femtosecond laser system
(center wavelength: 780 nm; pulse duration: 140-1500 fs; laser output-power:
1.5 W; repetition rate: 5kHz) (see Fig. 1). A 2-D-Scanner device was used to
guide the laser beam and realize different feed strategies. A 3-D motordrive
Nano-positioning unit has been used to handle the objects and to move them
to their exact placement. The original materials were taken from a current
restoration measure and have been provided by the Lower Saxony Depart-
ment of Preservation of Ancient Monuments (NLD) and the North German
Center of Material Science of Heritage (ZMK) as well as by the restorer
Wolfgang Conrad and Haber & Brandner GmbH.

. ([N v
> o
Laser Beam

Beam Scanner Device
Splitter IV
Holographic

Distance Sensor

3-D i
3D Corrosion

Positioning- Products
Unit

Femtosecond
Laser Source

Basic Material

Fig. 1. Experimental Set-up
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3 Results and Discussion

During the last 12 month systematic investigations/studies on the removal
of corrosion layers of original copper and bronze artworks using a fs-laser
source were carried out by the authors. An important observation was that
the threshold fluences for plasma formation can significantly raise when the
object surface is humidified before laser treatment. Using this method all
relevant corrosion layers can be removed even when a laser fluence higher
than the threshold fluence for plasma formation (of the dry surface) is needed.
Hence, any damaging or discoloring of the oxide layers or metal surface could
be sufficiently avoided.

Center Wavelength [nm]: 780
Pulse Duration [fs]: 150
Focus Diameter [um]: 50
Puls-to-Pulse Distance [um]: 15
; Repetition: 10
o o I Field Size [mm]: 5 X 5

1.27 Jem? @
Fig. 2. Light microscopy images of a fs-laser treated bronze object (“Pliimicke”-

memorial plaque, ca. 1962) showing threshold fluences for the removal of different
corrosion products

Figure 2 shows some sucsessful results of the selective removal of corrosion
layers of a bronze object. Using a laser fluence between 0.08-0.5J/cm? the
green layer of basic Copper-Sulfates is removed (Fig. 2a). The thin blue layer
of basic Copper Carbonates was removed using a laser fluence between 0.5—
1.27J/em? (Fig. 2b), while a laser fluence >1.27J/cm? leads to a removal of
the oxide layers (Fig. 2c). The presented results of the cleaning experiments
show that a high selective removal of differnet corrosion layers is possible
with a femtosecond-laser source using different laser fluences.

To remove corrosion products even from a high porous surface (see Bron-
chantit and Antlerit spots in Fig. 2b and 2¢) a modified process control is
needed to be integrated. Within the next month, the Laser Zentrum Hannover
will carry out investigations to develop a suitable automatic process control
using a holographic distance sensor together with an adaptive focusing optic.
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Figure 3 gives several examples of cleaning results from another outdoor
bronze sculpture, which shows a high amount of different corrosion prod-
ucts and thus, a very inhomogeneous outlook. In this case, part of the basic
bronze material is seriously damaged or corroded. The upper layers con-
taining organic components and soot can sucsessfully be removed using low
laser fluences of 0.07-0.12 J/cm? (Fig. 3a). Most of the surface areas show a
strong layer of a mixture of Cuprit and basic Copper Carbonats which have
a red or violett appearance. White layers containing Tin Oxide can suffi-
ciently be removed using a laser fluence between 0.34-0.49J/cm? (see Fig.
3c). The layers of Cuprit and basic Copper Carbonates can be removed using
a laser fluence between 0.49-0.86 J/cm? (see Fig. 3d and 3e), which leads to
a different visual surface appearance depending on the respective chemical
composition of these corrosion products lying under- neath. Using high laser
fluences (>0.86J/cm?) also leads to an inhomogeneous surface appearance
with different amounts of Copper Oxides as well as exposed bronze material.

Center Wavelength [nm]: 780
Pulse Duration [fs]: 150

Focus Diameter [um]: 50
Puls-to-Pulse Distance [um]: 15
Repetition: 10

0.86 J/cm? R T )5 j/cn R | Ficld Size [mm]: 5 % 5

Fig. 3. Light microscopy images of an fs-laser treated bronze object (“Der
Schauende”-created by Prof. Herbert Volwahsen in 1936) showing threshold flu-
ences for the removal of different corrosion products

The Laser Zentrum Hannover carried out several systematic investigations
on the removal of corrosion products from copper materials using femtosecond
laser soures. Most of these materials have a less complex structure of the
corrosion layers in comparison to most of the outdoor bronze objects.

Figure 4 shows some examples of the cleaning results of outdoor corroded
copper plates. Organic components and soot can sufficiently be removed using
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Center Wavelength [nm]: 780
Pulse Duration [fs]: 150
Focus Diameter [um]: 50

: A o 3 . 3 Puls-to-Pulse Distance [um]: 15
L : ¢ - e T Repetition: 10

0.72 Jen? LR i Field Size [mm]: 5 5

Fig. 4. Light microscopy images of an fs-laser treated copper roof plate (Church
in Graz, Austria) showing threshold fluences for the removal of different corrosion
products

a laser fluence of 0.05-0.23 J/cm? (see Fig. 4a) without damaging or discol-
oring the layers underneath. The green corrosion layers containing different
basic copper Sulfates can be successfully removed using a laser fluence of
0.23-0.72 J/cm? (see Fig. 4b). Using laser fluences between 0.72-0.82J/cm?
Copper Oxides like Cuprite will be removed obtaining a bright orange colored
copper surface.

The cleaning or restoration of outdoor copper materials using femtosecond
laser sources proved to be a promising method with a high efficiency and
without damaging the layers which are to be preserved.

Figure 5 shows some confocal microscopy images of the bronze surface
topography using different laser fluences. Image (a) and (b) show the re-
sult of the removal of an inhomogenous dust layer with a laser threshold
of 0.05J/cm?, while the removal of Copper Sulfates starts at laser fluences
>0.11J/cm?. Exceeding the laser fluence to a value >0.58 J/cm?, the oxide
layer will be removed (Fig. 5c). The result of a laser treatment without hu-
midification is given in (Fig. 5d) using a laser fluence which is higher than the
treshold value of the plasma formation. This topography shows the result of
melting processes which were induced by the plasma cloud where each laser
pulse generated a crater leading to a rough and discolored surface.

Even though economic aspects were not the aim of the presented study,
the estimation of ablation ratios and required time for cleaning of a given
surface area may lead to a comparision with conventional techniques. The
ablation rates for the removal of the different corrosion products and layers
were acquired using confocal microscopy. Consequently, the required time of
fs-laser processing for selective removal of different corrosion products on tin
bronze and copper bronze objects are given in Table 1. The surface specific
ablation rate mainly depends on the thickness of the respective corrosion
layer. In general, the required time to remove corrosion products from copper
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Fluence: 0.58 J/cm3 5 Fluence: 1.1 J/cm?

Fig. 5. Confocal microscopy pictures of a fs-laser treated outdoor bronze ob-
ject (“Friedrich III statue”) showing the surface topography at different laser flu-
ences (pulse duration: 150 fs, focus diameter: 50 um, pulse-to-pulse distance: 15 pm,
repetition: 10)

outdoor objects was higher than for bronze materials. To give a synopsis to
future application of this technology, an estimation of the theoretical required
time of ablation for a letter-size and square meter surface area is given in
Table 1. The required period is in the range of 60-110 hours for a letter size
area and 140-250 days (7 h) for a square meter.

Even if manual cleaning, cleaning using Nd:YAG lasers and fs-laser clean-
ing show completely different tool-material interaction and specific limita-
tions which are inherent to each technology, a comparison of the required
time may lead to a discussion of the future use in practice. The required
time and handling for devices during fs-laser ablation is in the same order
of magnitude than during manual restoration, but much lower than during
Nd:YAG laser ablation.

The mobility of such a laser source is still limited, which is a disadvantage
compared to Nd:YAG lasers. Therefore, fs-laser source development has to
make progress regarding pulse duration stability, compactness and robust-
ness of the system as well as increasing the maximum pulse energy (at high
repetition of several 10 kHz) if it shall compete with conventional techniques
in practical use. Furthermore, robust beam guidance and handling devices
including beam guidance and adaptive optics are needed to allow a wider
range of applications inc luding outdoor use. Of course, during this further
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Table 1. Required time of fs-laser processing for selective removal of different
corrosion products on tin-bronze and copper bronze objects

Surface Theoretical Required Time of
Corrosion Products Specific Ablation Including 5 Minutes
and Layers Ablation Adjustment Time per cm?
Time Surface Area
[min/cm?] Per Area of a Per Square
A4-Page Meter [Days a
(630 cm?) [h] 7 h]
£ Organic Compounds 1518 68 155
= and Soot
©  Tin Oxide 2.2-3.1 76 171
§  Basic Copper Sulfates  2.5-4.5 79 179
2 (Bronchantie Antlerite)
Ci Basic Copper 2.2-5.7 76 171
iz Carbonates (Malachit)
Tenorite 5.5-10.2 110 250
Organic Compounds 0.8-1.4 104 236
and Soot
% Basic Copper Sulfates  1.2-3.5 61 138
% (Bronchantie Antlerite)
O  Basic Copper 0.9-1.8 65 148
g Carbonates (Malachit)
o Tenorite 4.2-8.5 62 140
O Cuprite 3.2-7.8 97 219

development of tabletop systems towards mobile systems, fs-specific safety
aspects have also to be considered [10].

4 Conclusions

Numereous metallic artworks can not be cleaned sufficiently by conventional
techniques or with chemical cleaning agents. This concerns especially temper-
ature sensitive metallic materials like bronze and copper. The development
of a new restoration method or technique is demanded to avoid damaging
or discoloring of the original surface. In the presented work the removal of
corrosion products from original objects made of copper and bronze using a
Titan-Saphir femtosecond laser has been investigated. The results of the pre-
sented investigations show that a selective and sequential removal of different
corrosion products or layers can be sufficiently obtained using different laser
fluences in between the achieved threshold values even in cases of a complex
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structure of the composition of the corrosion layers. However, the corrosions
inside of caverns or from a high porous surface are still limiting the quality
of the restoration result. Therefore, the focal position has to be controlled
using an online distance control unit.

5 Outlook

In the frame of future work the Laser Zentrum Hannover will finish the
investigations to develop an automatic process control using a distance sensor
combined with an adaptive focussing optic to adjust the proper laser fluence
to obtain the demanded restoration results. After integrating this process
control device to the experimental set-up, this new laser cleaning technology
will be tested by pilot applocation on part of a bronze sculpture createtd by
Adrian de Vries in 1648 (see Fig. 6).

Bronze Sculpture First Experimental Setup during  First Cleaning Results
(Adrian de Vries) Scanning fs-Laser-Cleaning

Copper Oxide Layer

Laser Scanner .~

i Corrosion Products
and Dust

Fig. 6. Foto of a bronze sculpture created by Arian de Vries in 1648
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Abstract. Often archaeological ironwork is covered by a thick corrosion layer. In
many cases the corrosion crust exceeds the volume of the original ironwork several
times. In order to expose the original topography, containing several information
about the former manufacturing process, recently the laser gained increasing in-
terest. Investigations were carried out by a novel Nd:YAG-Laser with frequency
multiplying (1064 nm, 532nm, 355 nm, 266 nm). It has turned out that the com-
bination of conventional cleaning methods (for coarse removal of corrosion crusts)
with Nd:YAG-Laser technique (for fine removal) opens new possibilities in restora-
tion of strongly corroded archaeological iron work.

1 Introduction

Corrosion of iron in the ground is a complex electrochemical process whereby
the ground water with dissoluted salt acts as the electrolyte. Thus depending
on the iron quality, state of the ground and various ambient conditions in
general ironwork from excavations is covered by thick corrosion layers. The
corrosion process simplified may be explained as follows (Fig. 1): mainly Fe IT
compounds are oxidized and hydrolized partially to Fe III-compounds. This
process results into an inner layer of magnetite [FesO4] and an outer crust
of goethite [0-Fe(III)OOH]. Furthermore, grounds containing high content
of specific anions can also cause other corrosion products (e.g. phosphate,
carbonate, sulphate and sulfite). Within this compound, the original iron
surface is defined as the transition from magnetite to goethite (Fig. 1, left).
The interior contains the metallic core so far the ironwork is not mineralised
completely. Continuous corrosion leads to increasing growth of the magnetite
layer towards the centre while the goethite layer growths towards outside.
Figure 1 (right) shows a typical “corrosion lump” with strong corrosion ef-
fects.

For our investigations we employed ironwork (fittings, knifes, clip of
fibula) originating from Anreppen/Germany (Roman Camp; silica sand
ground) and Rozedehausen/Germany (settlement from Middle Ages; loam
ground).

In order to release the original iron surface containing valuable informa-
tion about the former manufacturing process, various methods to remove the
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ouler corrosion layer
{e.g. Goelhile) with minaral
Inclusions

LJoriginal surface®

inner corrosion kayer

(.. Magnelile)

iron core

Fig. 1. Formation of corrosion crusts; left: typical cross-section of corroded iron
work and definition of “original surface”, right: Archaeological iron nail from Roman
Camp/Germany with strong corrosion crusts partially removed

corrosion layer are utilised. Nowadays mechanical cleaning is carried out by
scalpels or scrapers, ultrasonic chisels, disc grinders and micro sandblasting
with various abrasive materials. An alternative processing method is heat-
ing up the corroded ironwork (<350°C) in a plasma chamber or oven inside
an inert or reduced atmosphere [1]. As a result the corrosion crust becomes
crumbly due to microcracks.

An inherent disadvantage of all cleaning methods mentioned above is their
risk of damaging the original ironwork surface.

In various papers [2—4] laser cleaning of corroded bronze, lead, silver and
aluminium is reported. However (so far as known) laser cleaning of corroded
archaeological iron in first attempts was only studied by [5].

2 Laser Equipment and Archaeological Iron Samples

For experimental studies a Q-switched Nd:YAG-Laser (t; ~ 8ns) was used
with optional frequency multiplying (®/1064nm; 2®/532nm; 3m/355 nm;
4®/266 nm). The maximum pulse energy was 1500 mJ@Q®, 800 mJQ2wm, 450 mJ
@3m and 260 mJ@4®, respectively. Our samples originate from the excava-
tions of Anreppen/Germany (Roman Camp) and Rozedehausen/Germany
(settlement from Middle Ages). The roman ironwork was found in fine-grained
white silica sand with various ground conditions due to variations in humid-
ity and fertilizing influence. The medieval ironworks from Rozedehausen was
found in a loam ground. All samples were made available by the Museum for
Archaeology in Muenster.

