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Cyclotron
◦ Proton activation analysis 

(PAA)

◦ Neutron activation analysis 
(NAA)

Van de Graaff or Tandem
◦ Ion beam analysis (IBA)

Synchrotron
◦ Chemical mapping

◦ Tomography

◦ …

J. R. Bird, P. Duerden and D. J. Wilson, Ion beam techniques 
in archaeology and the arts, Nucl. Sci. Appl., 1 (1983)

Tandem
Accelerator mass spectrometry for 
radiocarbon (+other nuclides) dating

1977-78
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• Non destructive analysis
• Trace elements
• Multiple information  
- composition and depth 
resolution
- mixed materials

9)  Alteration/preservation

J.R. Bird, P. Duerden and 
D.J. Wilson, Ion beam 
techniques in 
archaeology and the arts, 
Nucl. Sci. Appl., 1 (1983) 
357. 

• “Recipes”
• Technology
• Provenance
• History
• Art history

Applications

•Provenance
• History
• Art history
• Fight against the illicit art trade



Accelerators for cultural heritage studies
Cyclotron

Van de Graaff

NewAGLAE: Accélérateur Grand 
Louvre d’Analyse élémentaire – Louvre 

-Paris

ARTEMIS – Radiocarbon dating - Saclay

Synchrotron SOLEIL 

CEMHTI cyclotron – OrléansThe “IPANEMA” laboratory supports 
synchrotron projects on Cultural Heritage 

applications
Institut photonique d’analyse non destructive européen

des matérieux anciens

Tandem

LABEC

CEDAD ANSTO

ETH, ATOMKI, OXFORD…CTN LISBOA            VERA, WIEN

ELETTRA ESRF

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjbofuwn5DLAhUJPRoKHaGdC1EQjRwIBw&url=http://insitu.revues.org/3342&bvm=bv.115277099,d.d2s&psig=AFQjCNH0i5HGwXBlOyBOF5KcXs1JhF9mKQ&ust=1456397959865931
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Preservation of Cultural Heritage objects
- Assistance for restoration
- Assistance for museography

Detection of  forgeries 
- Misattribution
- Fighting against the illicit trade in art

Accelerators for analysis and dating



1-Restoration of a metal screen
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COLLECTION OF THE MUSÉE DES ARTS DÉCORATIFS (PARIS), FIRST DISPLAY AT THE PARIS INTERNATIONAL EXPOSITION IN 1878

Attributed to Yoshida
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COLLECTION OF THE MUSÉE DES ARTS DÉCORATIFS (PARIS), FIRST DISPLAY AT THE PARIS INTERNATIONAL EXPOSITION IN 1878

Metal screen from Japan 

© C2RMF – D. Robcis
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In Europe, colors are obtained by chemical and thermal 
treatments of homogeneous alloys (bronze or brass)  


In Japan, colors are obtained from different alloys with 
possibly chemical/thermal treatments  

Shakudo : copper with gold (1 to 7%), black patina
Shibuichi : copper-silver alloy (Ag from 15 to 35%), gray patina
Sentoku : copper-zinc-tin alloy (Zn ~20%, Sn(15%), yellow to brown
Suaka : pure copper, red patina
Gin : almost pure silver, white to gray
Kin : gold with silver or copper (a few %), yellowish
Tetsu : almost pure iron, black to brown patina
…

Metal screen from Japan 
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XRF

Shakudo

Suaka

Kin2

Shakudo

Gin

Kin1

© C2RMF – D. Robcis

Non destructive analysis by PIXE

Courtesy C. Pacheco, Q. Lemasson, D. Robcis, L. Pichon
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Non destructive PIXE mapping

Courtesy: C. Pacheco, Q. Lemasson, D. Robcis, L. Pichon

Elemental composition as well as mapping provided crucial information for the restoration of the screen
• Compatible material
• No or few chemicals
• Precision
• Safe restoration
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Courtesy: Sibylle Emerit, Maison de l’Orient et 
de la Méditerranée, Hélène Guichard, Musée 
du Louvre, Anita Quiles, IFAO

Louvre-Lens du 13 septembre 2017 au 15 janvier 2018

2-Exhibition
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N 1441 (purchased in 1826, Salt collection)

These instruments entered the Louvre Museum collections
in the 19th century and no information about possible 
conservation work is available.

