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1. Introduction

Carbon-14 is a long-lived beta-emitting nuclide (half-life T1/2=5730 years),
which has played an important part in the development of several sciences
during the second half of the 20th century. The many favourable properties
of 14C makes it an important tool in numerous disciplines, such as historical
sciences, biology, chemistry and medicine. The development of new and
refined detection techniques, such as accelerator mass spectrometry (AMS),
has extended the number of applications based on 14C in a variety of fields.

Important in all applications based on 14C is the quantification of its
occurrence. This can be achieved by two different approaches: counting the
decays of the atoms or counting the number of atoms. If the half-life of the
decaying radioisotope is known, these two methods yield the same
information. As I4C has a very long physical half-life and often occurs in
extremely low concentrations in small samples, it is actually much more
efficient to count the number of atoms than to detect the number of decays,
since for a reasonable measuring time many more atoms survive than decay.

Accelerator mass spectrometry, which was first introduced in 1977
(Bennet et al., 1977; Muller, 1977; Muller et al., 1977; Nelson et al., 1977;
Purser et al., 1977; Schwarzschild et al., 1977), constitutes a highly sensitive
method for counting atoms and is used for detecting very low concentrations
of radionuclides or stable isotopes in small samples. Early applications of the
AMS technique utilised mainly cosmogenic isotopes, that is, nuclides
produced by nuclear reactions involving cosmic rays (Raisbeck and Yiou,
1984). Among the early uses of AMS, radiocarbon dating of archaeological
and geological samples constituted the main application of the technique.
Later, as AMS became available also for other cosmogenic radionuclides, the
use of the technique was extended to a wide variety of scientific fields such as
oceanography, climatology, astrophysics, cosmic-ray physics, environmental
physics and biomedicine (Elmore and Phillips, 1987; Kutschera, 1990). For
example, '°Be can be used as a sensitive monitor of the history of cosmic-ray
intensity and 36C1 as a hydrological tracer (Elmore and Phillips, 1987;
Kutschera, 1990).

The aim of this thesis is to illustrate some new fields in which AMS with
I4C can be utilised. Before reporting these applications, the sample
preparation system used for the production of elemental carbon at the Lund
AMS facility is described in the first part of the thesis. The second part of the
thesis concerns the releases of 14C from nuclear power plants, which are of
interest because of the biological importance of carbon and the long half-life



of 14C. The third part of the thesis involves the use of 14C in clinical nuclear
medicine, and the potential of employing the AMS technique for the study of
long-term biokinetics of 14C-labelled tracers and pharmaceuticals is
demonstrated. The fourth and last part introduces the application of AMS to
food chemistry.

The work reported in this thesis has been undertaken at the Lund AMS
facility. In the course of this work the AMS system has been improved and
modified, and the measurements have continuously gained in quality and
increased in precision. Only recently, the Lund AMS system has reached the
status of being a tool with sufficient precision for radiocarbon dating.



2. Carbon-14: Sources, Properties and Applications

This chapter aims to provide a brief background to the sources and
production mechanisms of 14C. The effects on the ambient I4C levels resulting
both from natural processes and anthropogenic influences are surveyed. Some
fields of applications are briefly described to demonstrate the usefulness of
I4C.

2.1 Natural 14C

Many radionuclides, such as 3H, IOBe, 14C, 26A1, 32Si, 36C1, 39Ar and 81Kr, are
produced naturally in the terrestrial atmosphere as a result of nuclear
reactions involving cosmic rays (Lai and Peters, 1967). These, which
originate mainly from galactic sources and normally only to a small extent
are of solar origin, consist essentially of high-energy, charged particles. The
majority of the particles are protons, although cc-particles, heavier nuclei and
electrons are also present. The interactions of these primary particles with
atmospheric nuclei (mainly nitrogen, oxygen and argon) produce secondary
particles, such as neutrons. In the case of 14C, reactions between such slow
neutrons and stable 14N nuclei are responsible for the most significant
production process (cross section a=1.8 b) which takes place in the upper
atmosphere:

14N + n -> I4C + p

The I4C produced (about 1.4-1015 Bq per year (Eisenbud, 1987)) is quickly
incorporated mainly into molecules of carbon dioxide, which are mixed
throughout the atmosphere and the hydrosphere, the latter being the main
reservoir. A significant reservoir is provided by the biosphere because of the
assimilation of carbon dioxide into plant tissue, and the consumption of these
plants (or a direct absorption of carbon-bearing molecules) by animals. A
secular equilibrium of about 8-9-1018 Bq (Fairhall and Young, 1970; Hayes
and MacMurdo, 1977), constant to a first approximation, is maintained in the
atmosphere, hydrosphere and thus also the biosphere by the continuous
production of 14C in the atmosphere and the subsequent decay of the
radionuclide (maximum p-particle energy 156 keV, T1/2 = 5730 years):

14C -» 14N + " + v



The long-term mean 14C activity of natural carbon has been determined,
by measurements of tree rings of known age, to be 0.226 Bq/gcarbon (Libby,
1965). This means that 14C constitutes only about 10"'°% of the total amount
of natural carbon, while the proportion of the stable isotopes I2C and I3C is
98.9% and 1.1%, respectively.

The analysis of, for example, tree rings has shown regularly occurring
deviations from the average I4C specific activity (Radiocarbon, 1993). Of
greatest amplitude (about 10%) and period (about 10 000 years) are the
variations caused by changes in the earth's magnetic field which modulate the
incident cosmic ray flux, and hence the I4C production rate (Baxter et al.,
1984). This geomagnetic effect correlates inversely with the terrestrial 14C
levels, since an increased geomagnetic field will increase the deflection of the
cosmic radiation and thus decrease the incident flux. The shape of the
geomagnetic field also implies a higher production rate of 14C at the poles
than at the equator. This is, however, not reflected in the 14C activity in
organisms living at different geomagnetic latitudes, which is due to the rapid
mixing that takes place in the atmosphere, usually taking less than two years
(Bowen, 1988). The solar activity, as well as the geomagnetic field strength,
affects the flux of cosmic rays encountering the earth's atmosphere. Increased
solar activity, which generates an increased flux of solar particles, will
increase the deflection of the incoming cosmic rays, and thus decrease the 14C
production rate. The variations in atmospheric I4C, which depend on the
varying solar activity, have smaller amplitude (2-3%) and shorter cycles
(periods of 11 and several hundred years have been detected) than the
variations caused by changes in the geomagnetic field (Baxter et al., 1984).

Natural 14C can be used in numerous applications, of which radiocarbon
dating, with the possibility for dating back to about 50 000 years (Kutschera,
1993), is among the best-known and most practised applications. Radiocarbon
dating is based on the property that the activity concentration of 14C in dead
tissues can be used to calculate the time that has elapsed since death occurred.
This is possible since all living organisms contain nearly the same proportion
of radioactive carbon in their carbon stores and since, upon the death of the
organism, the carbon which survives decomposition continuously loses I4C by
its radioactive decay. The history of natural 14C can also be used to study
changes in its production rate due to solar and terrestrial events, for instance,
by analysis of tree-rings or CO2 trapped in ice cores from polar ice shields.
Moreover, 14C can be used as a tracer of the large scale dynamics of the
Oceanographic system.
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2.2 Anthropogenic 14C

2.2.1 The Suess Effect

Over the past two centuries anthropogenic activities have influenced the
environmental 14C balance tremendously. The first major effect was initiated
with the beginning of the Industrial Revolution. The large-scale combustion
of fossil fuels (such as coal, oil and gas, which originate from very old
geological reservoirs and in which essentially all radioactive carbon has
decayed) introduced "dead" CO2 into the atmosphere. This increase of the
stable carbon isotopes in the atmosphere, which results in a decrease in
ambient I4C specific activity, is called the Suess effect and has been detected
by analysis of tree-rings back to about 1850 AD (Suess, 1955). Between 1850
and 1950 AD, the Suess effect increased in magnitude and the decrease of
atmospheric, 14C-specific activity during this period amounted to about 3%
(Oeschger et al, 1975). The Suess effect has, for instance, offered a
quantitative understanding of the dynamic global carbon cycle.