3 Experimental Results

It was investigated that there are different fluence thresholds for the re-
moval of the corrosion crust, modification (e.g. blackening) of the original
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iron surface and (undesired) removal of the original iron matter. All fluence
thresholds show a distinct downward tendency with decreasing wavelength.
It has turned out that the threshold for removal of corrosion crust was lowest
in most cases (Fig. 2).

= 1064nm

ablation threshold modification threshold
“onginal surface” “original surface”

energy density [Jicm?]

‘ ‘ ablation ‘
threshold — |
corrosion
layer

4 5] 7

numbering of archaeological objects

Fig. 2. Different fluence thresholds for various corroded iron works

In all cases the removal process was accompanied by a blackening of the
interaction area as depicted in Fig. 3.

Beside blackening effect, for some ironworks being excavated from sil-
ica sand ground, we also observed a remaining part of silica grains on
the surface after the cleaning process. Obviously this is due to the fact
of highly transparency of Silica at the employed wavelengths. The maxi-
mum removal rate was >10pg/pulse@1064 nm, <10 pg/pulse@532nm and
<10 pug/pulse@355nm /266 nm at a constant spot size area of 0,25 cm?. Thus
with regard to practical applications for further studies only 1064 nm and
532nm were used.

Analytical investigations using pyrometer and SEM reveal a minor ther-
mal load onto the exposed iron surface. However, high resolution imaging by
SEM gave obvious indications for tiny molten areas in the range of some mi-
cro meters. Using EDX and XPS we detected an increasing content of Fe on
the surface after laser cleaning (from 65% to 96%). An explanation might be
given by the reduction of various iron oxides, as for example FeoO3 — FeO
or FeO — Fe. Also we detected a distinct decrease of carbon which obviously
is due to the ablation of organic impurities.
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1064nm 532nm 355nm 266nm

Fig. 3. Blackening on an iron fragment (Roman Camp near Cologne) after treating
at different Nd:YAG-Lasers wavelengths

Fig. 4. SEM-top view on a laser cleaned (A = 1064nm) iron area: tiny molten
areas in the um-range arise on the surface

4 Transfer of Results to Archaeological Objects

A comparison of a laser cleaned area (A = 1064nm) on a corroded iron bar
to a sandblasted one is given in Fig. 5. As can be seen that the laser cleaned
surface (left) contains more original roughness, while the sandblasted area
shows a more smoothened surface due to the abrasive effect of corund micro
particles. A similar result was obtained for A = 532 nm.

As known from laser cleaning of other artworks (e.g. stone [6]), using a thin
liquid film on the surface may support the removal process. In our study we
used ethanol instead of water and obtained an increase of the removal rate up
to 60%. As an interesting side effect it has turned out that the liquid additive
also completely removes adhering silica grains from the surface (see Fig. 6).
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Fig. 5. Iron bar with 2mm corrosion crust (Rozedehausen/Germany); left: Laser
cleaned (A = 1064nm, H = 2,6 J/cm?, 7min), right: Microsandblasted (58-88 um
corund grains, 1-3 bar, 30 min)

Fig. 6. Liquid film (ethanol) on the surface also removes silica grains; left: laser
cleaned (A = 1064 nm) with ethanol liquid film; right: laser cleaned (A = 1064 nm)
without ethanol liquid film

This might be explained by the laser induced vaporization of ethanol causing
high pressure onto the single grains.

In cooperation with the Museum for Archaeology/Muenster (Germany)
laser cleaning technique was applied to several originals of corroded ironwork.
In any case a coarse removal of corrosion crust was provided by rotating
grinding tools. Laser radiation @ 1064 nm was used in order to remove the
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width=[8cm]

Fig. 7. Clip of a fibula; cleaned with Nd:YAG-Laser (A = 1064nm, H = 2,2 J/cm?),
1 hour cleaning procedure

Fig. 8. Iron bracket from Roman Camp Anreppen/Germany. Fine cleaning with
laser (@ 1064nm) was 16 minutes while it was 50 minutes for sandblasting (this
figure demonstrates the laser cleaned side)

remaining thin corrosion layer. As shown exemplary in Fig. 7 fine details on
the original surface of a clip from a fibula (Roman Camp) could be exposed.
Delicate ornaments appeared and gave indications to the former treatment
process of the clip. The duration for the laser cleaning procedure was 1 hour.
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For a comparison of the processing time for laser cleaning in contrast
to sand blasting an iron bracket (Roman Camp Anreppen/Germany) with
a 2mm thick corrosion layer was used. Both sides of the bracket were pre-
cleaned by a restorer using mechanical coarse removal techniques. Following
the restorer used laser radiation (1064 nm, 2,6 J/cm?, 5 Hz) and sand blasting
(corund 70 pm, 1-3 bar) for final cleaning on each side. The state “clean” was
defined by the restorers experience. For the iron bracket shown in Fig. 8 the
processing time for laser cleaning was 16 minutes while it was 50 minutes for
sandblasting. Furthermore it has turned out that the laser cleaned surface is
characterized by a more delicate surface in contrast to a more smoothened
surface for sandblasting.
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Abstract. The interaction of various metal alloys with laser energy generated by
a Nd:YAG medium (A = 1064nm, 532nm, and 355nm) has been examined sys-
tematically by the variation of laser parameters. With the help of model coupons,
alteration/ablation thresholds of uncorroded/corroded surfaces of iron, pure copper
and copper alloys were determined, leading to first recommendations for the clean-
ing of originals. Surface absorption measurements in the UV /VIS/IR wavelength
regions completed the interaction studies.

1 Introduction

In the last decades, laser treatments of various material surfaces have been
investigated not only for industrial purposes, but also for the cleaning of
sensitive artwork surfaces [1]. Experiments have mainly been performed on
original objects with special cleaning challenges, leading to conclusions valid
only for limited material compositions in combination with special surface
phenomena [2]. Especially in the last decade, interests were focused on more
sophisticated research concerning the interaction between laser energy and
surface layers [2, 3]. Systematic investigations including laser treatments of
artificial model samples have been performed successfully on stone [4], paper
[3], and stained glass [3, 5]. The work on metals presented here follows this
experimental scheme. For metal alloys, systematic research work has been
published only very rarely until now, e.g. on bronze, archaeological and gilded
objects [2, 3].

Within a 3 years research project in Germany, the interaction of various
metal surfaces with different laser sources is being monitored, focusing on
the ablation of surface deposits such as corrosion crusts caused by outdoor or
indoor weathering, aged preservation coatings, dirt deposits, graffiti, traces
of paint, lime or rust. The experiments are mainly dedicated to cleaning
challenges represented by pilot objects, consisting of copper, bronze, brass,
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iron, tin alloys, and gilded lead. The results will be transferable to other
metal monuments with comparable surface phenomena as well. Tests have
been performed first on cast model coupons and on substrates originating
from cast-off originals. The determination of alteration and ablation thresh-
olds (for surface layers) and alteration thresholds (for underlying substrates
worth to be preserved) are in the focus of interest. The results reported here
deal particularly with the removal of surface corrosion and represent an in-
termediate project stage.

The work is supported by the Deutsche Bundesstiftung Umwelt (German
Foundation for the Environment) in Osnabriick. The project finished its first
year of performance.

2 Experimental Methods

Within the first project stage, as model samples coupons of iron/steel and
copper alloys including bronze have been examined. Newly cast samples and
moreover, corroded original samples, originating from copper roofs (Denmark,
early 20th century, and Germany, 18th ct.), from a 17th ct. German bronze,
and from a 19th ct. German wrought iron object had been available and
treated. For both — the new cast samples and the originals — alteration and
ablation effects had been monitored.
The ablation/alteration thresholds can be described as follows:

Metal Surface | Uncorroded Corroded sample surface
sample surface or surface covered with
Threshold dirt, paint or coatings
definition
Alteration threshold | beginning change in beginning change
colour (partly: in colour
change of roughness)
Ablation threshold beginning loss beginning loss
of bulk material of surface layer

In the case of a sample surface covered with corrosion, dirt, paint or
coatings a second stage of ablation threshold (2) can be defined, where bulk
metal loss occurs. It could be proved experimentally, that the laser parameters
for this effect are comparable to the ablation thresholds on related uncorroded
samples (see definition above; within examination error limits), as expected.
The examination was performed by light (optical) microscopy of the surface.

As laser sources, the available wavelength region from UV to the near IR
with special relevance to portable Nd:YAG systems (basic wavelength, second
and third harmonics) have been covered. For the experiments, the following
laser types and parameters have been chosen for systematical variations:
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Laser source: Nd:YAG (BMI/Thales “Artlight
NL102” and BMI/Thales “pulsed
multiband OPO”)

Wavelength A (nm): 1064, 532, 355

Fluence H (J/cm?): 0.17-03-08-1.0-3.0
Absolute pulse number N: 1, 20, 100

Repetition rate/Frequency F (s71): no (for N = 1), 2, 10
Pulse length: 6 ns

The scheme of the laser matrix is shown in Fig. 1 (left; separate matrices
for different \), together with its application on an uncorroded steel coupon
(right; for A = 532nm). The beginning alteration for this material /laser en-
ergy combination is clearly to be seen at H = 0.30J/cm? (in the parameter
field N = 100 @ F = 2). The error limits of the experimental fluence output
H can be estimated to be £10%.

AIN/F

—> 7 mm

355
D D D D oo " -

1064
355

D D D D D o % 'z
1064
355

DDDDD s /% 1o
1064
355

DDDDD Sas /100 /2
1064
355

DDD 532 /100 /10

1064 10 mm

2 mm

Fig. 1. Scheme of the laser matrix (left), matrix application on an uncorroded
iron/steel coupon (right; A = 532 nm; light microscopy; beginning alteration marked
with a square)

Application of various laser wavelengths implies absorption measurements
of different surface species to choose the most effective equipment for cleaning.
Therefore, measurements in the nearUV /VIS/IR region have been carried out
on corroded iron and copper surfaces.

3 Results and Discussion
The results of the absorption measurements on iron and copper are presented

in Fig. 2 for the near UV /VIS/near IR (left) and for the near IR/IR region
(right).



82 P. Mottner et al.

100 -
g5 <
—
80 /2 Jj
X 85
-
& e - : /3
g 75 G AN
172] o 4
£
< 704
85 1 corroded iron, 19t ct., front
2 corroded iron, 19t ct., back
60
T T T T T
0 500 1000 1500 2000 2500
A/ nm
354
304 1
£ A b
g 254 m ~;
F:% 204 ,-’: 3
2 ol s
) \
g 15 |
=
& _—4
2 104 \J
2 [
< - 3 corroded copper, 18 ct.
2 4 corroded copper, early 20t ct.
on T T T T 1

0.0 25 5.0 75 10,0 125

A /um

Fig. 2. Absorption spectra of corroded iron and copper surfaces. Near
UV /VIS/near IR region (top) and near IR/IR region (bottom)

The spectra show minimum absorption especially for corroded copper
in the wavelength region of A = 500-600 nm. High absorption and maxima
are present at values A < 500 nm and A = 800-1000 nm. Therefore, the basic
wavelength (A = 1064 nm) and third harmonic (A = 355 nm) of the Nd/YAG-
laser should be well suited for cleaning applications aiming at the reduction
of the patina and the second harmonic (A = 532nm) for the treatment of
superficial surface layers whilst presuming patina preservation. The absorp-
tion maxima for all investigated samples at A =~ 3 um corresponds with the
emission wavelength of the Er:YAG laser, outlining it as a potential cleaning
tool for future experiments.

The results of the systematic laser treatment of the model samples (al-
teration/ablation thresholds) are presented in Table 1.

Examples for the surface phenomena observed at various laser parameters
are shown in Figs. 3-5 for copper with an uncorroded (newly prepared) and a
patinated surface (early 20th century), monitored on a macroscopical (Fig. 3)
and on a microscopical scale (Figs. 4, 5). Significant visual changes of adjacent
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Table 1. Alteration/ablation thresholds of model samples (uncorroded/ corroded),
treated with a Nd:YAG laser source (basic wavelength, second and third harmonics)

Sample Surface Alteration Thresholds (H-N-F)

(uncorroded) A = 1064 nm A =532nm

Iron/steel 0.80J/cm? -20-2 0.30J/cm? - 100 - 2

Copper 0.80J/cm? -20-2 0.80J/cm? - 1 - no

Sn-bronze 0.80J/cm? - 20-2 0.80J/cm? - 1 - no

Sn/Zn/Pb — bronze 0.80 J/cn\2 -1-no 0.80 J/Cll]2 - 1- no

Brass 0.80J/cm? - 20 - 10 0.80J/cm? - 1 - no

Sample Surface Alteration Thresholds (H-N-F)

(uncorroded) A = 1064 nm A = 532nm

Iron/steel 0.80J/cm? - 100 - 2 1.00J/cm? - 20 - 2

Copper 1.00J/cm? - 20 -2 1.00J/cm? - 20 - 2

Sn-bronze 3.00J/cm? - 1-no 0.80J/cm? - 100 - 2

Sn/Zn/Pb — bronze 0.80J/cm? - 20-2 0.80J/cm?- 20 - 10

Brass 3.00J/cm? - 20 -2 0.80J/cm?- 100 - 2

Sample Surface Surface Corrosion Alternation Thresholds (H-N-F)

(corroded) Product A = 1064 nm A = 532nm A = 355nm

Iron (19thct.) FeOOH, Fex03 0.80J/cm? - 20-2 0.30J/cm? - 20 - 2 -

Copper Brochantite 0.30J/cm? -20-2 0.17J/cm? - 20 - 2 0.17J/cm? - 1 - no

(early 20thct.) (cuprite)

Copper (18thct.)  Cuprite 0.30J/cm? -20-2 0.30J/cm?-1-no  0.17J/cm? - 20 - 10
(brochantite)

Bronze (17thct.) Antlerite, 0.30J/cm? - 10-2 - -
brochantite

Sample Surface Surface Corrosion Alternation Thresholds (H-N-F)

ded Product

(corroded) rodue A = 1064 nm A = 532nm A = 355nm

Iron (19thct.) FeOOH, FeyOg 0.80J/cm? - 20-2 0.30J/cm? - 100 - 10 —

Copper Brochantite 0.80J/cm? - 20-2 0.30J/cm? - 100-2 0.17J/cm? - 100 - 2

(early 20thct.) (cuprite)

Copper (18thct.)  Cuprite 0.80J/cm? - 20 - 10 0.30J/cm? - 20 - 10 0.17J/cm? - 20 - 2
(brochantite)

Bronze (17thct.)  Antlerite, 0.35J/cm? -10-2 0.25J/cm?(-10-2) 0.15J/cm?( - 10 - 2)

brochantite

laser-cleaned matrix areas (see laser matrices in Fig. 1 for steel and in Fig. 3
for copper) can directly be correlated with the existence of a threshold value
as stated in Table 1. Especially for copper, alteration threshold surface effects
are visualised in detail in Figs. 4b and 5b, ablation threshold results in Figs.
4c and b5c.