N 1442 (Salt collection)

The harp N 1441 was 
attributed from 
between
the 19th and 30th 
Dynasties (1300 to 
340 BCE)

The drum N 1442 was 
attributed to the
4th c. BCE
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1613–1441
BCE
(95.4%)†

suspiciously modern
genuine?

Harp N 1441 :  six samples were collected from this almost complete harp.
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suspiciously modern
genuine?

Harp N 1441 :  six samples were collected from this almost complete harp.
The two strings analyzed are modern; therefore, the result of restoration works. 
Wood samples from the neck and the peg have been identified as respectively as 
Pinus type pinaster and Ziziphus cf. spina-christi (L.) Desf. and provided ages of 
respectively 2905 ± 30 BP and 2745 ± 30 BP, older than the short-lived samples. 
The sound-box made of Ficus sycomorus L. was dated by a leather sample to 
2585 ± 30 BP, consistent with the textile pompom of 2580 ±30 BP. 

Short-lived 
organisms

Wooden pieces
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1613–1441
BCE
(95.4%)†

modern
genuine

Harp N 1441 :  six samples were collected from this almost complete harp.
The two strings analyzed are modern; therefore, the result of restoration works. 
Wood samples from the neck and the peg have been identified as respectively as 
Pinus type pinaster and Ziziphus cf. spina-christi (L.) Desf. and provided ages of 
respectively 2905 ± 30 BP and 2745 ± 30 BP, older than the short-lived samples. 
The sound-box made of Ficus sycomorus L. was dated by a leather sample to 
2585 ± 30 BP, consistent with the textile pompom of 2580 ±30 BP. 

1 - New display for the exhibition and in the museum, new explanation.

Short-lived 
organisms

Wooden pieces
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1613–1441
BCE
(95.4%)†

modern
genuine

Harp N 1441 :  six samples were collected from this almost complete harp.
The two strings analyzed are modern; therefore, the result of restoration works. 
Wood samples from the neck and the peg have been identified as respectively as 
Pinus type pinaster and Ziziphus cf. spina-christi (L.) Desf. and provided ages of 
respectively 2905 ± 30 BP and 2745 ± 30 BP, older than the short-lived samples. 
The sound-box made of Ficus sycomorus L. was dated by a leather sample to 
2585 ± 30 BP, consistent with the textile pompom of 2580 ±30 BP. 

2- These two last samples provide a combined age for the manufacturing of this 
harp between 808 and 766 BCE (95.4%) → end of the Third Intermediate Period
(more precise than the attribution between 1300 and 340 BC)

Short-lived 
organisms

Wooden pieces
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leather

suspiciously modern twine (19th c. labelling?) 

Drum N 1443 :  3 samples were collected
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The tambourine 
N 1445 was 
attributed from 
between
the 19th and 
30th Dynasties 
(1300 to 340 BC)

The drum N 1442 was 
attributed to the
4th c. BC

Same period → end of the Third Intermediate Period

Quiles, A., Emerit, S., Asensi-Amorós, V., Beck, L., et al.. Radiocarbon 63, 
2021



3-Art forgeries
“Millions of counterfeit art works are circulating in the online environment”

19

The exhibition in Genoa, Italy was shut down three days early on 
July 13th, 2017.
After careful examination, experts confirmed that 20 of the 21 
paintings seized by the prosecutors were forgeries. There are many forgeries of Alberto Giacometti’s Walking Man. 

Vermeer, Hals/Van Meergeren

Tête “égyptienne”  bleue du Louvre, Biron et al.

LUCILE ACC2022

Calligaro et al.



