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Small: the keyword of this lecture

• I will focus my attention on small electrostatic accelerators, especially 
tandem  

• This kind of accelerators began to be “old” in the 1970s when the 
interest in fundamental physics began to move towards higher energies

“Small” can be also considered as the keyword to explore the up-to-date 
research in the field
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Electrostatic accelerators

• Ions are accelerated through an electrostatic field by applying a voltage 
which does not change with time 

• The high voltage can be established by different mechanisms that are 
basically based on: 

• either a Van de Graaff generator  

• or a Cockroft-Walton generator
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A type of electrostatic accelerators:  
the tandem

• The high voltage terminal is in the middle 
of ions path 

• Ions undergo two following  
acceleration steps, thanks to the  
stripping process at the terminal

Injection into 
tandem
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Efin = Einj + q1ΔV + q2ΔV



XXXI Giornate di Studio sui Rivelatori 
Cogne, 26-30 giugno 2023

The stripping process

• When a swift ion penetrates a target medium, it undergoes a large series 
of ion–electron collisions ➜ electron loss and/or electron capture  
➜ charge-exchange at the high voltage terminal 

• Distribution of charge state after stripping  
depends on stripper thickness and incident  
ion velocity
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3 MV tandem accelerator at INFN-LABEC, Florence
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The high voltage  
terminal
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Why accelerators and Cultural Heritage?

Is it possible to give information on the chronology?

Which are the used materials?

Is it possible to identify successive interventions on the 
artwork (like e.g. a restoration)? 
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Let’s start from tandem 
and the issue of 
chronology 
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14C

• 14C is one of the carbon isotopes 
which is naturally occurring on Earth 
(in addition to 12C and 13C) 

• It is radioactive ➜ it decays through  
β- mechanism to 14N

Table of nuclides (www-nds.iaea.org)

t1/2 = 5700±30 yrs

τ =
t1/2

ln2
≃ 8220yrs

Half life

Mean life

http://www-nds.iaea.org
http://www-nds.iaea.org
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Radioactive decay

• In a closed system:

dN
dt

= − λN = −
1
τ

N

N (t) = N0 e− t
τ
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➜ How can we measure a natural abundance of 14C here on Earth?
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14C: the production mechanism

14N (n, p)14 C

14C average production rate ∼ 2.2 nuclei cm-2 s-1 

Production happens in the upper atmosphere 
and it is negligible at ground level 
It is ~5 times higher at the Poles than at Equator 
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14C: natural abundance

• In atmosphere (and, consequently, in all the organisms and systems that 
exchange with the atmosphere itself), we can consider an equilibrium 
between the continuous production and the decay

14C: 
∼1.2 E-12

12C: 
∼99%

13C: 
∼1%
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Basics of radiocarbon dating

• Every organism in the biosphere is in equilibrium with the atmosphere 
until its death (or a system continuously exchanging carbon with the 
atmosphere is in equilibrium until those exchanges cease): its radiocarbon 
concentration is - basically - equal to the concentration in atmosphere 

• Since the death (or since the end of the exchanges), the mechanism of 
continuous production/uptake of radiocarbon stops 

• If we can consider the system as closed (➜ contaminations), the 14C 
balance starts to decrease according to the radioactive exponential law
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Start = organism death (or system 
isolation from the carbon reservoir)

Stop = when we measure the residual 
14C abundance

The decreasing rate is known

14R (t) =
14C
Ctot

≈
14C
12C

=14 R0 e− t
τ t = τ ln(

14R0
14R (t) )➜
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• Of course, the above equation can be solved only if we know 𝛕 and 14R0 
• But… experimental estimates of 𝛕 can be updated when measuring 

techniques improve and 14R0 has not been always constant during the 
times 

• We can define t as the conventional radiocarbon age if: 
• 𝛕 is chosen as 8033 yrs (Libby mean life) 
• 14R0 is chosen as the radiocarbon concentration in a reference year, i.e. 1950 

• The conventional radiocarbon age is measured in years BP, Before Present

t = τ ln(
14R0

14R (t) )
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Pay attention!