For the samples studied, the interaction between surface and laser en-
ergy is more intense with decreasing laser wavelength (resulting in a lower
threshold value). Few exceptions can be stated in case of the ablation thresh-
old values for uncorroded samples (see Table 1), but these parameters are
normally far beyond what is foreseen for the treatment of an object. For cor-
roded iron, ablation values for the crust are quite comparable to the alteration
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Fig. 3. Light microscopy: Laser matrix on copper with an uncorroded (left; A =
532nm) and patinated surface (right; A = 1064 nm)

Fig. 4. Light microscopy: Subsequent laser treatment of copper (uncorroded sur-
face); (a): untreated surface; (b): colour change (right side, alt. threshold); (c): ma-
terial loss (abl. threshold); (d): final state with material loss (left side), melting
spots, colour changes (right side)
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Fig. 5. Light microscopy: Subsequent laser treatment of Copper (patinated sur-
face); (a): untreated surface (pits down to the bulk, black spots); (b): colour change
(left side, alt. threshold); (c): patina loss (right side, abl. threshold); (d): final state
with patina loss, damage and loss of bulk metal (left side, abl. threshold (2))

thresholds of the bulk. Therefore, careful reduction of the rust layer is rec-
ommended. The cleaning experiments for copper and bronze showed, that
ablation can be observed at laser parameter combinations (H-N-F) where no
alteration effect of the underlying substrate occurs (exception: equal values
for copper, 20th ct., A = 1064 nm), indicating the possibility of a self limiting
cleaning process, if a reduction of the corrosion layer is envisaged. According
to the general conservation strategy in the case of copper alloys, alteration
and ablation of the patina should in most cases be avoided (in contrast to
iron/steel). The related alteration thresholds are low (0.30 J/cm?(1064 nm) or
lower), requiring careful laser applications, too. A reduced interaction of the
patinated copper (or comparable bronze) surfaces with the second harmonic
(A = 532nm), as indicated by the UV/VIS/IR — absorption measurements,
could not be observed. The absorption properties of the surface seem to be
superimposed by other effects (plasma generation, shockwave effect, thermal
interaction etc).

4 Conclusions

Cleaning applications on iron and bronze monuments, based on the re-
sults on model substrates presented above, are under investigation with first
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promising results. The removal of iron corrosion layers (rust) and also the re-
duction of dirt and black (corrosion) crusts on bronze and brass seem possible
without any damage of the underlying substrate. Further pilot applications
combined with instrumental analysis will follow. Furthermore, laser treated
areas will be compared with results obtained by means of established cleaning
techniques.

References

1. M. Cooper, Laser cleaning in conservation, Butterworth-Heinemann, London
(GB), 1998

2. Conf. proceedings LACONA III, Florence (I), April 1999, J. Cult. Heritage,
Supp. 1, 2000

3. Conf. proceedings LACONA 1V, Paris (F), September 2001, J. Cult. Heritage,
Supp. 1, 2003

4. Laserstrahlreinigung von Naturstein (eds. Siedel, Wiedemann), Fraunhofer IRB
Verlag, 2002

5. Reinigung von hist. Glasmalereien mit Lasertechnik (ed. Rémich), Fraunhofer
IRB Verlag, 2000



1320 nm Range Nd:YAG-Laser
in Restoration of Artworks Made of Bronze
and Other Metals

S. Batishche!, A. Kouzmouk!, H. Tatur!, T. Gorovets?, U. Pilipenka?, and
V. Ukhau®

! Institute of Physics of National Academy of Sciences of Belarus (IP), Minsk,

Belarus

batis@bas-net.by
2 National Art Museum of Belarus (NAM), Minsk, Belarus
kaa@dragon.bas-net.by
Research enterprise “Belmicrosystems” of “Integral” Amalgamation (REBIA),
Minsk, Belarus
ukhau@tut.by

Abstract. Investigations on optimization of methods of laser cleaning of metal
artworks by pulses of microsecond and nanosecond duration on wavelengths of
1064nm and 1320nm of Nd:YAG-Lasers were fulfilled. Comparison of results of
cleaning under different conditions was done.

1 Introduction

Since the first successful experiment made by John Asmus [1] on laser cleaning
of lead and corroded bronze, a number of successful applications of the new
technology have been demonstrated for cleaning artworks made of various
metals (aluminium, bronze, copper, steel, brass, silver and some others) with
the radiation of various lasers (Q-switched and free-running Nd:YAG-Laser,
CO2 and XeCl lasers, Nd:YAG-Lasers with harmonic generators) delivered
to a target through an articulated arm or fiber [2-5].

Under the influence of the ideas developed by Martin Cooper from the
National Museums and Galleries on Merseyside (NMGM) in [6], NAM in
cooperation with IP and REBIA has successfully used Q-switched and free-
running Nd:YAG-Lasers working at 1064 nm, 532nm and 1064 nm, respec-
tively, for laser cleaning of metal artworks since 1996. Laser cleaning showed
high cost efficiency and qualitative advantage in comparison with the con-
ventional widely used mechanical (scalpel, polishing), chemical and electro-
chemical cleaning techniques [7]. At present, NAM mostly uses a free-running
1064 nm Nd:YAG-Laser cleaning system with fibre transportation due to
its high flexibility and usability. This technique has won the recognition in
Belarus.

This paper discusses the extension of the operating wavelength into the
relatively eye-safe 1320 nm range (representing here a set of Nd:YAG-Laser
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lines at 1318, 1338, 1357 and 1440 nm and meaning that laser radiation can
be concentrated at one line with high efficiency and reliability [8, 9]).

2 Laser Sources

Radiation of four laser systems was utilized.

1. Long pulse (LP) Nd:YAG-Laser with fiber transportation, wavelength A =
1064 nm, pulse energy E = 4.0J, full pulse duration FD = 100 + 120 us
and half-height duration HHD = 40 = 60 us, repetition rate f = 1 = 25 Hz;

2. LP Nd:YAG-Laser with fiber transportation, A = 1320nm, E = 2.0J,
FD = 100 + 120 us and HHD = 40 + 60us, f = 1 + 25 Hz;

3. Short pulse (SP) Q-switched Nd:YAG-Laser, A = 1064nm, E = 2.0J, or
A=532nm, E=0.8J, HHD = 15ns, f = 1 + 7Hgz;

4. SP Q-switched Nd:YAG-Laser, A = 1320nm, E = 1.0J, HHD = 40ns,
f=1-+5Hz.

3 Laser Cleaning of Metal Art Works

It is known that at the surface of artworks made of bonze or other cop-
per alloys there are present a large number of different complex compounds
and minerals, whose structure is difficult to identify [10]. Some of them con-
tain molecules of water, as chalcanthite (CuSO4-5H30), CuCly-2H50, or
molecules of Cu(OH)z, as malachite (CuCO3-Cu(OH)z), azurite (2CuCOs3-
Cu(OH)3), brochantite (CuSO4-3Cu(OH),). Cuprite (CuzO) melts at 1229 +
1235°C, black copper oxide (CuO) decomposes at 1026°C. The melting tem-
perature of pure copper is 1083°C. The melting temperatures of bronze, brass
and other copper alloys are still lower, varying from 857 to 1050°C, which
means that thermal removal of CuyO or CuO layers from bulk bronze goes
with melting the latter, as a rule.

If heated, the compounds change as follows: At 100 =+ 200°C, inner wa-
ter is released. At 200 = 300°C, Cu(OH)2 decomposes into CuO and H;O,
CuCO3 breaks down into CuO and CO5, and CuSO, dissociates into CuO
and SO3 (CupO appears as well). The gas released fills up micro caverns of
the superficial contamination layer. In the case of fast heating, as under the
action of high intensity pulsed laser radiation, the gas absorbs laser energy
thus increasing the pressure in the caverns. At some moment, the caverns
explode removing away a substantial amount of contamination. If heating is
not fast enough, the gas can leave the superficial layer through micropores
without explosion. In this case a film of CuO or CuyO may appear, which can
be highly adhesive to the bulk of an artwork. The gas and water released have
strong absorption in the range of 1300 <+ 1500 nm. Therefore, laser cleaning
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with a Nd:YAG-Laser operating in the 1320 nm range would require lower
energy densities and allow more delicate cleaning of copper artworks.

As the starting point, we have conducted investigations on the thresholds
of some key phenomena occurring on the surface under the laser action for
metal objects, including some real artworks, made of different copper alloys.

Before experiments, all samples were photographed and the detailed de-
scription of their corrosion state was made. The samples were preliminarily
cleaned from dust and nonresistant contaminations with a soft brush.

The study of chemical composition of metal and corrosion products before
and after cleaning was conducted by methods of local X-ray spectral analysis
on the S-360 raster-type electronic microscope with the AN-10000 analyzer,
electronic Auger-spectroscopy on the PHI-660 F. Perkin Elmer spectrometer.
The state of a surface before and after laser action was explored with the
optical microscope INM-100 (Leica) and the high resolution scanning electron
microscope S-806 (Hitachi).

Although the course of laser action was distinct for each sample because
of differences in the composition of alloys and pollution layers and in the
initial state of the surfaces, the generalized features can be given for all
wavelengths and pulse durations we used. With increasing pulse energy of
laser radiation incident on the polluted surface, the laser action passes in
order the following stages: generation of steam fog corresponding to the above
mentioned emanation of different gases from the polluted layer, then glowing
of the surface, then flame with a plume of pollution, and finally flame with
ablation of bulk material. The stages of glowing and flame are accompanied
by sound.

Table 1 presents some bulk material ablation thresholds (BMAT) (J/cm?).
The copper and brass plates, massive brass cube had the smooth surfaces with
no visible pollution on them and were modeling objects. The brass dish and
the fragment of bronze chandelier had layers of brown patina on the surface
and were real artworks. The brass dish also had a heterogeneous layer of
blue-green color.

Table 1. Bulk material ablation thresholds

Object LP LP SP SP SP
1064nm 1320nm 532nm 1064nm 1320nm

Copper plate, 0.6 mm thick >63.5 >28.5 0.64 1.31 1.2

Brass plate, 0.3 mm thick 18.8 23.8 0.66 1.26 1.3
Massive brass cube 9.48 11.9 0.46 0.74 0.88
Brass dish 2.75 5.63 0.48 0.92 0.92

Fragment of bronze chandelier 15.3 17 0.57 0.68 1.2

As seen from Table 1, BMAT depend on wavelength, pulse duration,
composition of alloy and contamination. In all cases for LP regime BMAT
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are much higher (more than 10 times) than for SP regime. For LP, BMAT
(excluding the copper plate, for which BMAT was not reached under the
given experimental conditions) are substantially higher for A = 1320 nm. For
SP regime this dependence is not so pronounced for 1064 and 1320 nm, but
BMAT are undoubtedly lower for A = 532 nm than for A = 1064 nm.

Table 2 gives the thresholds (mJ/cm?) of the removal of the green-blue
layer from the brass dish. It should be noted that a thin brown layer (pos-
sibly Cuy0) always remained on the surface after laser action in LP regime.
However, when laser intensity was lower than BMAT but ensured flame and
a plume of pollution, the brown layer had low adhesion to the bulk and could
be easily removed with fabric or rubber, especially with additional wetting
by water, ethanol, glycerin or their mixtures.

Table 2. Green-blue layer removal thresholds

LP LP SP SP SP
1064nm 1320nm 532nm 1064nm 1320nm

750 710 102 70 120

As seen from Table 2, the threshold is lower at 1320 nm than at 1064 nm
for LP, but higher at 532 nm then at 1064 nm for SP. On the other hand, it
is higher at 1320 nm then at 1064 nm for SP, which can be connected with
the fact that the laser pulse at 1320 nm is three times longer than the one at
1064 nm. In SP regime, the brown layer formed was thinner and its removal
from the object was easier, but the dynamical range of laser cleaning without
damaging of the bulk material was narrower than in LP regime.

Figure 1 shows typical results of laser cleaning of the base of the silver-
coated bronze candlestick under optimal conditions.

Fig. 1. The base of the candlestick before and after laser cleaning (one side with
one laser source)
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Fig. 2. X-ray patterns of the candlestick base surface before (a) and after (b) laser
cleaning by Q-switched radiation on 1064 nm

The surface of the base was covered by a thin layer of corrosion and pollu-
tion of various color and density. The analysis of the chemical composition of
the surface before laser processing showed the presence of a large number of
chemical elements (C, O, Cu, Na, Mg, Al, Si, S, P, Cl, Ag, K, Fe and others),
(Fig. 2a).

As known, the presence of S and Cl in the superficial layer of a metal
artwork is most dangerous, so special attention was paid to finding conditions
for practically full elimination of S and Cl from the surface.

Cleaning in LP regime at 1064 and 1320nm resulted in light and dark
areas on the surface. The analysis of the chemical composition of the surface
showed that the light areas represented practically pure silver (Fig. 2b). In
the dark areas, besides silver, there were only some traces of C, O, P, Cu, S,
Si, Cl. Cleaning in SP regime at 1064 and 1320 nm resulted in that the whole
surface became light, the dark areas were absent. The light areas represented
pure silver.

4 Laser Cleaning of Archaeological Metal Samples

In the experiments, a bronze fastener was used (approx. A.D. 50, Fig. 3),
which had been found by an expedition of the Institute of History (the Na-
tional Academy of Sciences, Republic of Belarus) in an archeological dig on
the territory of the Republic of Belarus. The object stayed in the soil for a
long time, which resulted in its poor state. It was covered by dense deposi-
tions of ground and clay with dissemination of sand. The removal of ground
was conducted mechanically (with scalpel and brush) under the microscope.
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Fig. 3. A bronze fastener before and after laser cleaning

The analysis of the chemical composition of the material showed that the
fastener had been made of copper alloy (Cu, Zn, Sn, Fe), containing some
other chemical elements: K, P, Cl, S, Fe, Zn, K, Ca.

Laser cleaning was conducted in LP and SP regimes at 1064 nm. Since
the corrosion layers were rather thick and dense, their removal was conducted
layer by layer under the microscope to prevent destruction of the fastener’s
base. Deleting all corrosion layers revealed numerous decorative notches on
the surface and made the mechanism of the fastener operable.

The investigations of the chemical composition of the surface after laser
cleaning showed that the sample was completely cleaned from contamination
with the exception of few points where minor amounts of Cl, S, and Ca still
remained.

