turopean Synchrotron Radiation Facility

A Light for Science
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turopean Synchrotron Radiation Facility

Synchrotron Radiation Imaging:
Palaeontology and
Cultural Heritage Studies

Francesco Sette - ESRF BP 220 - 38043 Grenoble - France

X-rays and Synchrotron Radiation

X-ray Synchrotron Imaging:
A Revolution for Paleontology

Life at a Synchrotron Facility: the ESRF

X-ray Synchrotron Imaging:
ESRF & Cultural Heritage
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European Synchrotron Radiation Facility
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turopean Synchrotron Radiation Facility

Beamline Elements

interaction
data & control
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ESRF: The International Synchrotron Facility European Synchrotron Radiation Facility
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turopean Synchrotron Radiation Facility

ESRF Facts and Figures

» 600 staff from > 40 countries
= 155 scientists, ~25% on permanent positions
= ~ 400 staff from other institutes are working on site

= 1500 experiments per year
= 1900 publications in peer-reviewed journals (2011)
= 52 publications in the Nature Group journals (2011)

= ~6 000 scientists come to the ESRF per year (2011)
= ~25% of experiments have an industry-involvement
= ~2% of capacity is directly sold to industry
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turopean Synchrotron Radiation Facility

43 experimental stations operating in parallel

User operation: T
»~5200 hrs/year
machine operation
for users (for a total
of ~200 000 hrs/year
of users’ beam time) o

>24h/24h and
6d/7d availability

Public beamlines

CRG beamlines

Free bending magnet ports /insertion device ports
Instrumentation test and development beamlines

»>>98.5% reliability

ID15A+B BM14 ID14A+B
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turopean Synchrotron Radiation Facility

- \ .
The ESRF is today the world’s number one synchrotron:
» Numbers of users ©

» Numbers of publications
> Reliability & quality of service

http://www.esrf.eu/
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. analysis of precious artifacts turopean Synchrotron Radiation Facility
Why analyzing precious artifacts?
Marine Cotte - ESRF
Past « » Present « » Future

Historical knowledge: Restoration and conservation:

- Manufactirung techniques . Alteration mechanisms

- Pigment synthesis . Conservation and

. Trades restoration treatments

. Dating, authentication... - Storage conditions...

The European Llight Source Int. School on ScientificJourn. & Comm. - ERICE 1-4 August 2012 Francesco Sette sjide: 9



X-rays @ID21
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«?S’l‘% Re—dISC'OVe/y of the Syﬂthe.S'IS Proceésses  curopean synchrotron Radiation Facility
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Sicilian decorated pottery,
18th B.C.- 16th A.D.

Barilaro, Journal of Applied
Physics, 2007 - GILDA, ESRF

Roman ancient glass

Lahlil, Applied Physics A, 2010, 5%
ID21, ESRF&'

collars

vitreous mass

cuttings
worked glass » S

e

Italian Renaissance Egyptian ancient g|a55
LA Italian medieval glass Lahlil, Applied Physics A, 2010, ID21,
Pa;14c’i %\g(;] "1’ f%ﬁgﬁfgg’;}“ Quartieri, Journal of Non-Crystalline e

Solids, 2005, GILDA, ESRF
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Conservation for the future

turopean Synchrotron Radiation Facility

Wood

Neff, Corrosion science,
2005

Reguer, Corrosion
science, 2007

e Secron
e = Adrians, Surface
— ;ﬁ. ; wiy  ENGineering, 2008 ]
- == Dowsett, Anal. Chem., e o,

2008
Adrians, JAAS, 2008

Wiring to
working
electrode

Pigments

Cotte, Anal. Chem, 2006
Cotte, JAAS, 2008

Proost NIMB, 2004
Kanngeisser, Spectrochimica Acta B, 2004

Sandstrom,
Nature, 2002

~ Sandstrom,

PNAS, 2005
Wetherall,

- J. Archaeological

Science, 2008

Wilke, JAAS, 2009
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ana/ysis ofpaintings European Synchrotron Radiation Facility

Layers of pigments in
binders and glazes

Ground

Imprimitura

Maisons dans Horta de Ebre (Picasso)

Varnish

Alteration is usually, but not systematically ~ chemical degradations
developing on the surface of the painting.  _ physical degradations

- biological degradations

“Nuclear physics and painting: sub-topic of the wide and fascinating field of Science and Art”
R. Leonardi, Nuclear Physics A, 752, 659¢c-674c¢ (2005)c
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;. analysis of paintings

turopean Synchrotron Radiation Facility

Which radiation for which information?
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CGround