Acquisition in 1909 by the director 
general Wilhelm Bode for the Berlin Royal 
museums as the unique known sculpture 
of Leonardo da Vinci.
Two years after the acquisition, more 
than 730 articles were published in the 
German and English press as well as in 
France, Italy, Austria and Denmark. 
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• 7 wax samples (unusual material 
coming from the head of the sperm 
whales, called spermaceti)

used for candles, cosmetics, pharmacy 
from 1750

• 3 other samples: wood, paper and 
textile

Study conducted by I. Reiche (Rathgen Forschungslabor & C2RMF, PSL) in coll. with the Bodemuseum
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Death of LdV

April 2021

Terrestrial 
samples
Wood, paper, 
textile
After 1670

Wax samples
(Spermaceti + 
beeswax)
After 1707





Radiocarbon dating of seized paintings 

Hundreds of paintings were 
discovered in a restorer’s 
workshop by the French 
Central Office for the Fight 
against Illicit Trafficking in 
Cultural Property (OCBC) 

From Impressionist period to 
contemporary art

LUCILE BECK-ACC2022 25
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d)
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Bomb peak: “the nuclear option” 

☺High resolution
☺Bomb peak curve well 

documented
☺Calibration software freely 

available and easy to use

Multiple intercepts

Atmospheric nuclear tests carried out in atmosphere 
after 1950 resulted in an increase of the 14C 
concentration by almost a factor 2 in the mid 1960s



Dating canvas fibers

1) Identification of the fibers

Bast fibers → flax used for linen

2) Plants producing the fabric fibers were harvested 

- in 1957 or between 2000 and 2003 for the 
Impressionist painting (alleged artist died in 1947)

- in 1956-1957 or between 2004 and 2010 for the 
Post-impressionist painting (alleged artist died in 
1943)

LUCILE BECK-ACC2022 28

Impressionist Post-impressionist 



Dating canvas fibers

1) Identification of the fibers

Bast fibers → flax used for linen

2) Plants producing the fabric fibers were harvested 

- in 1957 or between 2000 and 2003 for the 
Impressionist painting (alleged artist died in 1947)

- in 1956-1957 or between 2004 and 2010 for the 
Post-impressionist painting (alleged artist died in 
1943)

LUCILE BECK-ANSTO2021 29

Impressionist Post-impressionist 

Radiocarbon dates > death of the 
alleged artist →modern forgeries 

Beck, al. Forensic Science International 333 
(2022) 111214 (Special Issue in Nuclear 
Technologies for Forensic-IAEA CRP)
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Dating canvas fibers is the key!

Dates before 1950 → Old wood or selection 
of ancient stretchers by the forgers

Dates after 1950 → Painted after 1955
Beck, Physics 4, (2022) 462–472
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from fundamental and 
applied research to current 
issues (for museum, police,…)

Accelerators for CH
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AGLAE colleagues

lucile.beck@cea.fr

https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjij8WMrsXWAhWB2hoKHZK-DmQQjRwIBw&url=https://fr.wikipedia.org/wiki/Commissariat_%C3%A0_l'%C3%A9nergie_atomique_et_aux_%C3%A9nergies_alternatives&psig=AFQjCNE9JQKT2y3H0hCq8fa_6qxHU3il1A&ust=1506601501061291
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http://lmc14.lsce.ipsl.fr/index.html



Detecting forgeries using 14C

Calibration 
curve up to 
1800  based 
on natural 14C 
fluctuations

LUCILE BECK-ANPC2021

34
Precise Imprecise

14C was long considered:

- Too invasive
→AMS and µsample procedures

- Too imprecise



Detecting forgeries using 14C

Calibration 
curve up to 
1800  based 
on natural 14C 
fluctuations

LUCILE BECK-ANPC2021
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Precise Imprecise

Atmospheric nuclear tests carried out in atmosphere 
after 1950 resulted in an increase of the 14C 
concentration by almost a factor 2 in the mid 1960s



Bomb peak: “the nuclear option” 

14C value (F14C) : 

1.0301 ± 0.0027

LUCILE BECK-ANPC2021 36

Two solutions:

1955 – 1956 2012 – 2014 

☺High resolution
☺Bomb peak curve well documented
☺Calibration software freely available 

and easy to use

Multiple intercepts
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National
Lab

• 2800 samples to be dated per 
year 

(→  4000 samples including 
calibration, normalisation, blanks)