5 Conclusions

The results show that the removal of contamination occurs both in LP and
SP regimes at 1064 and 1320 nm. For thick objects when heating is low, the
results for LP are practically identical as for SP, with a substantial benefit be-
ing an opportunity of fiber transportation of laser energy for long distances
(tens of meters). On the surface, a layer of patina always remained in LP
mode. The layer of patina could completely disappear in SP mode. It should
be stressed that removal of patina, as a rule, occurs with melting bulk bronze
material. In the case of thin metal objects, better results are obtained in SP
regime (which agrees with S. Siani et al. [11, 12]) especially when coatings
of silver or other metals are dealt with. In all cases, the experts found laser
cleaning of metal artworks at 1320 nm less damaging. This can be explained
by strong absorption in this spectral range of water and other gases released
under laser action into the superficial layer. So, a lower superficial layer re-
moval threshold is attained and more delicate cleaning of artworks is possible.
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Besides, at 1320nm in LP mode, a wider energy range of laser cleaning not
damaging bulk material is realized.

From the viewpoint of restaurateurs, both 1064 and 1320 nm in LP an SP

modes are needed to obtain the best results for metal artworks.
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Abstract. In this paper the general method and ethics of the laser cleaning tech-
nique for conservation are presented. The results of two experiments are also pre-
sented; experiment 1 compares cleaning of rust by an Nd:YAG laser and micro-
blasting whilst experiment 2 deals with removing the wax coating from iron samples
by a TEA COx laser. The first experiment showed that cleaning with a pulsed laser
and higher photon energy obtained a better surface structure than micro blasting.
The second experiment showed how differences in energy density affect the same
surface.

1 Introduction

For cleaning metal artefacts, conservators often use techniques such as the
use of dental tools or micro blasting to assist with the removal of corrosion.
With these methods very small fragments of the original artefact are often
removed from the surface. These methods are difficult to control which easily
results in over-cleaning of the surface which may reduce the visual appeal
of a surface and in extreme cases even accelerate further decay. The organic
materials used in conservation over the years, such as adhesives and protective
coatings also decay and age resulting in the need for re-treatment of the
object. For removing of old conservation material before a re-conservation
process, solvents are often used. However, solvents can be environmentally
harmful and represent a health hazard. In extreme cases chemical residues
left on the artefact can cause long-term problems.

Laser cleaning is a modern conservation technique which has been taken
from industrial and medical uses of lasers. Laser cleaning uses no chemi-
cals and leaves no residues making it ideal for use in the conservation and
restoration of archaeological artefacts and artwork.

Attempts at cleaning of artwork using lasers began in 1970s. The laser
technique has become an important tool for the precise removal of surface
pollutants without damaging the underlying material [1].

The most common type of laser used in conservation is the Q-switched
Nd:YAG laser which provides very short pulses of high energy, near infrared
radiation at a wavelength of 1.064 um. The most important parameter when
using Nd:YAG laser for cleaning is the energy density/fluence of the laser
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beam which is defined as the energy per unit area, J/cm?. The energy density/
fluence should be high enough to remove the dirt layers but low enough to
ensure that the substrate surface is not damaged. However these principles
work best for materials such as polluted stone, parchment, textiles, paint-
ings and stained glass, which show a high contrast between absorption and
reflection of the surface contaminants and substrate.

Investigations into using Nd:YAG laser for cleaning metal artefacts have
also been carried out [2, 3]. The TEA CO, laser, providing short pulses of
infrared radiation at a wavelength of 10.6 um, has also been used for metal
artefacts [4, 5].

2 Experiment

Two comparative experiments were performed in this study; cleaning of rust
and cleaning of wax on old iron samples. The samples used were iron objects
excavated in northern Sweden. These have similar corrosion products to those
seen on even older archaeological objects.

Experiment 1 compared the cleaning effects of a Nd:YAG laser with con-
ventional cleaning using micro-blasting.

Experiment 2 investigated the cleaning effects of a TEA COg laser at
three different energy densities, achieved by varying the distance between
the focal point of the laser and the surface of the artefact.

2.1 Experiment 1

The sample, part of an old iron scythe, was cut into three pieces. The first
piece was kept as a reference of the object before treatment.

Before cleaning the surface was covered with red-brown corrosion products
of iron (Fig. 1a). Some parts of the surface had flaked off and were unstable.
One of the pieces was cleaned by using the Nd:YAG laser whilst the other
was cleaned by micro blasting (Table 1). After cleaning both samples were
treated by the same conservation procedure. Firstly desalting in deionised

opm | |

Tarae [T T

(a) Reference (b) Using Nd:YAG laser  (c) Using micro-blasting

Fig. 1. Surface of the samples before (a) and after conservation (b, c)
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Table 1. Cleaning of samples using Nd:YAG laser pulses and micro-blasting

Reference Laser Cleaned Micro-Blasted

No Lynton Paragon XL Micro blast

cleaning Nd:YAG frequency doubled Medium  Aluminium oxide
Wavelength 532nm (Green) Size @ 0.050-0.075 mm
Pulse energy 3.5 J/(:m2 Pressure 0.5 MPa
Frequency 10HZ
Spot form round
Beam transport articulated arm
Focusing defocused

water and then removal of rust products resulting from the desalting process
using a rotating brush. The samples were then soaked in ethanol, dried in a
vacuum chamber and coated with microcrystalline wax.

2.2 Experiment 2

A part of an old iron spade was divided into four small squares, about 2 cm x
2 cm. The samples were prepared by cleaning with a rotating brush and then
coated with microcrystalline wax giving the samples a dark smooth waxy
surface.

Three of the samples were treated by using the TEA COs laser with one
being retained as a reference. The distance between the focal point of the
laser and the sample was varied as shownin Table 2 and Fig. 2 to compare the
cleaning effect of different energy densities and to find the optimal cleaning
distance for similar iron object.

Table 2. Removal of wax from samples taken from a spade using TEA CO2 laser
(Alltec, Allmark 870). Wavelength: 10.6 um, Frequency: 2 Hz, Spot form: square,
Beam transport: 90° deflection

Reference

(a)

Cleaned at
Distance 33 cm

(b)

Cleaned at
Distance 32 cm

()

Cleaned at
Distance 31 cm

(d)

No irradiation  Spot size: Spot size: Spot size:
0.65 x 0.6cm®> 0.5 x 0.42cm® 0.3 x 0.33cm”
Energy density: Energy density: Energy density:
5.1J/cm? 9.5J/cm? 20.0J/cm?
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10 mm

i L

(a) Reference (b) Distance 33cm  (c) Distance 32cm  (d) Distance 31cm

Fig. 2. Surface of the samples before (a) and after TEA CO; laser cleaning (b, c,d)

3 Results and Discussion

The corroded iron surface on archaeological artefacts is often unstable and
easy to flake off as seen in the reference sample in Fig. 1a. Corrosion products
are commonly inhomogeneous and their chemical and physical properties can
vary over the same sample. In the first experiment both cleaning methods
removed corrosion products from the samples. However, the microscope pic-
tures, Fig. 1, show that the sample cleaned by laser leaves a smoother surface
than that cleaned by micro-blasting. Using micro-blasting, more of the sur-
face flaked off in an uncontrolled manner during cleaning, which resulted in
the roughness observed. The laser, on the other hand, caused less stress on
the unstable surface, which results in a better preservation of the surface
structure. However, it was noted that laser cleaning was more time consum-
ing than micro blasting, because a laser spot covered a much smaller area
than the jet of abrasive particles from the micro-blasting equipment.

As well as inorganic corrosion products such as rust, surface coatings such
as wax often require removal before a re-conservation of metal artefacts. In
experiment 2 most of the wax could be removed by 1 or 2 pulses from the
TEA COg laser. However, rough surfaces were difficult to clean completely.
The laser spots must be overlapped to ensure complete removal of the wax
coating.

The surface of the sample which was cleaned at the highest energy density,
20J/cm? Fig. 2d, became darker, probably due to oxidation of the material
or dehydration of surface rust. For the sample cleaned at the lowest energy
density, 5.1 J/cm? Fig. 2b, some of wax coating remained after cleaning with 1
or 2 pulses. More pulses could cause damage to the surface. Optimum results
were obtained with an energy density of around 10J/cm? with the optics
used Fig. 2c. This allowed cleaning with 1 to 2 overlapping pulses without
surface damage.

Cleaning of organic coatings using a TEA COs laser showed promising
results in earlier studies [4, 5]. All metals are highly reflective in the far
infrared and because of this can be subjected to high laser radiation fluence
with no significant surface heating and therefore no surface damage. The
TEA COx laser (10.6 um) used in the experiments was thus a logical choice
for cleaning metal artefacts which retain a non-corroded metal core since the
laser radiation vaporises the surface contaminants and is then reflected from
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the underlying metal. However, the interaction between laser radiation and
different contaminants may be complex and needs to be investigated on a
case-by-case basis prior to extensive cleaning.

The formation of plasma (partially ionised cloud of vapour) above the
irradiated metal object can affect the effectiveness of the cleaning. The plasma
can cause increased surface damage due to so called plasma heating which
results in discolouring/darkening of the surface. This problem was observed
in experiment 2 where dark spots were seen on the sample irradiated at the
highest energy density 20 J/cm? (Fig. 2d). Plasma formation can be prevented
by using a shielding gas stream, for example nitrogen, over the sample surface.

Due to the vaporization of the surface contamination, an audible “click”
can be heard when the laser impinges on the surface. The character of this
sound varies with laser parameters. An experienced operator will “hear” when
the cleaning process is most effective. It is also possible to use advanced signal
processing to provide closed loop feedback [6].

Absorptivity is also affected by surface roughness; rough surfaces absorb-
ing more strongly than smooth ones. Very rough surfaces, with cavities and
other “hidden” areas are difficult to clean since much material is in the shadow
of the laser beam. This problem can be partially overcome by using low energy
pulses and irradiating from different directions.

To study the pre- and post-irradiated surfaces, Raman spectroscopy was
used since it is non-destructive and allows sure indication of the presence
or absence and identification of a wide range of organic and inorganic com-
pounds. As would be expected, the cleaned samples from experiment 1, which
involved removal of rust and inorganic contaminants, showed similar surface
chemistry. In experiment 2, where wax was to be removed, the Raman spec-
trum of the reference sample showed a clear indication of the wax. On the
irradiated samples no spectral lines originating from the wax were seen, con-
firming that the laser cleaning process was very effective.

4 Conclusions

Laser cleaning is an effective technique for assisting in the conservation of
metal artefacts since it provides a high degree of control during cleaning
allowing fragile objects or items with much surface detail to be effectively
cleaned. This degree of control is essential when preserving items with surface
relief, original tool markings and surface patina.

However, the technique must be used with care since process parameters
must be set so as to prevent over cleaning. At present process parameters
must be set on a case-by-case basis and there remains much to be investi-
gated before lasers will be commonly used in metal conservation. It is there-
fore important to use good monitoring and controlling techniques and skilled
operators with experience of the process to achieve the most satisfactory
results.
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Abstract. The paper presents influence of laser radiation parameters on velocity
of encrustation removal from artworks and heritage architectural objects. The in-
fluence of laser fluence and pulsewidth on the velocity of graphite removal from
aluminium substrate is discussed on the basis of developed numerical model. Se-
lected experimental results of influence of laser wavelength and fluence on velocity
of encrustation removal for different heritage objects are given as well as remarks
on laser cleaning process are presented.

1 Introduction

For all cleaning methods it is necessary to remove the secondary deposits
and dirty layers with no damage of original substrates. The main problem
connected with the mechanical or chemical cleaning of artworks is a lack of
sufficient control of original surface protection against its erosion.

The increasing interest in laser cleaning of artworks and historical objects
results from the great advantages of this technique as compared with the
conventional, mechanical and chemical restoration of objects [1-4]. However,
it requires the high precision in selection of laser parameters particularly in
cleaning of unique artworks. It is particularly important for the materials
much more fragile than stone objects. Several experiments connected with
this problem have been carried out and described in the literature [4-8].

The presented paper is devoted to the laser cleaning, with a special em-
phasis on the selection and consideration of physical parameters of a laser
source and the encrustation: radiation wavelength, intensity of object irradi-
ation, absorption coefficients of deposits. Chemical and physical properties of
the surface impurity layers may change from point to point within the same
sample. Absorption coefficient of the layers depends strongly on the environ-
mental conditions like the air humidity and air contaminants (pollution). In
spite of this, the theoretical description of laser cleaning is necessary as it al-
lows the explanation of several characteristic features of the processes under
investigation. Moreover, sometimes it is very difficult to find (or experimen-
tally determine) empirical functions and coefficients describing the behav-
ior of real encrustation within a wide range of thermodynamic parameters.
Particularly difficult is to determine the thermal conductivity or absorption
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coefficient as a function of temperature, density, and ionisation degree. That
is why we are interested in a qualitative analysis of the processes under in-
vestigation. So we use a graphite instead of the impurity and an aluminium
base instead of the real substrate in our calculations. Mechanical, optical and
thermodynamical characteristics of graphite and aluminium are much better
known than characteristics of real impurities and substrates. This numerical
model has been described in detail in [9, 10]. Shortly, in the model based
on the hydrodynamic equations for continuous medium we have taken into
account the absorption of laser radiation, ionisation of the medium, thermal
conductivity, shock-waves and elastic medium characteristics. On the other
hand, the phase transitions (melting, vaporization) have not been consid-
ered. Thereof, the analysis of interaction of laser radiation with the target is,
so-called “not-threshold” and the final results are only qualitative.

The paper discusses also the factors influencing on the selection of laser
pulse parameters, based on a wide experience in the field of laser cleaning of
several important heritage objects [11-13], simulation experiments including
removal of candle soots on a glass plate [14, 15] as well as the results of
numerical calculations.

The conclusions related to the ablation of superficial layers are also pre-
sented.

2 Optical Properties of Deposits

The optical properties of deposits are the one of the basic factors determining
the range and type (wavelength) of energy of pulsed laser radiation to be
used. Examined constitution and the wider analysis of deposits showed their
variable optical properties. For example, the reflected (scattered) radiation
intensity depends on the material chemical and physical state. It may be as
large as in the case of MgO (which may be regarded as perfect scatterer—
scattering coefficient over 97% in a wide optical spectral range), or as small
as in the case of soot (which may be regarded as perfect absorber — absorption
coefficient of order 10° cm™1!) (see Fig. 1).

The experiment confirmed, that it as a significant difference in the effec-
tive thickness of deposit removal. It is difficult and even sometimes impossible
to calculate (numerical modeling) the characteristics of real deposits, because
their spatial structures and optical-physical properties are complex and their
presence is of random nature. Moreover, optical, mechanical and thermody-
namical properties of encrustation and substrate are generally not known as
well as they could change from point to point inside the same sample (see
Fig. 2 and Table 1). Even, during laser cleaning, wet substrate can change to
be dry because of sun shining.