Wamish

“Nuclear physics and painting: sub-topic of the wide and
fascinating field of Science and Art”

R. Leonardi, Nuclear Physics A, 752, 659¢c-674c (2005)c

Neutrons:

- high penetration

- activation of the nuclei of the
elements (autoradiography)

X-rays:

- high penetration, strongly
correlated to the Z of elements
(radiography)

Particles:
- lower penetration, superficial
analysis (elemental)

Infrared (MIR):

- identification of binders and
pigments thanks to vibrational
excitation of molecular groups

Visible:

- observation of the surface
(white light, monochromatic,
grazing...)

Ultra-violet:

- luminescent processes of
varnish and binding media,
increasing with age
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o chemical analysis of paintings European Synchrotron Radiation Facility
Two orthogonal approaches
No sampling Micro-sampling
* Non-invasive * Micro-probe

» size of the sample

= layers thickness

* Heterogeneities at the micron scale:

organic/mineral, crystallized/amorphous, major/minor/trace

Sensitivities, multi-modal
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Mi"'nttp://www.esrf.eu/news/media/the—mona—lisa—painting—under—x—rays/

X-Ray fluorescence on paintings

O

@)
o oW
L\N o) O%/\/\/
L. Deviguerie et al., Angew. Chem, 20) % . Number Of
¢ counts

X-ray fluorescence measurements
on Mona Lisa (in the Louvre)

~ 12 points/painting /)/\ /\ \ )

~5 minutes per point X-ray energy
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turopean Synchrotron Radiation Facility

B
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Vincent van Gogh
Patch of grass
Paris, 1886

1
Kroeller Mueller Museum

e e —— s

Otterlo, Pays-Bas
X-Radiography

Portrait of a woman?
Nuenen, 1884/1885?

2D X-ray
Fluorescence in
the central zone?

Dik J., Janssens K., Van Der Snickt G., Van Der Loeff L., Rickers K. and Cotte M., Anal. Chem.

(2008) 80(16): 6436-6442.
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turopean Synchrotron Radiation Facility
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turopean Synchrotron Radiation Facility

Synchrotron
beam

/4
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Synchrotron Radiation Facility

Zn, Ba

Pb

g 1
Sb, Hg

200 pm

TR e 300x300 points
\a\b 90000 points -> 90 000 spectra
AN Beam size: 0,1mm
Step size: 0,5mm
Acquisition time: 1s/pixel
Total acquisition time : 50 h
X-ray energy: 40keV
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_%%_ European Synchrotron Radiation Facility

X-Radiography Reconstruction using Existing painting
elemental cartographies

http://www.esrf.eu/news/general-old/general-2008 /vangogh/
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turopean Synchrotron Radiation Facility

Letter of Vincent to Theo:

‘Il would like to know if the portraits that | sent
to you have arrived’

A

Time and place?

£ N
!M- ;\ - ‘f{"
- mn b i 7 : B 4‘; N
;%}/ 2 ‘{?‘:‘ \;‘ X

. March April Nov.
LUIIIE? 8 1885 1885 1885
Nuenen, Hollande Nuenen, Hollande Anvers

Y

March
1886

Paris

Patch of grass

Summer
1887

Paris
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R turopean Synchrotron Radiation Facility
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Old Man with a Beard - a Rembrandt or not?

|
‘X-ray scan made \i

with a museum A
apparatus '

The European Llight Source Int. School on Scientific_]ourn. & Comm. - ERICE 1-4 August 2012 Francesco Sette sjide: 24



= s,

turopean Synchrotron Radiation Facility

The painting is brought, with
several dozen other paintings,

: K-Edge scan image
to ESRF beamline ID17 to visualise the distribution
Result: of heavy elements

no complete 2"d painting

e

The European Llight Source Int. School on ScientificJourn. & Comm. -

ERICE 1-4 August 2012
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i oo turopean Synchrotron Radiation Facility

A detailed scan, element per element, is performed at the NSLS
in Brookhaven (U.S.)
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%.-.ﬁ:"_ European Synchrotron Radiation Facility

Copper distribution with contours superimposed in red,
compared with two Rembrandt self portraits from around 1630.