• 11 permanent positions (mainly 
engineers and technicians 

• 80% service/20 % research

http://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiegaKqrcXWAhVSahoKHQTKD2EQjRwIBw&url=http://www.dr19.cnrs.fr/asp/Info/doc-com.asp?page=4&psig=AFQjCNFueA2q4KVjUaD_1l9JlLzlko3ATg&ust=1506601231601304
https://www.google.fr/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjij8WMrsXWAhWB2hoKHZK-DmQQjRwIBw&url=https://fr.wikipedia.org/wiki/Commissariat_%C3%A0_l'%C3%A9nergie_atomique_et_aux_%C3%A9nergies_alternatives&psig=AFQjCNE9JQKT2y3H0hCq8fa_6qxHU3il1A&ust=1506601501061291
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Abstract painting (1970s)

Dating canvas fiber and paint!
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Dating canvas fiber and paint!

X

X

Good agreement 
with the active 

period of the artist 
who died in 1976, 

but 20 years 
before the date of 

the painting 
→ Acceptable for 

the canvas, but 
less probable 
for the paint

→ Probably a 
fake

Abstract painting (1970s)
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Official coinage
But inflation and debasement = decreasing the precious metal content (gold or silver)

LUCILE BECK-ANPC2021 41

Example: ROMAN DENARIUS (from 50 BC to 300 AD)

3.9 g ; %Ag > 98%

year 

2

3

4

5

6

-100 -50 0 50 100 150 200 250 300

year

Weight (g)

3.25 g

< 3 g

Ag

%

→ Reducing the coin weight: lower mass
→ Reducing the fineness: gold or silver mixed with base metal, generally copper

from Walker, 1976-78 and 
Klockenkämper et al., 1999
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Replication
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A. Deraisme, L. Beck, F. Pilon, J.-N. Barrandon
Accepted in  Archaeometry



silver content in the plating layer of the forgeries
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Official Roman coin

Postumus (262 AD)

versus

Non official

Postumus 

( 262-268 AD)

Official versus Non-official in the 3rd c.

According to 
the 

numismatist:

Fine design 

versus

Bad quality 
of engraving

According 
to the 

chemist 
using 
FNAA:

20 % of 
silver

versus

< 3 %

(+ traces 
elements)

According to 
the 

metallurgist:

Homogeneous 
silver/copper 

alloy

versus

 50 µm thick 
layer of 

silver/copper 
alloy on a 

copper core

LUCILE BECK-ANPC2021
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Official coin

versus

Non-official

Official versus Non-official in the 16th-17th c.

According to 
the 

numismatist:

Fine design 

versus

Bad quality 
of engraving

According to 
the chemist 
using PIXE:

20-50 % of 
silver

versus

< 5 %

(+ mercury)

According to the 
chemist using PIXE-

RBS:

Homogeneous 
silver/copper alloy

versus

 1-2 µm thick layer 
of 

▪ silver 
or 

▪ silver + mercury
on a copper core

81-950-5

23-35 63-65



Counterfeit, Fake, Forgery… 
From an exhibition by the Victoria and Albert Museum in London, U.K

Counterfeit is a general term: imitate something authentic, with the intent to steal, destroy, or replace the original, for use in illegal 

transactions, or otherwise to deceive individuals into believing that the fake is of equal or greater value than the real thing (Wikipedia)

What is a fake?

… an object that has been tampered with – e.g. a signature has been added or false indications of the object’s history have been introduced 

with the intention to defraud and increase the item’s value.

What is a forgery

… an object that is created from scratch with the intention to deceive – it is a fraudulent imitation of an existing work.

What is fraud?

… “the act of making people believe something is not what it really is for criminal benefit.”

What is a copy?

… a direct replica of a pre-existing work or a work that imitates or was created in the style of a given artist. If the work is in the public domain, 

it is not illegal to make a copy of it provided there is no attempt to deceive or make anyone believe it is an original work. To reproduce a 

contemporary work protected under copyright law requires the permission of the artist whose work is being copied.

What is misattribution?

… this arises when a mistake is made in determining the original artist of a work and typically occurs when works have been restored and 

original details masked. This is considered a genuine mistake as there is no intention to deceive.