2.2.2 The Bomb Effect

The atmospheric testing of nuclear weapons in the past, beginning in the
1950's, has, in contrast to the Suess effect, caused a significant increase of
terrestrial, 14C-specific activity (the Böinb effect). This 14C is produced by
neutrons, generated in the explosion, interacting with nitrogen atoms of the
atmosphere in the same manner as the neutrons from the cosmic rays. In the
early 1960's the number of detonations of nuclear devices reached a
maximum. This is reflected in maximum atmospheric 14C activities in 1963
of about twice the natural in the northern hemisphere (Levin et al., 1980).
Since the peak of atmospheric 14C activity in 1963, the atmospheric levels
have steadily decreased due to mixing with the biosphere and oceans. It has
been estimated that about 3.6-1017 Bq I4C has been produced and released into
the atmosphere by weapon tests (Eisenbud, 1987).

The "bomb 14C" has been widely studied and has shown to be a valuable
tool in, for instance, the examination of the interaction between atmosphere,
surface and deep ocean waters. The rate of decrease of the activity
concentration since the peak in 1963 gives a measure of the response time of
the atmosphere-biosphere-ocean systems.
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2.2.3 Nuclear Power Industry

Carbon-14 is one of the radionuclides which are produced to different
degrees by neutron-induced reactions in all types of nuclear reactors. In a
nuclear power facility the production of 14C can occur in the fuel, the
moderator, the coolant and the core construction materials mainly by the
reactions

17O(n,cc)14C (0=0.24 b)
I4N(n,p)14C (0=1.8 b)

Other, less common production mechanisms are ternary fission and the
nuclear reaction 13C(n/y)l4C (o=0.001 b) (Hayes and MacMurdo, 1977).

Part of the 14C created in reactors is continuously released as air-borne
effluents in various chemical forms (such as CO2, CO and hydrocarbons)
through the ventilation system of the power plant during normal reactor
operation. The particular chemical form of the effluents depends on the type
of facility. Another part of the 14C produced is released into the atmosphere
from fuel reprocessing plants.

The dominant power reactor types in the world are the pressurised water
reactors (PWRs) and the boiling water reactors (BWRs), both types being
light-water cooled and moderated. These reactors are responsible for the
main production and release of I4C. In 1994 432 reactors were in operation,
of which 246 were PWRs and 93 were BWRs. The net operating capacity of
all reactors was 340 347 MW(e), of which the PWRs contributed of 57% and
the BWRs of 22% (Nuclear power reactors in the world, 1995). According to
Matthies and Paretzke (1982), it has been estimated that the mean BWR
releases 1221 Bq/W(e)-year (518 Bq/W(e)-year from coolant and 703
Bq/W(e)-year from reprocessing of fuel elements), while the mean PWR
releases 777 Bq/W(e)-year (222 Bq/W(e)-year from the coolant and 555
Bq/W(e)-year from the reprocessing of fuel elements). Assuming a 75% net
production, the world's PWRs and BWRs would have released about 2-1014

Bq !4C during 1994.
The I4C emissions from nuclear power plants have, among other things,

been used to test different dispersion models (Levin et ai, 1988). The
emissions have been and still are the subject of studies on global and local
radiation effects (Baxter et al., 1984; Killough and Till, 1978; Killough,
1980; McCartney et ai, 1986).
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2.2.4 Research and Industry

The most widely used radioisotope in research is 14C and this radionuclide
has primarily been used as a tracer incorporated in organic compounds
(Industrial application of radioisotopes, 1986). The 14C used in research and
industry is produced by the 14N(n,p)14C reaction by irradiating targets of
aluminium nitride or beryllium nitride (Radiotracer techniques and
applications, 1977) with reactor-produced thermal neutrons. The most
convenient form in which the 14C produced can be extracted is as 14CO2,
which can then be used in further syntheses.