Pb - Hg - Fe: surface pigments in whitish/pink fleshtones and brown
Cu: a different shape (beret and clothes) in blue

http://www.esrf.eu/news/ger)eral/hidden—rembrandt/index_html/

; { 4k 1§y
»\‘:,‘f; AR
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;%L turopean Synchrotron Radiation Facility
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Blackening of Pompeian Cinnabar paintings

J. Susini', N. Metrich?, A. Moscato3, C. Gratziu3, A. Bertagnini4, M. Pagano>

1 ESRF, 2LPS, 3 Univ. di Pisa, 4 Istituto Nazionale di Geofisica e Vulcanologia, > Beni Archeologici del
Molise

SAFE

ALTERED

ALTERED
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Blackening of Pompeian painting

Safe Altered Altered
sample sample sample

The classical HgS (hexagonal) Light HgS (cubic)
explanation Red cinnabar Black metacinnabar

Not so “simple”!
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http://webmineral.com/specimens/picshow.php?id=244
http://webmineral.com/specimens/picshow.php?id=751

Pompeian paintings: Elements mapping by uXRF

What about the other elements?

: => X-ray micro fluorescence
Can we explain the phenomena?
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Pompeian paintings: Elements mapping by uXRF

Elemental maps by uXRF

1 04 Flourescence data

10!

T T T[T T[T T[T T[T [TTIT[TTT]
1.2 1.6 20 24 2.8 3.2 3.6 4.0
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Pompeian paintings: Elements mapping by uXRF

Fit
(PyMca by A. Sole, ESRF)

Compton

1.2 1.6 20 24 28 3.2 3.6 4.0

Energy (keV)
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Pompeian paintings: Elements mapping by uXRF

Black alteration

Correlation

[sulphur] - black aspect

Are the sulphur compounds
the same in the two

regions?

“Blackening of Pompeian Cinnabar paintings studied by X-ray micro-spectroscopic imaging”

Anal. Chem., 78, 7484-7492 (2006)
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XANES at the Sulfur K-edge on Pompeian paintings

Normalized fluorescence yield (a.u.)

D

2.46 2.47 2.48 2.49 2.50 2.51
Energy (keV)

Black alteration
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Francesco Sette siide: 37



XANES at the S K-edge: towards semi-quantification

i cinnabar g corderoite
] sulfur I gypsum

Normalized fluorescence yield (a.u.)

2.46 2.47 2.48 2.49 2.50 2.51 0 20 40 60 80 100
Energy (keV) Proportion (%)
Reduced Oxidized
sulphur sulphur
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Chemical mapping of sulfur, black sample

Light microscopy
In-plane analysis

SR

Sulphides Sulphates

map size, 2xX2mmg?
beam size 100um@

In-depth analysis

min
308 ”
‘-lfl“:‘}—:.- T /gg A‘;.‘ : 'A}
L 2 eh oSN a8
map size, 60x95 ym?2 — -
beam size 0.3x0.7pm? Very superficial alteration (~5um)
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Elemental mapping, grey sample

maxX

PR e A
AV SN

Correlation between degradation and presence of chlorine.

Several mechanisms can occur.
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Blackening of Pompeian painting

Possible chlorine sources

Sea proximity A remedy already known

TV S e

sad 33//4
EV’ / » \ S X
h'n"m‘ %

S Casamiceiola la “A)Ham'a
W \l.zcco Amenr/ \hme , rrrrrr

{gn “XA st d/ Proctda ORRE N e
LiE— G " 2 /ANNUNZIATA» M\

‘W 4~ Nschia 3
/sola d'/sch/a .r.%,,, e ‘ /// CA,STEDILIS.1AMMI§!2E17

g” Vi o Eque

FRTO Tt
e 25—l due Bolf
DVErotta di Regina Giovanna
Villa P2 Campanella
Tiberio

to the Romans

“Cera punica’

Punica fit hoc modo: ventilatur sub diu
saepius cera fulva, dein fervet in agua
marina ex alto petita addito nitro. inde
lingulis hauriunt florem, id est
candidissima quaeque, transfunduntque
in vas, quod exiguum frigidae habeat, et
rursus marina decocunt separatim, de
“in vas ipsum aut aquam refrigerant.”