• The dating measurement is not over once the conventional radiocarbon age has 
been determined 

• Experimental data has to be converted to “calendar ages” ➜ calibration of the 
measured age through one of the internationally agreed calibration curve 
(IntCal20, Marine20, SHCal20, Bomb21NH1, … ) is mandatory ➜ the result is 
expressed as a distribution of probability for which we can evaluate time 
intervals associated to fixed level of confidence 

• Pay attention to other natural processes that can influence the radiocarbon 
concentration in living organisms: reservoir effect and isotopic fractionation 

• Many discussions can be also dedicated to the issues of possible contaminations, 
to selection of either samples or the subfraction of samples to be collected
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Some key points to choose the most 
appropriate measurement technique

• The measurement of radiocarbon concentration is invasive: a sample is needed 
➜ a technique that allows us to collect a sample as smallest as possible is clearly 
preferable 

• The natural radiocarbon abundance is very low and it decreases as time passes by 
➜ the measurement technique has to be very efficient and sensitive (the higher is 
the sensitivity the older are the possible datable ages) 

• 14C has interfering isobars that are more abundant in nature (14N, 12CH2, 13CH)  
➜ the measurement technique has to suppress these interferences without 
decreasing the radiocarbon count rate
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… and we can now go back to tandem accelerators 
and to Accelerator Mass Spectrometry (AMS)

Negative ion source 
➜ suppression of  
nitrogen ions

Stripping at the high 
voltage terminal 
➜ suppression of  
molecular isobars

Collection of stable 
isotopes ions

Detection of 14C ions
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About the negative ions source

• It is based on sputtering by Cs+ ions 

• Negative ions (elemental, molecular,  
cluster…) are extracted through a voltage  
of few tens of keV 

• Not all the elements can be extracted as  
negative ions 

• In a 14C-AMS measurement, -1-charged ions  
are extracted and analyzed from the source

R. Middleton, A negative-ion cookbook 
(www.pelletron.com/cookbook.pdf)

Cs sputtering ion source by IonPlus
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Beam analysis

• Electrostatic analyser: this is basically an electrostatic  
capacitor with parallel plates and r as bend radius 

• Magnetic analyser: this is basically a region with a magnetic field whose 
direction is orthogonal to the plane where the particles move 

• Velocity filter (Wien filter): this is basically a region where there are both 
an electric field (in the plane where the particles move) and a magnetic 
field whose direction is orthogonal to that plane) —> only those particles 
for whom the result of the two forces is zero can be transmitted beyond 
the filter
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Why just an analyser is not enough

• Each of the analyzing elements  
identifies a locus of points
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In AMS our goal is however to transmit, accelerate and count not only 14C ions, but also 12C and 13C 
12C —> to estimate the total amount of carbon 
13C —> to correct for isotopic fractionation
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How to switch mass?

• Using a magnetic analyser 

• But changing currents to change magnetic field is not fast  
(consider hysteresis)

B ⋅ r =
2mE
q
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Bouncing injection

• Magnet tuned to transmit mass 13 

• Different voltages are applied to the magnet chamber so that masses 
other than 13 can acquire a different energy and can be thus transmitted

14C (8.5 ms)

kV

t

2.9

-2.5

12C (6 µs)

13C (0.6 ms)

14C (8.5 ms)

kV

t

2.9

-2.5

12C (6 µs)

13C (0.6 ms)

kV

t

2.9

-2.5

12C (6 µs)

13C (0.6 ms)

mass 12 (6 µs)

mass 13 (600 µs)

mass 14  
(8.5 ms)

Injection times adjustable according to the average 
currents we would like to measure on the high energy 
side 
Pay attention to molecular isobars!
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Acceleration and stripping

• In a 14C-AMS measurement*, the terminal voltage is kept at 2.5 MV

*at our tandem in Florence

Efin = (0.035 + 2.5 + 3 ⋅ 2.5)MeV
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What happens to molecular isobars

• After stripping, the probability to find molecules characterized by a high 
charge state is low (Coulomb explosion) ➜ the capability to suppress 
isobars is due to the combination of terminal voltage, stripper thickness 
and charge state that is analyzed on the high energy side
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Analysis on the high energy side

• Analysing magnet ➜ to identify ions with mass 14,  
charge 3+ and energy 10 MeV 

• At the exit of the magnet, stable isotopes  
12C and 13C abundances are measured by off-set  
Faraday cups 

• Faraday cup for 13C: also mechanism to  
stabilize terminal voltage 

• Electrostatic analyser ➜ to suppress further  
possible interferences
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About the rare isotope detector

• We can choose to use the detector as a further element to discriminate 
the beam particles, thus supporting in better identifying 14C ions or as a 
simple counter  
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or The use of a silicon 
diode is only possible 
thanks to the very low 
counting rates 

<20Hz for modern 
samples!
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The present challenges of 14C and AMS

• Dating campaigns often require many samples to be measured 
➜ experimental set-ups should be highly reliable and as much simple as 
possible  
(this is true not only for Cultural Heritage and archaeology, but also for 
environmental applications) 