47

https://www.wipo.int/wipo_magazine/en/2011/04/article_0001.html
LUCILE BECK-ANPC2021

Common features:

Imitation with similar 
materials, but
- Lower value 
- Low quality 
→ different in composition         



Material analysis
and 
→ made at different or 

same time


Absolute dating methods

https://www.wipo.int/wipo_magazine/en/2011/04/article_0001.html


Ancient coins
Gold, silver and bronze or copper were the coinage metals of the ancient world

Denomination → intrinsic value → precious metal content (weight and fineness) 

Example: 

Augustus 

monetary 

system in

19 BC

48LUCILE BECK-ANPC2021

1 AUREUS

= 25 denarii

7.85 g -  20 mm

Domitien - 87

1 AS

11 g -  26 mm

1 SESTERTIUS

= 4 asses

27 g -  33 mm

1 DENARIUS

= 16 asses

3.9 g -  18 mm

Pure gold Pure silver

(at the begining…)
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Cu, approx. 30 µm

After 1850 : ELECTROPLATING



Coin production in the 16th c.
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Focus on the silvering process
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St Gallen

18%

Strasbourg5%

County of Palatinat-Veldenz
Johann August (1598-1611)

32%

various types (1535-1617)

13%

Chur 1581-1601
8%

unidentified

24%

51

81-9

50-5

40 % mercury silvering 60 % thin layer of pure silver



Focus on the silvering process
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St Gallen

18%

Strasbourg5%

County of Palatinat-Veldenz
Johann August (1598-1611)

32%

various types (1535-1617)

13%

Chur 1581-1601
8%

unidentified

24%

52

81-9

50-5

40 % mercury silvering 60 % thin layer of pure silver

Moschellandsbergite

Landsberg near Obermoschel, 

Rheinland-Palatinate

Germany

Mines of mercury



Silvering process by RBS
(Rutherford backscattering spectrometry)

Non destructive analysis with 3 MeV protons
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27 Hg w%

73  Ag w%

~1µm

Cu

Cu

53

Very thin layer (1-2 µm)

HgAg

Presence of mercury

Coin 
53-12

Coin 
15-15

 One of the earliest case of mercury silvering!



In summary, how to make counterfeit plated 
coins (for scientific purposes, only) ?
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1st c. BC

3rd c. AD

16th-17th c. AD
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Counterfeit coins
Exist from the beginning
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• Forged by individual or organization not authorized
→ Usurpation of issuing rights (even if the coin is of good quality)
→ identified by numismatists and historians
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Non 
destructive 

Nuclear 
Techniques

AND OFTEN (BUT NOT NECESSARILY)

• Debasement = decreasing the precious metal 
content

→ Reducing the coin weight: lower mass
→ Reducing the fineness: gold or silver mixed with base 

metal, generally copper
→ Gold or silver plating a copper/iron/bronze core

OR 
• Intentionally degraded (abrasion etc.)
→ Reduction of the coin weight (mass)
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12-20 % Ag 
→ debased official coins

% Ag < 5 % 
→ non official 
counterfeited 
coins

→ Bulk analysis

Ed = 17.5 MeV → En = 20 MeV 

F. Beauschene et al., Archaeometry 30, 1986

CEMHTI (Orléans, France)



L. Beck, D. Bregiroux, 
S. Bosonnet, D. Eliot , 
S. Reveillon, F. Pilon
Geoarchaeological and 
Bioarchaeological studies 3, 
2005, 293-296

HNO3, H2O2 etched

A layer 50 µm thick
Silver-copper alloy on pure copper

LUCILE BECK-ANSTO2021



Copper disc 
wrapped by a 
50 µm thick 
silver foil

 Annealing 
in a furnace at 
T° = 900 °C, t = 
4 min

Silver fully 
covers copper

A. Deraisme, PhD thesis, 2005

Bozzoni et al., ; Caillaud et al.,, Proceedings of the International Conference 

on Archaeometallurgy in Europe, vol. 2, September 2003, Milan 

Replication evidenced a diffusion process 
to produce silver-plated coins

Plating layer :  30 % silver – 70 % copper

Diffusion – Solidification at 950 – 1000 °C  → soldering process

Ancient coin
Counterfeit of PostumusReplication

LUCILE BECK-ANSTO2021



Other times, other manners (or not)

