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Abstract
Diﬀerent research activities are in progress at the Centre for Dating and Diagnostics (CEDAD), University of Salento, in the ﬁeld of
environmental monitoring by exploiting the potentialities given by the
diﬀerent experimental beam lines implemented on the 3 MV Tandetron accelerator and dedicated to AMS (Accelerator Mass Spectrometry) radiocarbon dating and IBA (Ion Beam Analysis). An overview of
these activities is presented by showing how accelerator-based analytical techniques can be a powerful tool for monitoring the anthropogenic
carbon dioxide emissions from industrial sources and for the assessment
of the biogenic content in SRF (Solid Recovered Fuel) burned in WTE
(Waste to Energy) plants.

1.

Introduction

The CEDAD (Centre for Dating and Diagnostics) at the University of Salento, was established in 2001 to be a national centre for research and service
in AMS (Accelerator Mass Spectrometry) radiocarbon dating [1]. In the ﬁrst
ten years of activity, CEDAD has fully respected its initial funding mission
and is now a well established centre for AMS 14 C dating with more than
∼ 1000 samples which are measured each year for applications spanning
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from Archaeological to Earth and Environmental Sciences. The research
activities in the ﬁrst decade of operation of the facility have been devoted to
the application of the 14 C method to solve diﬀerent archaeological problems,
to the development of new, independent methods for the assessment of the
preservation status of the submitted samples and of the accuracy of the
data [2] as well as to the enhancement of the experimental potentialities by
the design and installation of new beam lines.
Nowadays, beside the AMS 14 C dating spectrometer, four more beam
lines are operational for RBS (Rutherford Backscattering Spectrometry),
external beam PIXE (Particle Induced X-Ray)-PIGE (Particle Induced
Gamma Ray), high energy ion implantation and Nuclear Microprobe [3].
Furthermore another multiisotope beam line, designed in collaboration with
the AMS group at ETH in Zurich, is currently under installation for the detection of rare isotopes from 10 Be up to 129 I and actinides and it is expected
to further extend the activities of CEDAD in the ﬁeld of Earth and Ocean
Sciences, Environmental Monitoring and Nuclear Safeguards. Together with
these relevant technical and instrumental developments, the potentialities of
AMS-14 C dating and IBA techniques have been explored in areas diﬀerent
from the traditional ones related to cultural heritage diagnostics such as
Earth and Life Sciences [4], Forensics [5] and environmental monitoring [6].
In this paper the basic aspects related to the potentialities of AMS in
environmental monitoring are presented by reviewing recent applications for
the study of the release of carbon dioxide from industrial sources and for
the quantiﬁcation of the biogenic fraction in the fuel used in WTE (Waste
to Energy) plants in Italy.

2.

Experimental set-up

A general layout of the AMS-IBA facility at CEDAD is shown in ﬁg. 1. The
system is based on a 3 MV Tandetron accelerator manufactured by High
Voltage Engineering Europa and equipped with two low energy injectors
and ﬁve high energy experimental beam lines for AMS radiocarbon dating,
RBS-Channeling, external beam PIXE-PIGE analyses, high energy ion implantation and IBA analyses at high spatial resolution by mean of a nuclear
microprobe.

2.1

Ion sources and injectors

Two diﬀerent low energy injectors are used for the production of ion beams
to be injected in the accelerator: a multipurpose injector and a sequential
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Figure 1: General layout of the facility installed at CEDAD.

injector dedicated to AMS. The multipurpose injector is equipped with two
ion sources (a single cathode sputtering ion source and a Duoplamastron ion
source) and a 90◦ injection magnet. In routine operation the Duoplasmatron
source is used for the production of alfa particles beams for application in
RBS while the sputtering ion source is used for the extraction of negative ion
beams from solid targets for ion implantation applications. The sputtering
source is also routinely used for the extraction of proton beams by sputtering
of TiH cathodes for external beam IBA analyses and in nuclear microprobe.
The sequential injector is dedicated to AMS and, although for the moment
it is used for the extraction and injection of negative carbon beams from
graphite cathodes, it has been already modiﬁed to allow the injection of
ions with masses up to Uranium, in the frame of the installation of the
new multiisotope beam line. Although the detailed features of the AMS
injector are reported elsewhere [7], it is essentially formed by a multicathode
sputtering ion source (HVEE mod. 846A) with an automatic sample loading
and unloading system and two dispersive elements: a 54◦ ESA (Electrostatic
Analyser) and a 90◦ injection magnet.

2.2

High energy AMS

The high energy side of the facility includes the AMS high energy spectrometer and a high energy switching magnet which is used to bend the diﬀerent
ion beams in the other experimental lines. The AMS spectrometer is formed
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by three dispersive elements: a 110◦ double focussing magnet which deﬂects
the 12 C and 13 C stable carbon isotopes in two Faraday cups, a 33◦ cylindrical ESA and a 90◦ magnet which are both used to clean the 14 C beam from
interfering particles and to deﬂect it into the ﬁnal detector which consists
of an isobutane, dual anodes gas ionization chamber. In terms of performances the AMS beam line, routine uncertainties of the order of 0.3–0.4%
are reached in the 14 C/12 C ratio measurements while machine backgrounds
far in the range of 10−16 have been demonstrated by measuring 14 C-free
unprocessed graphite samples [8].