The preliminary results of measurements of chemical composition of de-
posit elements on sandstone sample are shown in Table 1. The measurements
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Fig. 1. Comparison of radiation intensity scattered (diffusively reflected) by differ-
ent materials. Intensity values include spectral efficiency of spectrometer’s detector

Fig. 2. View of the surface of a sandstone sample from Sigismund’s Chapel with
depositions. Digits denote EDS SEM analysis points

have been done in the three random points of a sample using EDS SEM
method as a reference for this small area (2 mm?).

3 Influence of Laser Beam Parameters

Interaction of laser radiation with matter depends on the power density. It
was experimentally confirmed that deposits and substrate materials illumi-
nated with short laser pulses of high intensity have several common features.
Surfaces of these materials undergo ablation process only when the irradia-
tion level q (J/cm?) exceeds the threshold value qp,. For several materials
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Table 1. Chemical composition of a sandstone deposit sample from Sigismund’s
Chapel

Point 1 Point 2 Point 3

Element Wt % At % Element Wt % At% Element Wt% At%
C 3.74 569 C 4.48 6.25 C 2.87 4.36
O 67.68 77.26 O 78.97 82.79 O 68.42 77.90
Mg 2.19 1.65 Mg 13.42 9.26 Na 1.31 1.04
Al 6.30 4.27 Al 0.48 0.30 Mg 2.79 2.09
Si 10.91 710 Si 1.33 0.80 Al 7.46 5.03
S 0.27 0.16 S 0.30 0.15 Si 11.07 7.18
Cl 0.77 0.40 Cl 0.56 026 S 0.37 0.21
K 2.06 096 Ca 0.33 0.14 Cl 0.45 0.23
Ca 4.14 1.88 Ti 0.14 0.0 K 1.02 0.47
Ti 0.22 0.08 Ca 0.78 0.35
Fe 1.52 0.50 Ti 0.34 0.13
Zn 0.19 0.05 Fe 2.91 0.95

7n 0.22 0.06
Total 100 100 Total 100 100 Total 100 100

a strong limitation connected with the possible damage of substrate surface
and undesired colour modification can occur.

It is strongly suggested to use the threshold and just above the threshold
fluence values of laser irradiation for removal of deposits from historical ob-
jects. Thus, the thickness of the layer removed by a laser pulse is rather small
and the process can be easily controlled to avoid the substrate damage.

One of the most important parameters of laser radiation used for removal
of deposits from artworks surfaces is the distribution of energy density in
a cross-section of a laser beam. The laser beams used for deposits removal
should have uniform distribution of energy density, so called “top hat”. Uni-
formity of energy distribution in a laser beam cross-section depends on many
factors, mainly on the optical construction of laser resonator [16, 17]. Gaus-
sian distribution of a laser beam is not recommended. Difference between
temperatures in a centre of illumination of a sample for “top hat” type beam
and Gaussian beam of equal powers and short laser pulse can reach more
than 30%.

On the basis of the developed numerical model describing the interaction
of pulsed laser radiation with matter, selected results of numerical calcu-
lations have been presented: plasma pressure, temperature, density, veloc-
ity of graphite ablation process for aluminum substrate. Numerical calcula-
tions were made for power densities in the range of ¢ = 5 x 10° W/cm? to
q = 5 x 10°W/cm?. Several results of numerical calculations for graphite
illuminated with intensive laser radiation are presented (Figs. 3, 4).
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Fig. 3. Influence of the fluence on the thickness of evaporated graphite layers on
aluminium substrate: solid line — numerical calculations; crosses — experimental
results. Nd:YAG laser, 1064 nm, triangular shape of laser pulse, pulse duration 5 ns
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Fig. 4. Calculated thickness of graphite layer evaporated from aluminum substrate
by a laser pulse: the numbers denote pulse widths. Triangular shape of laser pulse
and homogeneous graphite layer are assumed (initial thickness of graphite layer was
3um)
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We do not see any particular threshold in numerical results inside the
Fig. 3 and Fig. 4. It is caused mainly by the neglecting of melting and va-
porization in our numerical model. Various pulse durations and energy densi-
ties were assumed. The calculation results (thickness of evaporated graphite
layer from aluminum substrate using laser pulses of triangular shape and
pulse widths of t = 5, 10, 15, 25, and 50 ns in dependence on pulse radiation
density are shown (Fig. 4).

4 Influence of Wavelength

The absorption coefficient of material depends on its temperature and wave-
length of radiation. These dependencies are difficult to determine for deposits.
Thus, experimental investigations of influence of radiation wavelength on ab-
lation threshold and ablation velocity of superficial layers should be carried
out.

Figure 5 shows a diagram of the rate of deposit removal from a sandstone
plate versus the level of irradiation (four wavelengths) [14, 15].
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Fig. 5. Results of experiments for laser cleaning. Thickness of impurity layer evap-
orated from sandstone relief slab by a laser pulse. The Nd:YAG laser (600 mJ, 12 ns)
with the second, third and fourth harmonic generation was used (but we used only
pulse energies 25 mJ for each harmonic)

After the analysis of deposits removal rate, the highest rate is observed for
the wavelength A = 1.06 um. The highest ablation threshold of 0.7-0.8 J /cm?,
corresponds to this wavelength. The lowest ablation threshold of 0.3 mJ/cm?
is observed for the wavelength of A = 0.266 um, but the removing rate is
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several times lower than in the case of A = 1.06 um for the comparable
fluence of about 2 J/cm?.

The application of the wavelengths of A = 0.532um and A = 0.355 um
results in the comparable removing rates of deposits, when the levels of object
irradiation are similar. Moreover, for these wavelengths, the threshold energy
densities of deposit removal are almost similar and in practice their values
are about 0.5-0.6 J /cm?.

5 Influence of Graphite Porosity

Deposits very often have a porous structure and as a result they absorb
atmospheric gases and soak water.

Pores, first of all having large surfaces and containing gases and water,
strongly change various physical characteristics of deposits. In such porous
media, the absorption coefficient may become large enough to cause signifi-
cant absorption of laser radiation resulting in the increase of temperature and
significant heating of the medium. Gases and water that are present in pores
make medium ionisation easier resulting in the increase of radiation absorp-
tion. Water allows deeper penetration of radiation resulting in the heating of
the thicker medium layer.

In a laser treatment of materials, a term “regulation” of absorption co-
efficient of radiation is known, adequately to the treatment aims and laser
characteristics. “Regulation of absorption coefficient” is frequently realised
by the change of wavelength (wavelength conversion (harmonics) of a laser,
e.g., COq instead of Nd:YAG). When metal surfaces are hardened with laser,
absorption coefficient can be changed only by wavelength altering. For porous
structure, however, direct influence on properties of treated deposits is pos-
sible. For example, the initial heating or saturation with water causes signifi-
cant change in the all properties of porous medium. Finally, absorption coef-
ficient, medium density, its thermal and mechanical properties are changed.
Due to the possibility of practical influence on medium properties, the rate
and the efficiency of deposits removal can be controlled (Fig. 6).

6 Conclusions

The interaction of laser radiation with a surface of solid body is a complex
process. These phenomena depend on chemical and physical properties of
surface as well as on parameters of laser beam itself.

Presented theoretical model confirms conclusions drawn for several nu-
merical and experimental results including our work. Experimental results for
soot (flame of stearin candle) removal from thin glass plate (average thickness
of 21 um) are consistent for numerical calculations.
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Fig. 6. Thickness of graphite layer evaporated from aluminum substrate by a laser
pulse. Results of the numerical calculations for porous medium. Digits denote the
percent of total volume of pores

It can be stated, that all results confirm the many common features for
totally different media:

e the ablation is observed only above some threshold value of irradiation gy,
even for the thin liquid layer modifying the deposit;

e the ablation velocity “d” (um/pulse), defined as a thickness of removed
layer per one laser pulse is connected with the level of material irradiation;

e the ablation velocity of each deposit has its maximum (Figs. 3, 4, 6) which
depends on laser pulse-width (Figs. 4, 6). Further increase of radiation
intensity (fluence) causes the decrease in a thickness of evaporated layer.
It is due to the reflection of incident radiation in so-called critical layer;

e the level of irradiation at the ablation threshold q¢n, decreases with the
increase of absorption coefficient of a medium,;

e the degree and the range of material damage around ablation area decreases
with the increase of absorption intensity and the decrease of pulse duration.

References

1. A. L. Schawlow, Lasers, Science, Vol. 149, pp 13-22 (1965)
. J. Asmus, The application of laser radiation to the cleaning of statuary, Bulletin
of the First annual meeting of AIC, 1, s. 3949 (1973)

3. Lacona I, W. Kautek, E. Konig, C. Fotakis, K. Watkins, and G. Bonsanti (Eds),
Lacona I, Laser in the Conservation of Artworks, 4-6 October 1995, Heraklion,
Crete, Greece; Proceedings of Lacona I, Verlag Mayer & Comp, Vienna (1997)

4. M. Cooper, Laser in conservation. An Introduction, Butterorth- Heinemann,
(1999)

[\V]



&

10.

11.

12.

13.

14.

15.

16.

17.

Experimental and Theoretical Indications on Laser Cleaning 111

Lacona II, Firenze, R. Salimbeni and Bonsato (Eds), Laser in the Conservation
of Artworks, (1997)

Lacona III, Laser in the Conservation of Artworks, Liverpool (1999)

Lacona IV Laser in the Conservation of Artworks, 11-14 September 2001, Am-
phitheatre Rohan Louvre, Paris

. Laser Techniques and Systems in Art Conservations, Proceedings of SPIE, Vol.

4402, Munich ‘2001

J. Marczak, Wykorzystanie promientowania laserowego w renowacji dziel sztuki
i obiektow zabytkowych w architekturze, Zeszyty Naukowe Instytutu Maszyn
Przeplywowych PAN w Gdansku, “Lasery i nowe techniki w konserwacji
obiektéw zabytkowych ‘20027, Vol. 524/1483 /2002, str. 23-46 (2002) — in Polish
J. Marczak, K. Jach, and A. Sarzynski, Numerical Modelling of Laser — Matter
Interaction, Proceedings of SPIE, Optical Metrology for Arts and Multimedia,
Vol. 5146, pp 215-225, Munich 2003

H. Hryszko, A. Koss, J. Marczak, and M. Strzelec, Laser Cleaning of Seven-
teenth Century Flax gonfalon, 5th European Commission Conference on Re-
search for Protection, Conservation and Enhancement of Cultural Heritage,
Cracow, 14-16 May 2002

Andrzej Koss, and Jan Marczak, Lasers in the renovation of works of art, Ist
FEuropean Forum on Renovation Information, Cracow, 14-16 February 2002
Jan Marczak et al., £/2542 RENOVA LASER — Laser renovation of monuments
and works of arts, Proceedings of the 5th EC Conference “Cultural Heritage
Research: a Pan-European Challenge”, May 16-18, 2002, Cracow, p 243

J. Marczak, Surface Cleaning of Art Work by UV, VIS and IR Pulse Laser
Radiation, Proceedings SPIE, Vol. 4402, Laser Techniques and Systems in Art
Conservations, pp 202-209 (2001)

J. Marczak, Badania Pordwnawcze Usuwania Witérnych Nawarstwien z Pi-
askowca za Pomoca Lasera Emitujacego Promieniowanie o Dlugosci Fal od UV
do IR, Przeglad Mechaniczny, Nr 4, str. 9-14 (2002)

J. Marczak, Designs of the Resonators Increasing the Efficiency of Laser Os-
cillators, Proc. SPIE - Laser Technology IV, Vol. 2202, pp 110-119, (1993)

J. Firak, and J. Marczak, Optical Mirrors with Variable Reflectance, Proc.
SPIE - Laser Technology IV, Vol. 2202, pp 196-200, (1993)



Er:YAG Laser Applications on Marble
and Limestone Sculptures with Polychrome
and Patina Surfaces

A. deCruz', M.L. Wolbarsht?, R.A. Palmer?, S.E. Pierce?, and
E. Adamkiewicz®

! Duke University Museum of Art, Durham, NC, USA
adecruz@duke.edu

2 Duke University, Durham, NC, USA

3 Orlando, FL, USA

Abstract. The Er:YAG laser (2.94 um) has been used safely and effectively to ab-
late contaminants from polychrome surfaces of marble and limestone sculptures.
The pieces studied were 13th, 14th and 15th century polychromes and a patina
surface of a Roman marble sculpture from the 2nd Century AD. The surface en-
crustations removed included calcite, gypsum, whewellite, soluble salts, atmospheric
deposits, organic films, lichen and other fungal growths that cover the sculptures.
The laser removal of organic deposits with the Er:YAG laser was especially effective.
A microscopic study of the polychrome surfaces before and after removal of the en-
crustations showed preservation of the polychrome pigments. Infrared absorption
and x-ray fluorescence spectral analyses of the ablated materials and of the sur-
faces before and after laser ablation were used for evaluation of the mechanism of
the laser action and for comparison of the results of Er:YAG laser treatment with
traditional conservation methods.

1 Introduction

Er:YAG laser exposure at 2.94um has previously been shown to effectively
remove old varnish and other encrustations without inducing unwanted chem-
ical or physical changes on the painted surfaces of canvas and wood pan-
els [1, 2]. This removal technique is enhanced by dampening the surface with a
liquid, such as water, containing hydroxyl (OH) bonds, since the OH stretch-
ing absorption band coincides with the laser wavelength [3]. The present
study deals with the removal of encrustations from polychrome and patina
surfaces of stone sculptures by means of Er:YAG laser ablation. The sculp-
tures are from the Brummer Collection of the Duke University Museum of
Art, Durham, North Carolina, U.S.A. and include:

1. A Roman Marble Entablature of the 2nd century A.D. with calcite
encrustation;

2. A French sandstone Head of a Man, of the 13th century encrusted with
black and yellow/orange lichen and accumulated atmospheric deposits;
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3. An Italian 15th century marble Madonna and Child relief, with poly-
chrome remnants that cover 1/3 of the surface; and

4. A French 14th century limestone Head of an Apostle with polychrome
surface that is blackened from atmospheric deposits, dirt, soot and egg
emulsion embedded in the color surface.

2 Methods

Two Er:YAG lasers (emission wavelength, 2.94 um) were used: a Conservator
2940, and High Power Erbium CrystaLase, both manufactured by Mona Laser
of Orlando, Fla. The two lasers differ only in their maximum power levels,
each emitting a 250 us “macro-pulse” consisting of a train 1-2 gus micro-pulses
about 2-14 us apart. The radiation of the Conservator 2940 is delivered into a
1.5m long, 1 mm bore, hollow glass waveguide, with a pen-like tip. The pulse
from the High Power Erbium CrystaLase is delivered with an articulated
arm, producing a 1-3 mm diameter spot size. The macro-pulse frequency for
both lasers is 10 to 15Hz. In a typical procedure the energy threshold of
the material to be removed from the sculpture surface was first established.
In removing calcite for example, the area to be ablated was moistened with
distilled water, and the High Power Erbium CrystaLase energy level was
adjusted until efficient removal was achieved. For calcite removal, 94mJ to
130 mJ/pulse at 10 Hz, with pulse focused at 1 mm diameter was a typical
threshold. Auxiliary wetting liquids used with other materials included: dis-
tilled water with 2% surfactant (Tween), ethanol, and ammonium hydroxide
at 3 and 10%.