LUCILE BECK-ANSTO2021 60

Hoard of coins found in 
Preuschdorf (Alsace, France)

➢ 7327 coins, 
mainly pfennig

➢ End of the 15th

century to the 
beginning of the 17th

century

➢ 87 different official 
workshops, from the 
Holy Roman Empire 
and Swiss 
confederation

+ counterfeits 



Ion beam analysis using AGLAE
(Louvre palace, Paris, France)
(now NewAGLAE)
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Simultaneous PIXE 
and RBS spectra with 
3 MeV proton beam

- Elemental 
composition

- Homogeneity in 
depth 

L. Beck et al., Nucl. Instr. and Meth. B226 (2004) 153

L. Beck et al., Nucl. Instr. and Meth. B266 (2008) 2320
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Silver-copper content by PIXE

40

50

60

70

80

90

100

0 10 20 30 40 50

all coins
Hanau-Munzenberg
Stolberg
Chur
Strasbourg
Palatinat
Haguenau

%Cu

% Ag

37,5 %
Imperial monetary policy: imperial minting 
ordinance (Reichsmünzordnung) of 1559

62

20-48 % Ag 
→ official coins

% Ag < 5 % 
→ non official 
counterfeited 
coins
+ Hg

L. Beck et al., Nucl. Instr. and Meth. B406 (2017) 93



Silvering process by RBS
(Rutherford backscattering spectrometry)

Non destructive analysis with 3 MeV protons
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50 Hg w%

50  Ag w%

~2µm

Cu

Cu

63

Coin 
53-12

Coin 
15-15

27 Hg w%

73  Ag w%

~1µm



Silvering process by RBS
(Rutherford backscattering spectrometry)

Non destructive analysis with 3 MeV protons
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27 Hg w%

73  Ag w%

~1µm

Cu

Cu

64

HgAg

Presence of mercury

Coin 
53-12

Coin 
15-15 One of the earliest cases of mercury silvering!

50 Hg w%

50  Ag w%

~2µm

Moschellandsbergite

Landsberg near Obermoschel, 

Rheinland-Palatinate

Germany

Mines of mercury 

and natural silver-

mercury amagalm
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Replication of mercury and chemical silvering
Archaeometallurgical experimental platform in Melle (France), 
in collab. with E. Alloin, F. Téreygeol and A. Arles



In summary, how to make counterfeit 
plated coins (for scientific purposes, only) 
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Thick foil of pure silver 
mechanically attached

Thick layer of silver/copper 
alloy attached by soldering Very thin envelope of pure 

silver chemically deposited
Thin layer of 
silver/mercury amalgam

1st c. BC

3rd c. AD 16th-17th c. AD

(See the presentation of K A 
Sheedy on Wednesday) 



From money to art 

LUCILE BECK-ANSTO2021 67



Why study counterfeiting? 
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1. Ancient counterfeit coins (IBA, FNAA) 

• Economical  aspect
• Alternative metallurgical practices

2. Art forgeries (AMS 14C)

• Misattribution
• Protect art market and museums
• Fight against illicit trade in art
• …

➢ History 
➢ History of technology

➢ Current issues
➢ Art history



Metal screen from Japan 
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Metal screen from Japan 
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14C AMS at LMC14 with ARTEMIS 
(Saclay, France) – National laboratory
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3MV Pelletron from NEC 

2800 samples to be dated per year →  4000 samples including calibration, normalisation, blanks

11 permanent positions (mainly engineers and technicians)

80% service/20 % research
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The tambourine 
N 1445 was 
attributed from 
between
the 19th and 
30th Dynasties 
(1300 to 340 BC)

The drum N 1442 was 
attributed to the
4th c. BC

Same period → end of the Third Intermediate Period

Quiles, A., Emerit, S., Asensi-Amorós, V., Beck, L., et al.. Radiocarbon 63, 
2021
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http://www.cea.fr/pages/actualites/sciences-de-la-
matiere/carbone-14-musique-antiquite.aspx