Carbon-14 is widely used in disciplines such as medicine, biology and
chemistry. In industry, 14C is mainly used in the pharmaceutical field, but it
has also found wide application in organic chemistry, where it can be used to
study reaction mechanisms and biological processes.

The amount of 14C produced for use in research and industry is not
available (NCRP, 1985). However, the U.S. Department of Energy estimates
the probable production to be between about 5 and 20 TBq annually (NCRP,
1985).

13



3. Methods for Detecting 14C

As mentioned in the introduction, the concentration of radionuclides in
various samples can be determined by two different approaches: counting the
decays of the atoms or counting the number of atoms. The following sections
give a brief background to the beta-counting methods used and a short
general introduction to AMS.

3.1 Decay Counting

Carbon-14 was discovered in the 1930's (Bowen, 1988). The first methods
which were employed in measurements of this radionuclide were the decay
counting (conventional) methods. These techniques, which are based on the
detection of the low-energetic (3-particle emitted when 14C decays, have been
developed over the years into very precise tools for measurement of 14C,
such as gas proportional counting (GPC) (Östlund and Engstrand, 1963) and
liquid scintillation counting (LSC) (Polach, 1987). However, the conventional
methods have some limitations, mainly due to the long physical half-life of
14C and the very low concentrations of 14C in natural carbon. To measure
"low" levels of I4C activities (in the region between well below and slightly
above natural levels) with conventional techniques, a considerable amount of
material is needed, i.e. about l g of carbon, in order to obtain sufficiently
good counting statistics within a reasonable measuring time. This becomes
inconvenient in many cases (such as with air samples) and sets limits to the
type of samples that can be analysed. It may also be unfortunate, and
unacceptable as in the case of dating of certain archaeological materials, since
the material to be analysed must be destroyed, perhaps to a considerable
extent. The procedure for sample preparation for conventional, low-level 14C
measurements is fairly complicated, since either a very clean gas of CO2 or
C2H2 for GPC has to be produced, or a complete benzene synthesis has to be
done in the case of LSC. In addition, for low-level measurements the
measuring time is relatively long, about 24 hours per sample. In samples
which display 14C activities well above natural levels the sample size can be
somewhat reduced, depending on the activity, and the measuring time can be
shortened. In some applications the chemistry can be simplified, while in
other cases, such as the analysis of nuclear power plant emissions, special care
must be taken to remove other radionuclides, which, if present, would
interfere with the measurements of the low-energy beta-spectrum of 14C.

14



3.2 Accelerator Mass Spectrometry

Instead of measuring the activity of long-lived and rare radioisotopes, as in
the case of conventional methods, it is often expedient to count the number of
atoms in a sample relative to the stable isotopes. This can be accomplished by
AMS. As the name suggests, accelerator mass spectrometry is an extension of
traditional mass spectrometry (MS) by the inclusion of an accelerator,
preferably an electrostatic tandem accelerator (Fig. 3.1). In MS, the sample
to be analysed is placed in an ion source which produces a positive or
negative ion beam from the sample. The ions are usually accelerated to
energies in the keV range and a magnet is used for mass separation prior to
particle detection. In traditional mass spectrometry, however, isotopic
concentrations below about 10~7 relative to the most common isotope can not
be measured due to inseparable interferences from atomic or molecular
isobars (i.e. particles of the same mass). Thus, measurement of 14C by means
of traditional mass spectrometry is not possible.