Macroscopic and microscopic evaluations were made before and after laser
treatment. The ablated materials were collected by intercepting the laser
ablation plume from the sculpture surface with calcium fluoride (CaFs3) or
barium fluoride (BaF3) plates. Infrared spectroscopic analysis of the ablated
materials was carried out with a Bruker IFS/66v/S Fourier transform in-
frared (FTIR) spectrometer in conjunction with OPUS-NT software version
3.1. Spectra of the ablated materials were measured by transmission directly
on the CaFy or BaFs plates. FTIR ATR (attenuated total reflection) analysis
was carried out on micro fragments excised from the surface with a scalpel
before and after laser ablation. ATR spectra were measured with a Thermo
Nicolet 360 FTIR spectrometer with Omnic E.S.P.S.1. software. X-ray fluo-
rescence studies were done on both laser-ablated and excised materials, with
a Jeol 6400 scanning electron microscope, Gresham energy dispersive 30 m
2ATW x-ray detector and pulse processor by 4pi Analysis Revolution soft-
ware. The effectiveness of traditional cleaning methods was tested using: dis-
tilled water and Orvis neutral soap; a poultice of Fullers earth, distilled water
and ammonium hydroxide; a poultice of cellulose fiber (Cocoon, by Wistox
Products); an ammonia-based biocide; and/or Solvent Gel Base with DMSO.
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As a result of these studies it was determined that laser treatment was the
preferred method in the cleaning process (as detailed below).

3 Results and Discussion

Example (1). Roman Entablature, 2nd Century AD, (30" x 12" x 3"),
marble. The surface of the marble relief was moderately well preserved al-
though about 1/3 of the surface was disfigured by a black-to-dark brown hard
cementing calcite encrustation. The calcite could not be removed with tra-
ditional solvents, poultices, mechanical or abrasive means without adversely
affecting the stone surface. On preliminary examination the 1-3 mm-thick en-
crustation appeared to be gypsum. However, x-ray fluorescence (Fig. 1) did
not show the presence of sulfur in the ablated material but did reveal quan-
tities of aluminum and silicon and traces of iron, in addition to the dominant
presence of calcium, consistent with calcite and environmental contamina-
tion. The traces of iron would contribute to the black color of the encrus-
tation. FTIR transmission measurements (Fig. 2) clearly show that calcium
carbonate (in the form of calcite) was the predominant material removed
in ablation, together with minor amounts of material containing hydroxyl
groups and hydrocarbon bonds. Controlled removal of the calcite was possi-
ble without causing abrasion of the marble surface (Fig. 3). A pulse energy
of 96 mJ to 126 mJ with a spot size varying in diameter from 1 to 3 mm was
used. The surface was dampened with distilled water prior to laser treat-
ment. FTIR ATR spectra of fragments excised from the surface before and
after laser ablation, as well as XRF spectra of the same materials, are also
consistent with the removal of mostly calcite in the ablation process.
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Fig. 1. X-ray fluorescence spectrum of material ablated from the Roman Entabla-
ture (with gold conductive layer)
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Fig. 2. FTIR spectrum of material ablated from Roman Entablature

Fig. 3. Roman entablature microphotographs before (left) and after (right) laser
ablation

Example (2). The Head of a Man, French 13th century (15 x 13" x 14")
encrusted with lichen that has invaded the sandstone surface. The Head is
a unique example that was selected for exhibition in the Duke University
Museum of Art. However, it could not be exhibited in a museum environment
with the lichen growth that obscured the details of the sculpture and posed
an environmental hazard. Cleaning tests with a biocide were conducted. This
ammonia-based solution was applied according to directions, with a spray,
full concentrate, manipulated with a natural bristle brush and flooded with
distilled water. Some of the lichen was removed; however, a considerable
amount of the lichen that was attached to the stone remained. The stone
was allowed to dry, and the biocide to penetrate into the stone and effect
delayed lichen removal, but after five weeks the lichen was still in place. We
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also applied a poultice with biocide, and the effect was again, only a partial
removal of lichen. Flooding with water caused the sandstone to soften. This
was not a desirable result.

After microscopic and ATR studies to characterize the untreated surface,
we applied pulsed laser radiation with the High Power Erbium CrystaLase,
with various energy levels and found that the lichen began to be ablated
at ca. 55 mJ with pulse rate of 10Hz. FTIR transmission spectra of the ab-
lated material and FTTR ATR spectra of scalpel-excised surface material were
measured to understand better the interaction of the laser radiation with the
lichen and stone surface.

The ablated material intercepted on the CaFy plate produced a com-
plex FTIR transmission spectrum (Fig. 4). A very strong absorbance is seen
at 1659 cm™! with a shoulder at 1541 cm™!. There is also a very strong,
broad absorbance at 3288cm™!. Several peaks are also seen between 1167
and 1030 cm~!. In addition to the C-O peak seen at 1414 cm™?, there is also
a shoulder at 1461 cm™".

0.025

Absorbance Units

4000 3000 2000 1000
Wavenumber cm-1

Fig. 4. FTIR spectrum of material ablated from lichen encrusted area on Head of
a Man

FTIR ATR spectra of samples removed from the surface with a scalpel
showed the extent of the lichen growth (Fig. 5). We attempted to sample
the lichen without removing any of the stone. However, the spectra clearly
show that this was not successful. The spectrum of the sample taken be-
fore ablation shows peaks at 3288, 1659, 1541, 1461, 1414, 1167, 1030 cm !
whereas the spectrum from the cleaned fragment has only one major peak
at 1410cm™! (along with minor peaks at 2875, 2512, 1795, 1395, 848, 872
and 712, all consistent with CaCOs). No bands attributable to organic or
biological material were observed after laser ablation.

Burial has allowed the calcareous surface of the Head of Man piece
to become pervaded by the lichen growths (Fig. 6). The spectrum of the
ablated material clearly indicates that biological material was removed from
the surface of the stone. For instance, amide bands at 1659 and 1541 cm ™! can
be seen in the spectrum for the material ablated from a spot of gray lichen on
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Fig. 5. FTIR ATR spectra of material excised from the surface of the Head of a
Man before and after laser ablation

Fig. 6. Head of a Man. (a) Cleaned and uncleaned surface and micro-photographs
(b) before and (c) after ablation

the surface and indicate the presence of proteins and/or peptides (Fig. 4). The
peak for the NH stretching vibration is seen at 3288 cm ™!, and polysaccharide
linkages are seen in the three peaks from 1167 to 1030 cm ™. In addition to
the C-O peak seen at 1414 cm ™!, there are hydrocarbon peaks at 2917, 2850,
and 1461 cm~!. In fact, the FTIR ATR spectrum of material excised from
the cleaned surface shows that the laser has removed all the lichen and other
organic material Fig. 5. Photomicrographs of the surface before and after
cleaning Fig. 6 also indicate that the surface has been completely cleaned of
lichen.

From these data we can conclude that the Er:YAG laser is able to com-
pletely ablate all traces of lichen from the stone surface, but that, as indi-
cated both by the FTIR transmission spectrum of the ablated material and
the FTIR ATR spectrum of the material excised from the surface before laser
treatment, the lichen-corrupted surface layer of the stone is inseparable from
the lichen itself and is also ablated.

Example (3). The Madonna and Child, a 15th century marble relief
(20" x 19.5” x 7") with polychrome remnants covering 1/3 of the surface, was
tested for traditional cleaning using successively: a poultice with and without
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ammonium bicarbonate; distilled water with neutral soap; a prepared gel and
a base solvent. The poultice loosened the encrustation on the stone, which
was then cleaned with distilled water and neutral soap applied with a brush
and rinsed with distilled water. The poultice did not remove the black film
that covered the polychrome. However, it did soften the polychrome, which
then detached easily from the stone. Wetting the polychrome layer with any
liquid caused it to swell, and any abrasion with a medium or soft bristle
brush caused physical damage to the polychrome. In contrast, the Er:YAG
Conservator 2940 laser easily removed the black crust with 13mJ per pulse
delivered through a hollow glass wave-guide at 15 Hz. Material was ablated
onto CaF5 or BaF, plates either dry or after dampening (effectively staining)
the surface with dilute ammonium hydroxide.
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Fig. 7. FTIR spectrum of material ablated from a painted section of the Madonna
and Child

The spectrum of material ablated from the dry painted surface (Fig. 7)
shows notable peaks at 1616, 1415, 1315, 1149, and 1091 cm~'. Figure 8 shows
the FTIR-ATR spectrum of fragments taken before and after laser ablation.
Several differences between the spectra are worth noting. Specifically, the
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Fig. 8. FTIR ATR spectra taken of a small fragment from the surface of the
Madonna and Child before (top) and after laser ablation
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peak at 1616 cm™! is significantly diminished in the spectrum of the sample
taken after cleaning. Also, the peak that was seen at 1090 cm ™! in the spec-
trum of the un-cleaned surface becomes a shoulder centered at 1100 cm™! in
the spectrum of the cleaned surface. The peak at 1540 cm ™! is much smaller in
the spectrum of the surface after ablation. In addition, the peak at 1415 cm ™!
is also much weaker. In contrast to the IR data, the XRF spectra (Fig. 9)
of the amples before and after cleaning show a remarkable difference in the
relative amounts of elemental contaminants. Aluminum and silicon both are
decreased precipitately in the spectrum of the cleaned surface.
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Fig. 9. XRF spectra of fragment from Madonna and Child before (top) and after
cleaning
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The spectrum of the ablated material from the Madonna and Child
(Fig. 7) indicates that the laser has removed several contaminates. The 1616,
1149, and 1091 cm ™! peaks correspond to calcium sulfate dihydrate, gypsum.
Gypsum forms on calcareous stone when that stone is in the presence of sulfur
and nitrogen oxides and moisture. Also, the 1315 cm ™' peak is characteristic
of whewellite. Whewellite, calcium oxalate monohydrate, forms as the result
of bio-deterioration of stone or from the degradation of pigments. A compar-
ison of the FTIR ATR spectra of material from the surface before and after
ablation further indicates that the substrate was not damaged during clean-
ing (Fig. 8). The absorbance corresponding to the polychrome do not change
significantly in the cleaned spectrum as seen in the hydrocarbon peaks, hy-
droxyl band, and peaks related to carbonyl stretching at 1730, 1648, and
1101 ecm™!. (Gypsum being a relatively minor contaminant, the loss of sul-
fate is hardly noticeable here.) However, the XRF data (Fig. 9) clearly reveal
the difference between the un-cleaned and cleaned surfaces. In the spectrum
from the un-cleaned sample, aluminum and silicon are the most abundant
elements besides calcium, oxygen, and carbon. This is due to the presence
of aluminosilicates, which do not produce prominent absorptions in the mid
IR. The XRF spectrum of the cleaned surface shows a dominant lead peak
while the levels of aluminum and silicon are relatively insignificant, indicating
that the contaminating aluminosilicates (essentially dirt) has been removed,
leaving the lead white (PbCO3) paint exposed.

Example (4), the French limestone Head of an Apostle (14”7 x 8" x 9"),
required the removal of black and tan encrustation embedded in the paint
matrix The sample area to be ablated was moistened with 5% ammonium
hydroxide, and the Conservator 2940 laser was set to 13mJ/pulse and 15 Hz
repetition rate, with the pulse focused at 1 mm diameter. Samples were ab-
lated onto CaFs and BaF, plates. These samples were taken from areas on
the neck and the cheek. Figure 10 shows the FTIR transmission spectrum of
the ablated material. Hydrocarbon peaks at 2915 and 2848 cm™!, which are
seen in many spectra of ablated material, are seen here as well; however, the
relative peak heights were much higher in this case. The strongest absorbance
is at 1620 cm ™! with other weaker peaks at 1317, 1160, and 1091 cm™!.

A comparison of the FTIR ATR spectra from samples taken before and
after ablation Fig. 11 shows several changes after laser cleaning. The peak
seen at 1541 cm~! in the spectrum of the material from the un-cleaned surface
is not seen in the spectrum of the cleaned surface. Also, the hydrocarbon
peaks at 2919 and 2857 cm ™! are both diminished. A peak at 1236cm™! is
also reduced in the spectrum from surface exposed to laser radiation. The
large C-O peak at 1398 cm™! has shifted to 1415cm~!. This peak is also
diminished, allowing the shoulder at 1317cm~! to become a well-resolved
peak.

The data from the Head of Apostle demonstrate the Er:YAG laser’s
ability to selectively remove certain layers. When a trained conservator
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Fig. 10. FTIR transmission spectrum of material ablated from Head of Apostle
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Fig. 11. FTIR ATR spectra of small piece taken from Head of Apostle before (top)
and after laser ablation

controls the laser, the contaminants can be removed one layer at a time
leaving the original color surface unaltered. The relatively strong hydrocar-
bon peaks in the spectrum of the ablated material (Fig. 10) indicate that
the discolored layer has been removed from the surface. These bands, in ad-
dition to those at 1651, 1541, 1419, and 1236cm™!, are consistent with a
layer of egg emulsion applied over the color surface. The discoloration of this
layer accounts for the degradation of the appearance of the piece. Such lay-
ers, embedded in the paint matrix are impossible to remove with solvents. In
addition, the peaks at 1620 and 1160 cm ™! indicate that gypsum was also re-
moved, and the peaks at 1317 and 1091 cm ™! are consistent with whewellite,
which can form as the result of pigment degradation. The FTIR ATR spectra
also are consistent with the removal of gypsum and egg, as seen in the reduc-
tion of peaks at 1620 and 1160 cm™! and 2916, 2849, 1541 and 1236cm™'.
However, the characteristic whewellite peak at 1317 cm ™" is not reduced. This
may be explained by reasoning that the whewellite is related to the pigment
and would not be totally removed without removing pigment as well.
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4 Summary

Surface ablation at 2.94 um using the Er:YAG laser relies on the strong ab-
sorption of OH bonds in absorbing surface water and in other liquids adherent
to the surface, which results in superficial heating. [4, 6]. When surface mois-
ture is rapidly heated by laser exposure, a phase transition of water to steam
occurs. The expansion of the steam, in effectively micro-explosions, breaks
up surface encrustations into small particles in a process closely related to
the traditional method of steam distillation — but on a micro scale. The ab-
lated material is near the phase transition temperature (100°C for water),
which initiates little or no chemical activity. The ablation leaves little heat
behind to affect the material of the surface [5]. For example, dampening cal-
cite (Example 1) allowed the thinnest possible surface layer to be ablated.
Because the laser energy is almost completely dissipated in changing the wa-
ter into steam, further heating is prevented, and the ablation is confined at
the surface. The effects of laser ablation on organic materials and chloride salt
present in lichen (Example 2) efficiently removed the contaminated materials
from the stone even where it had invaded the stone surface. In (Example 3),
laser ablation was effective in removing sulfate and chloride salt from the
delicate paint layer, which is composed of lead-based pigment in an organic
medium. No alteration of the paint layer occurred. A discolored layer of egg
embedded in the color surface (Example 4) was removed from the color layer
without ablating pigment or causing chemical or physical alteration to the
paint.