3.

The contribution of
monitoring

14

C-AMS to environmental

Radiocarbon is the radioactive isotope of carbon which is naturally produced
in the upper atmosphere because of the nuclear interaction of cosmic rays
with atmospheric nitrogen. Once produced, it is oxidized to carbon dioxide
(14 CO2 ) entering together with the two stable forms 12 CO2 and 13 CO2 into
the diﬀerent terrestrial reservoirs such as the atmosphere, the hydrosphere
and the biosphere through the photosynthesis and the alimentary chain. As
the results of these processes, all the living organisms reach a steady state
equilibrium such as the 14 C concentration in their tissues reﬂects the actual
value in the corresponding carbon reservoirs, which for the atmosphere is
of the order of 10−12 in terms of 14 C/12 C ratio. The principle on which
the radiocarbon dating method is based is that when the organisms dies no
exchanges with the environment occur anymore and the 14 C concentration
decreases following the radioactive decay law with an half life of 5730 years.
Thus the measurement of the residual 14 C concentration in a sample allows
to estimate the time elapsed since its death. It is worth noting that the
actual application of this method is made more complex by several eﬀects
which have to be taken into account and for which the dates have to be
corrected such as the isotopic fractionation occurring during the biological
activity and the ﬂuctuations of the atmospheric radiocarbon concentration
over the time.
In fact although the original application of the radiocarbon method and
of AMS was essentially in archaeological sciences for dating purposes, it has
also given fundamental contribution in diﬀerent branches of environmental sciences [9] such as atmospheric chemistry [10, 11], in the study of the
dynamics of atmospheric and ocean circulation [12] and in ice cores and
climatic change research
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Another branch of applications of radiocarbon in environmental monitoring is that related to the use of radiocarbon as a tracer of the human
impact on the environment. In fact diﬀerent human activities can lead to
relevant changes of the atmospheric radiocarbon concentration. The combustion of fossil fuels, for industrial purposes and energy production, results
in the release into the atmosphere of large quantities of CO2 which, being completely depleted in their 14 C content, has a characteristic isotopic
signature which can be eﬀectively used to trace these emissions and their
magnitude on a local as well as on a global scale. These deviations from the
natural 14 C abundance can be in fact determined either by directly sampling
atmospheric carbon dioxide or by analyzing biological materials recording it
such as plants, tree leaves and tree rings.
More recently following the introduction of regulation promoting the
use of bio-based carbon products and of renewable energy sources, new analytical methods based on AMS and radiocarbon have been developed for
the assessment of the biogenic fraction in carbon based products (polymers,
resins and plastic products) and in the waste-derived fuels used in WTE
plants [13, 14].

4.

Applications

We review two applications carried out at CEDAD in the ﬁeld of environmental monitoring for the study of the CO2 released from industrial sources
in Southern Italy and for the determination of the biogenic fraction in fuels
used in WTE plants in Northern Italy.

4.1

Studying the release of

14

C-depleted CO2 by AMS

As it has been pointed out before the release of 14 C-depleted carbon dioxide from industrial sources burning fossil fuels results in local depletion of
the radiocarbon concentration (local dilution eﬀect). This “14 C-depleted”
carbon dioxide is thus recorded, through photosynthesis, by the plants living in the surrounding environment which thus act as bio-indicators of the
magnitude and the dispersion paths of the fossil emissions.
We selected diﬀerent grass samples from the area surrounding the industrial area of Brindisi which is one of the most industrialized district in
Southern Italy and which includes large factories (coal and oil ﬁred power
plants and chemical industries) which are expected to release signiﬁcant
quantities of carbon dioxide deriving from the combustion of fossil fuels. As
indicators of the atmospheric 14 C levels, leafs of common grass plants were
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Figure 2: Δ 14 C term as a function of the distance from the emission sources in the
industrial district of Brindisi along diﬀerent directions.

sampled during the spring-summer growing periods in 2004 and 2005. Different samples were taken at diﬀerent distances and in diﬀerent directions
from the industrial area to study the dispersion mechanisms and the possible relationships with meteorological factors such as the direction of the
prevalent winds. In order to have an estimation of the local “undisturbed”
14 C concentration samples were also taken in Castro, 90 Km South from
Brindisi where no industrial eﬀects are expected.
The results of the measurements are given in ﬁg. 2 and are expressed in
terms of Δ14 C values. The ﬁgures shows that while the samples taken in the
NW and W direction show radiocarbon concentrations not distinguishable
from the clean air reference value (Δ14 C = 74.4 ± 5.0), the samples taken
along the SSE direction exhibit depleted values, except for the ﬁrst sample
having a Δ14 C value overlapping, within measurement uncertainty, with
the undisturbed atmospheric levels. These measurements indicate a local
depletion eﬀect of the natural atmospheric 14 C concentration as resulted
by the release of carbon dioxide of fossil origin from the industrial sources.
Furthermore they demonstrate a preferential distribution of the released
CO2 along the direction of the prevalent winds, blowing in this area from
NNW and S. From a more quantitative point of view the obtained results
can be also used to estimate the magnitude of the emission by calculating
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the term Cf representing the molar fossil-fuel fraction and given by:
Cf =