In AMS, the low-energy ion detection of MS is replaced by an accelerator,
which gives the pre-selected ions energies in the MeV range, followed by
magnetic and electrostatic ar-nlysers, and a system for particle detection and
identification. The following properties, combined with those of the
electrostatic and magnetic spectrometers, are crucial for reducing isobars and
to make it possible to measure isotopic ratios down to 10"15in an AMS-
system:

1 ) Interferences from isobars can be avoided in many cases by using a
ne^niive ion source. 14C analysis is facilitated due to the fact that the atomic
isobar 14N is eliminated because of the instability of negative nitrogen ions,
while negative carbon ions are easily produced.

2) 77/6j stripping process at the accelerator high voltage terminal is of great
importance since it breaks up molecules through the removal of three or
more electrons. By selecting a high charge state with a high-energy analysing
magnet, molecular isobaric interferences, such as 13CH and 12CH2, are
removed.

3) The high final energy of the ions, in the order of tens of MeV, provides
such a good resolution in energy or energy-loss measurements, that every
single ion can usually be identified both by atomic and mass numbers.

15
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Figure 3.1. Comparison between mass spectrometry (MS) and accelerator
mass spectrometry (AMS), exemplified by the Lund AMS system.

One of the major advantages of the AMS method is that the sample size can
be reduced at least a thousand fold compared to conventional techniques. The
fact that AMS requires only mg-range, or smaller samples, has opened new
possibilities in fields such as radiocarbon dating (Mook, 1984) and
biomedicine (Felton et al., 1990). For instance, in archaeology single grains
of corn can be dated, while in vivo measurements of 14C-labelled tracers can
be performed. The AMS method is also much more efficient than
radiometrical techniques, since each sample usually takes less than an hour to
analyse. The capacity is thus highly increased and this makes it possible to
conduct very thorough investigations as a result of the larger number of
samples that can be analysed by AMS than by conventional techniques.
Another advantage is that the sample preparation for I4C analyses with AMS
is fairly simple (see section 4.1). For instance, other radionuclides present
will not interfere with the AMS measurements as is the case in radiometrical
techniques. An AMS facility is, however, a very expensive and, as will be
seen in the next sections, a quite complicated and sensitive tool.
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4. The Lund AMS Facility

In the course of this work, the Lund AMS facility underwent extensive
development. This chapter describes the present status of the Lund AMS
system as well as the sample preparation procedures used for the studies in
this thesis.

4.1 Sample Preparation

To be able to analyse a sample with an AMS system, it is necessary to
transform the sample into a state which is compatible with the ion source
used. The Lund AMS facility is equipped with a caesium-sputtering ion
source which requires samples in a solid, compact form. Therefore, whatever
kind of sample is to be examined, the carbon in the sample must be extracted
and converted into elemental carbon (graphite) before being analysed.

In the work included in this thesis, the following materials have been
analysed:

i) Nuclear power plants: air samples containing carbon dioxide, carbon
monoxide and hydrocarbons

ii) Nuclear power plants: vegetation samples
Hi) Clinical nuclear medicine: expired carbon dioxide from humans
iv) Food chemistry: polymer films with absorbed aroma compounds

Fig. 4.1 summarises the preparation of these samples and their conversion to
elemental carbon. The first step in the sample preparation procedure was to
transform the sample into a state from which carbon dioxide could be
evolved either by hydrolysis or by combustion. Air samples from nuclear
power plants were collected in special sampling balloons and were pre-treated
in the carbonatization system. During this treatment, the air samples were
diluted with 14C-free carbon dioxide to lower the activity in order to avoid
contamination of the accelerator system and to reduce the count rate of I4C
ions in the particle detector of the AMS system. The samples to be analysed
for the total 14C release were drawn through a PdAl- and PtAl-catalyst kept
at 600 °C to oxidise all carbon compounds to carbon dioxide. To analyse the
14CO2 activity only, this oxidising step was not included. Water vapour was
removed by a drying agent (Drierite®) prior to the absorption of the carbon
dioxide in NaOH on a solid support (Ascarite®). Vegetation samples were

17
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Figure 4.1. Outline of the sample preparation procedures for solid carbon
production from air samples, breath samples, vegetation samples and polymer
samples with absorbed aroma compounds.
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washed in distilled water, dried and pulverised. CO2 in exhaled air by humans
was collected with a breath sampling system by direct absorption in Ascarite
after drying the air. Plastic packaging materials were removed from the test
solution and were quickly wiped dry.