5 Conclusions

The results presented here have demonstrated that the Er:YAG laser at
2.94pum can efficiently remove both organic and inorganic materials from
polychrome and patina stone sculptures without causing chemical or physi-
cal changes to the sculpture surface. FTIR spectra of ablated materials and
of samples excised from the surface before and after laser ablation, combined
with XRF spectroscopy of the same materials, provide convincing evidence
of the nature of the ablated materials and of the mechanism of interaction
between the laser and the contaminants. XRF is a good complement to FTIR
spectroscopy in this case. Together, the two methods provide a more com-
plete picture of the contaminants on the surface of the stone than either
would alone.
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Abstract. The use of the lasers Q-switched Nd:YAG to remove the dust of the
stone monuments especially sculpture gradually replaces the more abrasive tech-
nique of sandblasting. This tendency made us consider the lasers as solution for the
cleaning of ceramics and the plasters. Indeed in museums, these materials are often
covered with dirty mark (dust, grease, etc.) which is difficult to remove without
damaging the object. This paper deals with the impact of different types of lasers
(Nd:YAG first and third harmonic) irradiation on plaster and with the effects on
its morphology and its crystallography. Plaster is an interesting material because of
its typical acicular crystals altered at low temperature. That is why synthesis sam-
ples were prepared, constrained in temperature then analysed by various processes
(SEM, XRD, TGA...). These results were compared with samples cleaned by laser.
That enabled us to conclude that plasters cleaned by UV-laser (third harmonic of
the Nd:YAG) underwent neither yellowing, nor morphological or crystallographic
changes. It has to be opposed to the intense yellowing, and sometimes morpholog-
ical destruction, which appears with an infrared wavelength (first harmonic of the
Nd:YAG).

1 Introduction

Numerous plasters are found in museums (original sculptures, fine copies
or simple casts). Plaster ends to get dirty very quickly what is due to its
mineralogical and physical characteristics (dielectric constant...). Because
of its natural fragility and sensitivity to moisture and physical actions, the
removing of greasy dust is ordinary based on peeling methods or rubbing-out.
Sometimes these traditional techniques turn out to be ineffective or damaging
especially when fineness of details exclude physical operation or when the dust
layers are too hard. In those cases, the use of lasers, already employed for
stone [1], has then been considered.

2 Choice of the Wavelength
The first tests have shown that after cleaning with an infrared Nd:YAG laser

an intense yellowing appeared (Fig. 1a) while the use of the third harmonic
of the Nd:YAG laser permits to recover a surface colour close to the initial
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Fig. 1. Plaster écorché cleaned by Nd:YAG, (a) 1st harmonic, (b) 2nd harmonic,
(c) 3rd harmonic

one (Fig. 1c). Nevertheless, this method seems to give out a too white surface
(Fig. 1c) compared to the traditional methods of cleaning. The yellowing ob-
tained following cleaning by the infra-red Nd:YAG laser [2, 3] is reversible by
using the third harmonic of the Nd:YAG laser without apparent damage for
the surface. The cleaning of the plaster by the third harmonic of the Nd:YAG
laser gave very good results but we must check out that neither morpholog-
ical nor crystallographic modification will occur. Therefore, we made some
measurements on some plaster samples.

3 Preparation of the Samples

The diversity and the complexity of the plaster artworks and the dirty marks
which cover them are not taken into account, the results obtained in this
study will be only indicative. We chose a plaster of the Molda 3 type, typi-
cally used for moulding (impurity rate lower than 1%) and mixed the powder
and water without any additive. However, it is common that the sculptors or
the moulders complex this formulation (by addition of milk to improve tex-
ture, for example). The plaster was versed in metal moulds of approximately
20 cm?. The samples were dried at 50°C, without causing any transformation
of phase or fast desiccation [4].

All the analyses presented below are related to the face in contact with
the air during drying. The gypsum crystals of this kind of surface are less
organized there Fig. 2 than those on the faces in contact with the mould,
where the phenomenon of growth is directed. Thus, the possible effects of
the laser will be more easily observable and the damage on surface will be
maximized.
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Fig. 3. Deposit of carbon graphit

A natural dust contamination would be too long and insufficiently repro-
ducible. We thus chose a deposit of carbon graphite reduced to powder and
applied to the brush (Fig. 3). This powder forms part of porosities and makes
it possible to obtain a fine and homogeneous layer.

4 Treatment in Temperature

Laser ablation induced a fast but localized rise in temperature in the medium.
However the modifications of phase of the plaster occur for temperatures
ranging between 100°C and 1200°C Fig. 4. Plaster is an interesting mate-
rial because of its typical acicular crystals (CaSO4.2H50 B) altered at low
temperature (120°C = CaS04.0,5H20 B) [4]. In order to detect possible mod-
ifications of phases of the plaster cleaned by laser, samples were first ther-
mally treated, at various temperatures, then they were observed with the
SEM and, eventually they were reduced to powder and analysed by x-rays
diffraction (Fig. 5). These data will be employed as references and will be
compared with the results obtained after the laser cleanings. The fine grains



128 E. Tanguy et al.

Beta Alpha
Under atmosphene Under steam
pressurc pressurc
Cas0,.0,5H,0
Hemihydrate Hemihydrate
CaS0,eH,0 180/200°C  |CaS0,eH0
Anhydrite 111 Anhydrite ITI
wu 0 700°C
CaS0,
Anhydrite 11
1200C |
CaS0,
Anhydrite]
> 1200°C

Fig. 4. Dehydration of the gypsum function of the temperature

observed at 300°C (Fig. 5) may be attributed to transformation of the sample
to anhydrite.

5 Laser Cleaning

Because of problems of yellowing in the use of the fundamental wavelength
of the Nd:YAG laser [2], we studied also the method of cleaning by the third
harmonic of the Nd:YAG laser [3]. Each sample was dirtied and cleaned on
half of its surface to preserve a part for comparison (Fig. 6). The energy used
at the 1064 nm wavelength is 360 mJ (2.88 J/cm?) and 90mJ (0.72J/cm?) at
the 355nm (10 Hz).

Cleaned surfaces were compared with the samples treated in temperature
using SEM and x-rays diffraction as shown in Fig. 7

According to this figure, the plaster cleaned by UV does not undergo any
morpho-logical or crystallographic modification. Moreover, this method of
cleaning by the third harmonic of the Nd:YAG laser shows clearly that the
restored colour is the same one as the original colour. On the other hand, it is
interesting to note that the surface cleaned by the fundamental wavelength of
the Nd:YAG laser presents a morphological modification of its surface, that
is due to a too significant abrasion and maybe the influence of the heat on
the phase (Fig. 8).

The ablation thresholds of the dirt was estimated at 0.16 J/cm? for the
UV and 0.23J/cm? for IR. The alteration threshold of the plaster is around
1.41J/cm? for IR. Following these experiments, tests were carried out on real
works so as to validate these first results.
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Fig. 6. Sample before cleaning



130 E. Tanguy et al.

18001 |G G G : gypsum
H : Hemihydrate

Untreated zone= = +UV Cleaning: IRC leaning|

Intensité (coups)

10 15 20 25 30 35 40 45 50
2 théta (degré)

Untreated zone Cleaned zone

Fig. 7. Sample after and before cleaning with UV wavelength at 0.72 J/cm? (DRX —
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Fig. 8. Sample after cleaning with 1064 nm wavelength: fractionation of the crystals

As it can be seen in Fig. 9, an intense plasma is formed on the surface of
the object under the impact of the laser beam.

As can be seen in Fig. 10, we cleaned part of a pieta using UV laser
at 0.41 J/cm? with satisfactory results. Indeed, surfaces are perfectly cleaned
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Fig. 9. plasma formed on the surface

Cleaned area Uncleaned area

Uncleaned area

Fig. 10. Pieta partially cleaned by UV laser

and the fine structure of the moulding or the surface quality is still preserved,
even the fragile white coating.
6 Conclusion

The cleaning of the plaster using the third harmonic of Nd:YAG laser modi-
fies neither the colour, neither the crystallo-graphic structure nor the phase
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of material. This technique appears as an interesting alter-native to the tra-
ditional methods of cleaning of the plasters as well for ceramics.

The researches have to be continued on a variety of historical plasters as
well as on comparisons with the traditional methods of cleaning and their
potential damages on morphological structure of the material.
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Abstract. The paper presents the work on laser renovation of wooden bas-relief
(lime tree), consisting of three figures: Saint Anna and Mary with Jesus, made by
unknown artist at the beginning of XVII century. Almost whole relief surface is
covered by gilding placed on a special preparation (bolus alba) with binding media.
The painting layers cover only the parts of complexion and hairs of figures. The
application of a 1.064 um, Q-switched, Nd:YAG laser, allowed to unveil, in a short
time the intact substrate of the object with well preserved gilding remains.

1 Introduction

Polychromes on wood are amongst the most important artistic European
expressions from the XV century onwards [1-5]. The paper presents the work
on laser cleaning of wooden bas-relief (lime tree), consisting of three figures:
Saint Anna and Mary with Jesus, made by unknown artist at the beginning
of XVII century. Almost the whole relief surface is covered by a gilding placed
on a special preparation (bolus alba) with binding media. The painting layers
cover only the parts of the central area and hairs of figures. The substantial
part of relief was coated by a dark layer of secondary painting, which was an
old attempt of reconstruction of primary gilt. It was not possible to remove
this dark layer with the careful use of different solvents. Moreover, such tests
led to uncontrolled extraction of gilding remains, still existing under the
covering dark encrustation.

2 Description of the Object

The bas-relief presenting Saint Anna is the property of Diocese Museum in
Sandomierz, Poland. Probably, the object is a part of an altar from parish
church in Nieznamierowice, Masovian Province (I-st decade of the XVII'th
century). The iconographic type of the saint Anna relief is the composition
of three figures: Saint Anna, Mary and Jesus (Fig. 1). The relief has a rect-
angular shape of height — 120 cm, width — 73.5cm, ended at the top with
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Fig. 1. Bas relief of Saint Anna before the restoration

semicircle (diameter slightly smaller than rectangular width). The central
figure is naked Jesus — sculpture surrounded by other figures. At the left
side we can find Saint Anna and at the right side — Maria. The latter figures
are sitting on the bench, which is covered with a cushion. Representing of the
Holy Spirit dove is placed above Jesus head and higher we can see the figure
of the God the Father. The figures form two iconographic groups: horizontal
with Saint Anna and vertical with figures of the Holy Trinity.

The canopy with fancy arranged curtains forms a background of the scene.
Below the canopy we can see an angel head with opened wings. The com-
position illustrates the dual lineage of Christ — iconography of three figures
(Saint Anna) and heavenly (Holy Trinity).

The wooden substrate (lime wood) is covered with a priming ground
consisting of mixed chalk/glue deposition. The partially destroyed gilding
is placed on almost the whole relief surface on a special preparation (bolus
alba) with binding media [6]. Painting layers cover only the complexion and
hair of figures. Some parts of bas-relief: background, curtains fragments, an-
gel wings, scarf of Saint Anna, book, dove, cushion and floor are covered with
dark secondary layer. Detailed inspection detected gold foil below the layer,
which can be a darkening old attempt to the former reconstruction of the
original gilt. Investigations do not exclude that losses of gold gilding were in
the past filled up with silver flakes and covered with varnish, which was a
kind of gold imitation. The influence of hydrogen sulfide from the surrounding
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Table 1. Gilding layer (stratigraphic analysis from the top of layers)

Sample Dimensions
Number Place (Thickness) Visual Description  Identification
13 Courtain  C = 0.005 mm C — thin gold thread, C — gold foil,
(gold part, B = 0.03-0.05mm, B — thin mould- B — pulment
right side) A = 0.8-2mm orange layer, (ferric
compounds),
A — white layer with A — priming
nonhomogeneus ground (chalk)
structure including
translucent crystals
14 Maria’s C, As above As above
dress B - 0.02mm,
A - 0.3mm
15 Upper D, D — thin dark layer, D — dirty layer,
horizontal C — 0.005 mm, C — thin gold thread, B — pulment (as
part of B - 0.01 mm, B — mould-orange above),
canopy layer,
A - 0.2-1.5mm A — as above A — as above
16 Ball in the C — 0.005 mm, C — thin gold thread,
hand of B - 0.02mm, B — thin mould- As above
Child A - 0.3mm. orange layer,

A — as above

air caused formation of dark sulfides. The stratygraphic analysis of selected
parts of object are illustrated in the Table 1 and Fig. 2.

3 Results of Laser Cleaning

The main problem during the conservation of the presented wooden art object
was connected with the selection of the appropriate technology of removing
the dark layer described above. Initial trails of careful removal using organic
solvents was not successful. The layer was resistant to several solvents used,
often removing laying below gold remains, which should be saved. Moreover,
the infringement of thin layer of primary ground has been observed during
mechanical cleaning (Fig. 3).

Much better results have been obtained during preliminary trials of laser
cleaning. Utilization of Nd:YAG, Q-switched laser Model RENOVALaserl [7]
with carefully selected fluence allowed to remove the whole dark, secondary
layer without destroying the primary ground (Fig. 3). RENOVALaserl de-
vice is equipped with an optical fibre delivery system, which, in this case has
been not equipped with optical focusing subassembly. It allowed the precise
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part of oriina surface
before cleaning

Fig. 2. Illustration of places of samples presented in Table 1

control of fluency depending on the distance of fiber to the object. No influ-
ence on “bolus alba” and golding has been observed. As it can be seen from
Fig. 3, paint brush traces on primary ground (pulment) were also preserved.
In several places, particularly inside hollows, the encrustation was thicker
and more firmly joined with substrate. In each case, the controlled increase
of laser fluence allowed to obtain the completely clean area. The illustration
of the quality of laser renovation is shown in Fig. 4.