PLINIUS, Naturalis Historia - XX/

http://www.esrf.eu/UsersAndScience/Publications/Highlights /2006 /XIM/IMAO8

Francesco Sette siide: 41

The turopean Light Source  Int. School on Scientific Journ. & Comm. - ERICE 1-4 August 2012



turopean Synchrotron Radiation Facility

Elements accessible for X-ray fluorescence at ID21

H He
Li Be Bold characters: elements accessible for B C N 0 F Ne
Na Mg XANES Al Si P S cl Ar
K Ca Sc Ti Vv Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Cs Ba Hf Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
Fr Ra Rf Db Sg Bh Hs Mt Uun §J Uuu | Uub Uuq Uuh Uuo

v
Lanthanides La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Actinides Ac Th Pa U Np Pu Am Cm Bk cf Es Fm Md No Lw
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turopean Synchrotron Radiation Facility

Bamiyan Buddhist mural paintings (Afghanistan)

- T 3 VLt — —

Samples taken in a framework of a UNESCO Conservation Project of the Bamiyan Site
The turopean Light Source  Int. School on Scientific Journ. & Comm. - ERICE 1-4 August 2012 Francesco Sette siide: 43
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ESRF
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turopean Synchrotron Radiation Facility

-

The blast altered the samples on their surface

¥

200 ym 200l o
! - . L : X
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turopean Synchrotron Radiation Facility

Identify key elements with uXRF/uXRD (ID18F)

Fluorescence spectrum of one point

|E PyMca - McaAdvancedFit g

Fit of EDF Stack SUM from Channel 0.000 to 2500.000

Function  McaHypermet |v] [ short Tail [ Long Tail [] Step Tail
Background NoBackground [/ Escape Pile-up Strip Back.

GRAPH TABLE CONCENTRATIDNS DIAGNOSTICS

x: 2180 ¥: | 1.68B1e-+005

1e+06 o £ le+06
100000 - £ 100000
» 10000 o £ 10000
2 El F
c ] [
5
3 il L
© 1000 E 1000
100 o 100
Hu=y T T T T T 10
0 5 10 15 20 25 30
Energy
—Data  —Fit — Continuum —Ppile-up  —ySK yOlK  —yArK yEK yCak yTiE ¥Mn K yFe K yCoK
YN K © yCukK ¥As K - yérk --yNbK - yPdK --yAgK - yAglL yOdK - ySnlL yShL - yHgL - yPbL

- yPbM - yScatter PeakDDD - yScatter ComptonDO0

[_Fitagaint | [ Print | [HTML Report| [Matrix Spectrum | [Peaks Spectrum|

Map: 150 X60pum2  Step: 1 X30pum? Beam:
1X15um?
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Y| Ve/’y C'omp/ex StaC/( Ofcomp0ﬂ6ﬂt5 turopean Synchrotron Radiation Facility

MXRF/puXR | MFTIR = organic
Microbiological influence D = | binders + some
Alteration products — p- copper oxalates (moolooite) ~
i copper/lead carboxylates
Paint layers lead white (hydrgcerussite/cerussite) >_|_ 0||y binde|

minium goe'thite

Ground layer

Sizing layers —

lead white (hydrécerussite/cerussite)

protein + polysaccharides

Earthen render
quartz, clays...

natural resin

http://www.esrf.eu/UsersAndScience/Publications/Highlights /2008 /imaging/

imaging8
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www.sciencemag.org SCIENCE VOL 320 2 MAY 2008

namurenews

Published online 22 April 2008 | Nature | doi:10.1038/ HEWSIZ008770

Ancient Buddhas painted in oils
Were painters on the Silk Road way ahead of the Europeans?
Philip Ball

Artists in Afghanist

practice in Europe,

INTERRATIOHAL

.COm/asia
@®]] painting appeared CeNtUr ome Asia EUROPE US. WORLD WORLD BUSINESS TECHNOLOGY ENTERTANMENT WORLD SF

Yoko Taniguchi of t

Fos Angeles Times = Business @NN]

You are here: LAT Home > Business > Technology

But Jaap Boon, a sp

Amsterdam, the Ne earller i In ASIa

The oil is present in a
form very similar to i

been done.

Earliest oil painti
Afg h a n i Sta n jg:ltr;r[:l.jltlm — Scientists have found what they described this week as the earlizst oil

Murals found on cave walls in Afghanistan prove
Posted Wed Apr 23, 2008 §:23am AEST that painting with oil had baen going on in Asia for

Updated 5 hours 54 minutes ago centuries before arists used the technigue in
Europe, scientists said this wesk.