Δ14 C clean − Δ14 C sample
· 100% ,
Δ14 C clean + 1000

where Δ14 C sample and Δ14 C clean indicate the Δ14 C value measured for the
sample and for the clean-air reference, respectively. The results show a magnitude of the dilution eﬀect ranging from 1.4% at 800 m from the industrial
area to 2.6% at 11 km.

4.2

Determining the biogenic component in CO2 emitted
from WTE plants

Following the general concern related to global warming and to greenhouse
gas emissions reduction diﬀerent eﬀorts are being made at the national and
international level promoting the use of renewable resources for energy production. In the European Union the Directive 2009/28/EC dated 23 April
2009 includes biomass and the biodegradable fraction of industrial and municipal waste in the list of renewable energy sources. Following this deﬁnition
only the fraction of energy produced by the combustion of the biogenic fraction of waste can be labeled as coming from renewable sources. This has led
to research eﬀorts for the development of proper, accurate methodologies for
the determination of the proportion between fossil and biogenic carbon in
the fuel used in WTE plants in order to assess the amount of energy which
can be labeled as coming from renewable sources. In fact in this ﬁeld radiocarbon AMS is gaining importance in the last years because of the signiﬁcant
advantages with respect to the traditional methods such as the manual sorting, the selective dissolution [15] and the energy balance method [16]. The
radiocarbon based method is quite simple in its principle and it is based
on the large 14 C isotopic diﬀerence between the fossil-derived (completely
depleted 14 C) and the biogenic component of the combusted waste, whose
radiocarbon content reﬂects current 14 C atmospheric levels. Thus the estimation of the portions of biogenic and fossil fractions can be carried out by
solving isotopic mass balance equations, after the measurement of the radiocarbon concentration in the carbon dioxide sampled directly at the stack of
the WTE plants. We carried out in collaboration with RSE-Spa (Ricerche
sul Sistema Energetico) a measurement campaign on emission samples taken
at the stack of three energy plants in Northern Italy. The three plants were
a 113 MW turbogas cogeneration plant burning fossil methane (expected biocontent 0%), 1.2 MW landﬁll biogas burner (expected bio-content 100%) and
a 9 MW ﬂuidized bed WTE plant burning SRF derived from municipal solid
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Figure 3: Measured radiocarbon concentrations for the three samples taken in three
consecutive days from the three plants.

waste. Three samples were taken in three consecutive days from the plants.
On site sampling was carried out by dissolving the CO2 in 4M KOH solution by using the apparatus developed by RSE and CO2 was extracted by
acidiﬁcation with H3 PO4 of 200 μl of samples solution. The results of the
measurements obtained for the three plants are reported in ﬁg. 3 in terms of
pMC (Percent Modern Carbon) values. These results allow to qualitatively
distinguish between the three diﬀerent plants according to the diﬀerent level
of radiocarbon measured in the three plants.
A four component isotopic mass balance model was then developed and
used for the calculation of the biogenic content in the WTE plant in order to
take into account the contribution given by the atmospheric air used during
the combustion process and to properly correct the measurements for the
14 C background due to the sampling, storage and processing procedures [17].
The biogenic content (xbio ) was thus calculated by the formula:
xbio =

fmeas − xatm fatm − xsol fsol
,
fbio

where fmeas is the measured 14 C content in the sample, xatm and fatm is
the contribution from atmospheric air; xsol and fsol is the contribution of
the sampling solution; fbio is the 14 C concentration of the pure biogenic
waste. By following this approach for the WTE plant the following biogenic
fractions were calculated: 45.4 ± 1.6%, 46.3 ± 1.6% and 44.8 ± 1.6% for the
three consecutive days of sampling. These results are statistically consistent
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among them and allowing to calculate an average value, with the uncertainty
given as scattering of the data, for the biogenic fraction of 45.5 ± 0.8% as
average for the plant during the three days. The comparison of the value
measured by AMS and the vale determined alternatively by the dissolution
method (44.0 ± 1.9%) show the consistency of the two data at the one sigma
level.

5.

Conclusions

Accelerator based analytical techniques, and in particular AMS and IBA,
have a great potential in Environmental sciences and monitoring as shown by
several studies and research projects. The general features of the accelerator
based facility at CEDAD (Centre for Dating and Diagnostics) more relevant
in this area of research have been review together with some applications
carried out by using radiocarbon as an isotopic tracer for the monitoring
of the anthropogenic emissions of carbon dioxide into the atmosphere from
industrial sources and for the determinations of the biogenic content in fuel
used in energy power plants burning waste.
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