As seen in Fig. 4.1, after the pre-treatment all samples were processed in a
system for solid carbon production. In this system, carbon dioxide was
produced either by hydrolysis (using phosphoric acid) of carbonate samples
(Ascarite with absorbed carbon compounds from nuclear power plant stack
air or from air exhaled by humans) or by combustion of organic material
(pulverised vegetation samples or polymers with absorbed aroma compounds)
in the presence of CuO. Polymer films were combusted in sealed quartz tubes
in order to obtain a complete oxidation of the volatile organic compounds.
Carbon dioxide produced from "highly active" samples was diluted with 14C-
free CO2 before entering the graphitization section. The formation of
elemental carbon was achieved by the catalytic reduction of the carbon
dioxids over a few mg of iron powder (kept at about 650 °C) in the presence
of hydrogen gas (Vogel, 1984). A complete reduction, giving 5-10 mg of
solid carbon, took less than 4 hours and several samples could be processed
conc-irrently. The carbon produced was pressed into a sample holder and
placed in the ion source of the accelerator.

4.2 AMS Measurements

The Lund AMS system (Skog et al, 1992), outlined in Fig 4.2, is based on a
Pelletron tandem accelerator with a maximum terminal voltage of 3 MV. The
task of the AMS system is to count the number of 14C atoms in the sample
relative to one of the stable isotopes, 13C (natural abundance about 1.1%).
The carbon sample to be analysed is placed in the caesium-sputtering ion
source at the low-energy side of the accelerator. Two ion sources have been
used: the older single sample ANIS source and a newly-installed 20 sample
position, caesium gun source (Håkansson et al, 1995). In the ion source, a
single-charged negative ion beam at an initial energy of about 40 keV is
extracted from the carbon sample. The negative carbon current, consisting

mainly of 12C" which is boosted into an evacuated beam tube towards a 15°
dipole magnet (the inflection magnet), is 5-15 ^A. Along the beam tubes, in
which the carbon ions will travel from ion source to detection system, lenses
and steerers are placed to shape and steer the ion beam so that a high
transmission through the system is achieved.
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Figure 4.2. Outline of the Lund AMS system.
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The inflection magnet selects the quantity massxenergy/charge2. This,

however, simplifies to mass since the beam is monoenergetic - albeit with a
certain energy spread - and singly charged. The beam is then focused onto an
aperture before being injected into the accelerator. This first analytical
selection using a magnetic field will remove the majority of the neighbouring
isotopes and masses, but inevitably it will allow particles of the same mass as
the selected carbon isotope (i.e. atomic or molecular isobars) to enter the
accelerator. For example in the case of 14C, the molecular isobars 12CH2 and
I3CH" will emerge from the inflection magnet at the same angle as 14C".
However, the atomic isobar 14N is very conveniently suppressed since
nitrogen does not form stable negative ions.

When the negative ion beam is accelerated towards the positively-charged
high voltage terminal of the accelerator and passes through a thin carbon foil
(2 jig/cm2) at the terminal, electrons are stripped off the ions, resulting in a
positive ion beam with ions of different charges. The distribution of charge
states depends on the stripping medium, the atomic number and velocity of
the incoming ions and hence on the terminal voltage. The terminal voltage
employed was 2.4 MV at which C3"i"ions predominate (Wiebert et al, 1994).
The positive ions produced will be further accelerated as they are repelled
from the high voltage terminal, gaining energy proportional to their charge
state.