Scientists say they have proved the world's first ever ; ¢ , . Until now, art historians believed that oil painting
oil paintings were in caves near two destroyed giant i started in Europe in the 15ih century.

statues of Buddha in Afghanistan. i i | i : = Scientists found the murals in a network of caves
1 3 r, where monks lived and prayed in the Afghan
. . - k region of Bamiyan, according to a statement on the
Samples from paintings, dating from the Tth century AD, B §: i ] ; L i oy Web site of the European Synchrofran Radiation

were taken from caves in Bamiyan. | . - Facility, whera the ancient paintings were
L & analyzed.

The Evropean Synchrotron Radiation Facility (ESRF) in Until 2001, twe colossal Sth-century statues of
SBuddhas stood at the mouth of the caves. Then the
Taliban, which then ruled Afghanistan, blew up

ot = : ggn +1§

# oil painting was going on for centuries
Europe.

Rt
medium of drywq oll, such a5 linseed oil.

The Taliban destroyed two 6th cantury giant )
painting s said to have started in the 1
Buddhas in 2001 (file photo). (Reuters: Goran century In Europe. But ¢

T |i )
amasevic) cesco Sette s7ide




Egﬁf Opaques g/asses a/ong the CiV///S&tiOﬂ turopean Synchrotron Radiation Facility
16t C. 15t C. 0 5thC. 12th—13th C, 15t C, 16thC. 19t C
Mz;(;?eo:?nggayg?d Roman Empire Middle-Ages Renaissance h:i?r(lj:sm

Roman mosaic

Alabasters Villa Casale
6t-4t C. B.C. Piazza Armerina Merovingian tumbler
Mesopotamia 3rdC A.D. 6th C. A.D. :
Sicily France Qs ik
12th " C. A.D. 18th C. A.D.
France Germany

‘Synthesis of calcium antimonate nano-crystals by the 18th dynasty Egyptian glassmakers’,
S. Lahlil, I. Biron, M. Cotte, J. Susini, N. Mengui, Applied Physics A, 98 (1), 1-8 (2010).
‘“New insight on the in situ crystallization of calcium antimonite opacified glass during the Roman period’,
S. Lahlil, I. Biron, M. Cotte, J. Susini, Applied Physics A, 100, 683-692 (2010)



s Calcium antimoniate nano -crystals

S} (S . . o turopean Synchrotron Radiation Facilit
ESRF in the Egiptian opaque glasses HEan = :

Manufacturing of calcium antimonate
nano-crystals :

In-situ (using stibine, Sb,S;)?

Or ex-situ treatment??

o S. Lahlil, I. Biron, M. Cotte, J. Susini, N. Mengui, Applied Physics A, 98 (1), 1-8 (2010).
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s  Acquisition of XRF and XANES spectra

s

TSRT in t/7e g/ass matrix turopean Synchrotron Radiation Facility
Fit with PyMca
Sb Si
L 2
5
10 ym
Devitrification Calcium Glass
antimonate crystal matrix
crystal : . . 20 ar gfyr’ (keV)*®

+ The (0.3x0.7um?2) nano-beam is indispensable

- cartography to identify the crystals in the glass matrix

‘A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra’,

Sole, V. A., Papillon, E., Cotte, M., Walter, P. and Susini, J. Spectrochim. Acta B (2007) 62(1): 63 -
68.
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P4 Identification of in-situ or ex-situ crystallisation -
= be4NES at the SB Ll ea'ge turopean Synchrotron Radiation Facility

=]

E!

Synthesis in-situ .
Sb is present in the glass matrix as Sb'' and SbV ( theratio Sb'"'/SbV is
correlated with oxidation state of Sb in the nano-crystal powder)

Synthesis ex-situ :
Sb is present in the glass matrix only as SbV

The Romans fabricated their opaque glasses
by in-situ crystallisation of Sb,0,

CIM A
¥

The Egyptians fabricated their
opaque glasses using synthetic
nano-crystals of Ca,Sb,0,

http:/ /www.esrf.eu/UsersAndScience/Public
ations/Highlights/2010/imaging/img07
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turopean Synchrotron Radiation Facility

Summary

= 3-D imaging at sub-micrometre spatial resolution
= Diffraction for crystalline/amorphous structure
= Spectroscopy for element/oxidation state mapping

non-destructive
micro-samples are often sufficient
complementary to museum-based techniques

= unveal hidden aspects of the history of an object
* understand how to improve conservation
= inspire the public’s interest in science
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_%’x%_ turopean Synchrotron Radiation Facility

A Light for Science

2 r 5

The European Llight Source Int. School on Scientific Journ. & Comm. - ERICE 1-4 August 2012 Francesco Sette sjide: 53