•  Some materials can have a very complex matrix 
➜ the “right” carbon has to be extracted and cleaned from all the 
possible contaminations 

SMALL
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Towards smaller AMS machines
Low-voltage tandem 

machines: from 
research at ETH to 

commercial set-ups

MICADAS

3.2 m x 2.6 m LEA

2.6 m x 1.8 m

Lower costs; easier 
mainteinance
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Towards smaller samples

At INFN-CHNet in Florence, we have 
developed a graphitization line designed for 
very small samples (mass of about 50 μg of 
carbon - while our standard samples are of 
about 700 μg of carbon)

M. Fedi et al., Towards micro-samples radiocarbon dating at INFN-LABEC, Florence, NIM B 465 (2020), 19 
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The 14C-AMS workflow



… and what 
about the 
composition of 
the artworks?
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The world of Ion Beam Analysis (IBA)
A MeV particle beam (typically 
proton) impinging on target  
 
➜ collection and identification of the 
different products of interaction, i.e. 

X-rays (PIXE) 
gamma-rays (PIGE) 
backscattered particles (BS) 
…
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Particle Induced X-ray Emission
Some milestones in its history

1912: Chadwick 
shows that alpha-
particles emitted 

from a radioactive 
source induce X-ray 

emission 

In 1950s, accelerators began 
to be widely exploited to 

investigated X-ray emission 
cross sections

In the 1960s, first experiments, e.g. at Livermore, 
show that X-ray produced due to proton irradiation 
can be used for analytical purposes 

The first Si(Li) are introduced, improving the 
attainable energy resolution in X-rays 

detection
In 1970, Johansson et al demonstrate 
the multielementarity of PIXE by 2 
MeV protons 

Introduction of Silicon Drift 
Detectors

Introduction of 
strong focusing and 
microbeams

Introduction of the first 
external beam set-ups



XXXI Giornate di Studio sui Rivelatori 
Cogne, 26-30 giugno 2023

Features of X-rays

In a PIXE measurement, collection of X-rays allows us to identify the Z of the 
element present in the investigated object
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Quantitative analysis by PIXE

In a PIXE measurement, the integrated number of X-rays emitted by a defined 
element allows us to estimate the abundance of that element in the 
investigated object

Thin target approximation

Infinite thickness target approximation



➜ no need to collect samples from the object to be investigated ➜ non invasive and 
non destructive measurements
➜ some limitations on the elements that can be detected and the artefacts that can 
be analysed

The big revolution in PIXE: external beam
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The external beam 
set-up for Cultural 
Heritage at LABEC 
(Laboratorio di 
tecniche Nucleari per 
l’Ambiente e i Beni 
Culturali) - Florence
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Leonardo 
Madonna dei Fusi (versione 
Reford)
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Differential PIXE 
➜ study of the technique: use of 
several very thin superimposed 
layers

Detection of an anachronistic 
pigments
➜ identification of restorations

PIGE 
➜ identification of lapis lazuli

P.A: Mandò et al., Differential PIXE for investigating the layer structure of paintings, NIM B 239 (2005), 71

N. Grassi et al., Identification of lapis-lazuli pigments in paint layers by PIGE measurements, NIM B 219-220 (2004), 48 
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What’s for the next?

• Each of the IBA techniques has its own limitations 
➜ smaller detectors allow integrating different techniques in the same 
experimental set-ups 
➜ improvement of the detector sensitivity to optimize measurement 
times to scan over larger and larger surfaces 

• Is it possible to overcome the limitations due to the non-portability? 
➜ we can use complementary techniques, such as XRF (X-ray 
fluorescence) or…
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At present, under development by INFN and CERN KT
For all the information: Francesco Taccetti (ftaccetti@fi.infn.it), Lorenzo Giuntini (giuntini@fi.infn.it), Caroline Czelusniak (czelusniak@fi.infn.it)

MACHINA (Movable Accelerator for Cultural Heritage In-situ non-Destructive Analysis ) 

mailto:ftaccetti@fi.infn.it
mailto:giuntini@fi.infn.it
mailto:czelusniak@fi.infn.it
mailto:ftaccetti@fi.infn.it
mailto:giuntini@fi.infn.it
mailto:czelusniak@fi.infn.it
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Thanks to all the colleagues at 
LABEC (and INFN-CHNet) 
Thanks to the organizers 

Thank you for your attention!

Zio Paperone e Battista e l'Organipotogramma (Topolino, 2016)

fedi@fi.infn.it