4 Conclusions

The use of laser for presented wooden bas-relief was the best and only one
solution, characterized also by the smallest interference into the original ob-
ject structure. The result, that could not be obtained using various solvents
is now satisfactory. The additional advantages of laser cleaning are: the lack
of hazardous chemicals during the process and the short time of renovation.
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AFTER LASER.
& REMOVING.OF

[l

WBLACK ENORUSTATIGN

Fig. 3. Photograph shows the results of laser removing of dark encrustation (sec-
ondary painting layer) in comparison with parts cleaned with organic solvents

Fig. 4. Fragment of background (in magnification) above the left curtain; left:
before cleaning; right: after laser cleaning. Paint brush traces can be seen
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Abstract. A low power dual-wavelength Q-switched Nd:YAG pulsed laser has
been used to clean the surfaces of microfossil specimens from the collections of the
Natural History Museum, London. A Q-switched laser is found to be very effective
for cleaning surface coatings of fossil material. These coatings are traditionally
very difficult to remove. The short pulse length ensures there is no or very little
temperature rise in the underlying surface.

1 Introduction

Many specimens for which scanning electron microscopy (SEM) is invaluable
are electrical insulators, for example microfossils. To promote the emission
of secondary electrons, and to prevent charging of the surface it is usual to
coat such specimens with a thin layer of metal. Coatings such as gold (most
commonly used), gold palladium, carbon and aluminium are used. These
coatings are normally applied by sputtering in a glow discharge, for this
technique is omni-directional and tends to give a fine-grained deposit, whilst
the apparatus required is comparatively simple and inexpensive since a high
vacuum is not required. Problems arise when it is desired to return a specimen
to its original uncoated condition, for example to allow successive treatments
or because too thick a coating has been accidentally applied. Even samples
which have been correctly coated may be rendered unsuitable for subsequent
optical and analytical examination, due to the highly reflective nature of the
gold film and its interference X-ray emission. Scientific information about
the specimens can also be lost as traces of internal structures and colours
are obscured by coatings. For these reasons there is frequently a reluctance
to allow SEM examination of certain material, e.g. type specimens unless a
Variable Pressure SEM is available.
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2 Removal of Gold Coatings

Attempts have therefore been made to remove the metal film by suitable
reagents, which must obviously not attack the substrate. Gold is recovered
from specimens with aqueous sodium cyanide. A major obstacle is the highly
toxic nature of cyanides, necessitating rigorous Health and Safety measures
and a high degree of supervision and control unwanted in most laboratories.
Also specimens have occasionally disintegrated. Mercury amalgamates gold,
but does not remove it completely and adds its own background. The sec-
ond most common coating, gold palladium, looks similar to gold coatings on
specimens but cannot be reliably removed using the sodium cyanide method.
Specimens in museums and research collections often do not have accurate
records of which type of coating has been used, particularly if the coatings
were applied before the specimens were donated. Safer and potentially less
destructive methods are therefore needed to remove coatings from these types
of specimens. Gold coatings have been removed by laser from a small shrew’s
jaw coated for SEM study [1]. The same technique is employed here on coated
micropalaeontological specimens to test the suitability of this method.

3 Experimental Methods

The following micropalaeontological specimens were chosen as a pilot study

e Annectina biedai Agglutinating foraminifera. Eocene. From BP Borehole
FA 6-2 Fortes Field North Sea. A siliceous microfossil with a rough, grainy
surface texture.

e FElphidium sp., From recent beach sand Dogs Bay. Ireland. Microcrystalline
Calcite.

Each microfossil was adhered onto a single onecm diameter aluminium
stub. Specimens were then coated with a 20 micron layer of gold palladium
using a sputter coater and photographed in the SEM. Previous work on the
shrew jaw material had shown us that a single pulse of infra red wavelength
(1064 nm) at a fluence of 0.5J/cm? was enough to successfully remove gold
from the fossil surface. The above samples were cleaned at the same wave-
length with a reduced fluence of 0.3 J/cm?as the surfaces were more fragile.
Repetition rate was set as low as the machine would allow. Each specimen
was cleaned with one laser pulse. Specimens were then re-photographed in
the Variable Pressure SEM and the same selected area investigated to check
for signs of damage to the specimens.
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4 Results and Conclusions

The results are promising and can be seen in Figs. 1-2. The coating has been
completely removed and the structure of the microfossil remains intact. Cur-
rent work includes testing of a larger selection of microfossils with differing
composition and structure. Different adhesives are also being evaluated for
their response to the laser beam.

Fig. 1. Elphidium sp coated prior to laser cleaning

Fig. 2. After laser cleaning

5 The London Consortium of Laser Users

In 1999 a joint research equipment initiative was set up between The Natural
History Museum, Imperial College of Science, Technology and Medicine, The
Victoria and Albert Museum, The Royal College of Art and the Tate Gallery.
A grant was awarded in March 2000 through the Engineering and Physical
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Sciences Research Council which enabled the purchase of a Dual wavelength
laser cleaning system. The participating institutions share time on the laser
and a Laser Users group has been set up locally to share results. The focus
of the group is the practical applications of laser cleaning to museum objects
combined with studies of damage thresholds during cleaning procedures. Ma-
terials tested by the group include marble, terracotta, stone, plastic, metal,
glass, paintings and geological material.
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Abstract. The main objective of this study is to investigate the feasibility of laser
cleaning methodologies for the removal of insoluble aluminosilicate crusts from
ceramic surfaces excavated from Late Minoan IIIC sites in eastern Crete. Laser
cleaning tests involved the use of various laser systems with different wavelengths
(1064 and 355nm), pulse duration (7ns and 120 um), energy density values (0.3
to 1.6 J/cm2) and cleaning methodologies (e.g. combination of wavelengths, water
assisted laser cleaning etc.). The results from the laser-cleaning methodologies em-
ployed were evaluated and compared against those obtained from application of
mechanical and of chemical means for encrustation removal.

1 Introduction

The recent Greek-American and American Excavations on East Crete have
brought to light three sites, Chrysokamino, Halasmenos, and Azoria dating
from Late Minoan to Early Archaic periods. A common feature to all these
sites is the hard and thick encrustation that covers the ceramics. Cleaning
such pottery is the most difficult and time consuming stage of the conser-
vation process, as the encrustations are often thick, strongly adhered to the
ceramic surface and harder than the ceramic itself. The conventional methods
of cleaning, chemical or mechanical, are usually not very effective or require
long time and hard effort. Chemical cleaning, by means of hydrochloric or ni-
tric acid solutions, has in most cases failed. Mechanical cleaning with scalpel
under the microscope requires a very long time and careful control in order to
preserve technological information such as fine wheel marks and finger prints
as well as painted and incised decoration that may exist on the underlying
surface. The result is not always the desired one as the removal of the encrus-
tation often results in loss of surface slip or painted decoration that remains
attached on mechanically removed flakes. Decorated surfaces bearing thin
and fragile layers of paint present a challenge to the conservator. Thus, the
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problems associated with conventional cleaning methods are often difficult or
impossible to overcome.

2 Experimental Methods

2.1 Characterization of the Encrustations

Encrustations were studied by means of macroscopic and microscopic obser-
vation, Laser Induced Breakdown Spectroscopy (LIBS) and X-Ray Diffrac-
tion (XRD). According to their macroscopic characteristics they were classi-
fied in three categories:

a. thick crusts, loosely attached to the surface
b. thick crusts, strongly attached to the surface
c. thin strong crusts, attached to the surface

XRD and LIBS analysis showed that all three types of crust consist of
aluminosilicate minerals cemented in a siliceous matrix. This is insoluble in
the chemical cleaning agents used for the conservation of ceramics.

2.2 Cleaning Tests

Considering the increasing amounts of pottery that is excavated and the dif-
ficulties in cleaning the edges and the surfaces of pottery, series of cleaning
studies were carried out on various fragments of ritual objects such as god-
desses with upraised arms, snake tubes and pinax fragments from the recently
excavated shrine of Halasmenos [4]. Conventional cleaning tests were carried
out at the W.D.E. Coulson Conservation Laboratory of the INSTAP Study
Centre for East Crete that hosts the material [5], while laser cleaning tests
were performed at FORTH-IESL (Table 1).

Conventional cleaning tests included chemical and mechanical methods
or combinations. Various methods such as scalpel, tape and PVA peels and
poultices were effective on encrustations crusts of Type a and ¢ while they
had very little effect on Type b. Laser cleaning was tested mainly on crusts
of Type b for cleaning and on Type a and c for finishing surfaces that had
been roughly cleaned with one of the above mentioned methods.

Laser cleaning tests were implemented with a) Q-switched pulses (7ns)
from a Nd:YAG laser, both at its fundamental frequency (1064 nm) and its
third harmonic (355 nm), for the tests in Table 1, [BMI 5022 DNS10 series
Nd:YAG laser system]. b) Long Nd:YAG pulses (120 us) at 1064 nm, for the
tests of Table 2 [EOS 2000 El.En. laser system].

Laser cleaning tests were performed directly on encrustations and on ar-
eas previously cleaned by mechanical means (scalpel), in both dry and wet
conditions. The individual action of infrared (Infrared Tests 1-10, 13) and
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Table 1. Specifications of cleaning tests with Q-switched Nd:YAG Laser

Q-switched Nd: YAG Laser Cleaning Tests at 1064 nm (IR)

Test Fluence On  Scalpel
Window (Jem™2)  Pulses Water Crust Cleaned Discoloration Result
1 1.6 10 - X - - -
2 1.6 20 - X - - -
3 1.6 10 - - X X X
4 1.6 20 - - X XX XX
4a 1.7 20 X - X - XX
5 1.6 20 b'd b'e - X -
6 1.6 40 X X - - X
7 1.6 20 - X XX X
8 1.6 10 X - X - XX
9 1.6 20 X X - - -
1.6 20 -
10 1.6 20 -
1.2 10 X X - - X
13 1 10

Q-switched Nd:YAG Laser Cleaning Tests at 355 nm (UV)

Test Fluence On  Scalpel

Window Jem ™2 Pulses Water Crust Cleaned Discoloration Result

11 0.6 20 - - X X XX

12 0.6 20 X - X - XX

15 0.4 70 (10 + X X - - b'e
10 + 50)

17 04 35(10 + 10 X - X - XX
+ 10 + 5)

Q-switched Nd:YAG Laser Cleaning Tests at 1064 nm and 355nm (IR + UV)

Test Fluence On  Scalpel

Window Jem™2 Pulses Water Crust Cleaned Discoloration Result

14 1.2 0.4 20 - X - X
1.6 0.4 60 (10p x 6) x x - -

16 10

ultraviolet (Ultraviolet Tests 11, 12, 15, 17) radiation has been considered
as well as their combination (Infrared + Ultraviolet Test 14) and their com-
plementarity (Ultraviolet to clean and Infrared to finish Test 16) (Table 1,
Photo 1).

The above tests were performed on both smooth surfaces such as the
interior or exterior surface of the ceramic as well as on the irregular surfaces of
the sections along the breaks. The irregular broken surfaces require intensive
and thorough cleaning in order to achieve good adhesion during mending,
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Table 2. Specifications of cleaning tests with Long pulse Nd:YAG Laser

Q-switched Nd: YAG Laser Cleaning Tests at 1064 nm (IR)

Test Fluence On  Scalpel

Window Jem ™2 Pulses Water  Crust Cleaned Discoloration Result
A 5 25 b'q - b'q -
B 4 20 +w X X - X -
C 68 (Gp+w) x5 X X - XX -
C 85 (2p+ w) x 10 X X - XX -
D 85 (2p+ w) x 10 X X - XX -
D 5 2p+w) x5

E 85 (2p+ w) x 10 XX X - - X
F 81 (2p+ w) x 10 XX b'e - - X
G 8.5 (2p + w) x 10 (soak 3min) x - - XXX
H 5 (2p + w) x 10 (soak 3min) x - - XXX

while exterior surfaces require high precision cleaning in order to prevent loss
of material and to preserve the decoration or technological characteristics of
the surface.

3 Results and Discussion

Infrared cleaning at energy density values that lay beyond the ablation thresh-
old for typical aluminosilicate crusts (1 to 1.6 J/cm?) [3] were quite effective
in removing the encrustation. On the other hand, Ultraviolet cleaning at
energy density values that lay between 0.4 and 0.9J/cm? [3] was not able
to ablate the crust. It was effective however, in finishing surfaces that had
already been cleaned with scalpel or tape peals.

Some discoloration occurred in both Ultraviolet and Infrared and espe-
cially where long pulses were applied. Test A (Table 2, Fig. 1) resulted in
burning and discoloration of the encrustation which led us to apply water
in the next steps. In Tests B and C the application of water with a brush,
every 5 and 2 pulses, was not enough to prevent discoloration or burning on
the crust while in D, where the testing was taken a little further the same
problem occurred on the surface of the ceramic as well. Discoloration in Test
D, as measured in Munsell Soil Color Charts, altered the color of the surface
slip from very pale brown 10YR 7/4, towards light greenish grey GLEY2
10G 5/1. Discoloration was finally prevented by application of drops of water
prior to irradiation (Tests E and F) or even more by soaking the area for a
few minutes (Tests G and H). Cleaning was much more effective and fast on
crusts that had been saturated with water.

In Tests 3, 4, 5, 7 (Table 1, Fig. 1) a slighter discoloration towards GLEY2
10G 7/1 occurred. Slight discoloration, towards GLEY1 N7, also occurred in
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Fig. 1. Laser cleaning tests on the back side of a Pinax fragment from the LM IIIC
Shrine of Halasmenos

test 11. We were able to overcome these side effects with the application of a
thin film of water on the surface (i.e. 4a, 8, 12, 13, 16, 17). In most instances we
were able to achieve the desired result with high precision without removing
any of the yellowish slip of the surface. Moreover, the surface finishing tests,
where the irradiation was applied on surfaces that had already been roughly
cleaned, were especially successful.

4 Conclusions

Amongst the various laser cleaning systems that were used, it was possible
to select the most effective ones and to schedule a series of new tests which
will allow a further and more thorough analytical study. The most satisfying
results were observed when long pulses of Nd:YAG radiation at 1064 nm were
applied on surfaces that had been soaked in water for 3 min. Such pulses at
energy fluence values that lay between 4 and 8 J/cm? and with soaking in wa-
ter prior to cleaning or with the systematic application of water could remove
successfully the thick crust without discoloration and/or non-homogeneities.
The tests performed up to now showed that laser cleaning is much more
qualitative and fast when combined with mechanical cleaning (elimination
of the thickness of the crust with scalpels and/or peals). The desired degree
of cleaning of the exterior surfaces varies according to the characteristics of
the ceramic such as decoration, surface finish, patina, etc. The results of the
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cleaning tests need to be further evaluated by analytical characterisation of
both the encrustation and the laser treated surface, with various techniques
such as SEM/EDAX, ICP/MS, PIXE. Procedures that require sampling and
preparation of cross-sections of the cleaned/uncleaned surfaces, and therefore
sampling permission must be obtained before we proceed to the next phase
of this study.
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