As previously stated, the stripping process at the high-voltage terminal is
of great importance since it breaks up molecules by the removal of three or
more electrons. Therefore, in order to reduce the interference from the
molecular isobars, the beam is momentum- and charge analysed on the high-
energy side of the accelerator by means of a 36° dipole magnet (the analysing
magnet), which is set to accept only charge state 3+. When the ions of charge
state 3+ have passed the analysing magnet, a velocity analyser (the Wien
filter) acts as a last filter to exclude ions that have changed charge state
through collisions with rest molecules in the accelerator tube and thereby
managed to slip through the second dipole magnet. A rectangular aperture in
front of the particle detection system accepts only ions with the correct
velocity. A Faraday cup and a current integrator are used for measuring the
13C current. Just behind the Faraday cup a photodiode detector used for
counting I4C is placed. This detector is connected to a multichannel analyser
system. By changing the setting of the AMS system (inflection magnet,
analysing magnet and Wien filter), the ratio between the currents of 13C3+

and I4C3+ can be established. To minimise errors introduced in the measured
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14C/13C-ratio, by for example variations of the carbon current from the ion
source, a computer-controlled system alternates between mass 13 and mass 14
several times during the measurement of each sample.

Carbon samples made from the NBS oxalic acid standard (Stuiver and
Polach, 1977) were used as a reference for the AMS measurements. The
absolute activity in 1950 of this standard has been measured by gas
proportional counting (Karlen et al, 1964) to be 14.27 ± 0.07 disintegrations
per minute per gram carbon (the uncertainty denotes estimated statistical
error). In 1995 this corresponds to an activity of 0.2365 Bq/gcarbon- Samples
of 14C-free anthracite, processed in the sample preparation system, were also
measured to provide the background of the sample preparation and
accelerator systems. The activity of the samples is given by:

N s - N b
j\c ~~ /"Vnv * ~"

where As and A0x are the sample activity and the oxalic acid standard
activity, respectively. Ns, N0x and Nb are the |4C/13C count rates of the
sample, oxalic acid and anthracite, respectively. The equation above assumes
that the stable isotopic composition, i.e.. the amounts of 12C and 13C, is the
same for the sample and the oxalic acid standard. This is generally not the
case. The differences are, however, usually very small and will introduce an
error in the calculated activity, As, of less than 1%. For high-precision
measurements the differences in the 13C/12C-ratios must be taken into
account, which is accomplished by measuring the sample by traditional mass
spectrometry.

To perform accurate, reproducible and efficient measurements great
demands are made on the AMS system. For instance, the ion source must
deliver high beam currents of good quality, the vacuum conditions must be
good, the ion-beam optics must be optimised to achieve a high transmission,
the instrumental background must be low and the whole system must be
highly stable.
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5. New Applications of AMS in Lund

This thesis describes three different scientific areas in which AMS with 14C
can be used. These include studies of nuclear power plant release of 14C,
long-term studies of fat metabolism and the interaction between foods and
packaging materials. In this chapter these aspects are introduced.

5.1 Carbon-14 Released from Nuclear Power Plants

As mentioned in section 2.2.3, I4C is produced by and released from all types
of nuclear reactors. The environmental release of this reactor-derived 14C
leads, as previously stated, to an increase in atmospheric specific activity and,
hence, to an increased radiation dose to man. Therefore, it is of interest to
measure the 14C releases, to study their pathways and to determine the
chemical form of the effluents. It is believed that, of all nuclides released in
routine operation by the nuclear power industry, 14C is likely to produce the
largest collective dose commitment (UNSCEAR, 1988).

Standard measuring techniques, such as gas proportional counting or liquid
scintillation counting, have frequently been used in studies of 14C releases
from nuclear power plants (Hayes and MacMurdo, 1977; Hertelendi et al,
1989; Hesböl and Gebert, 1982; Kunz, 1985; Levin, 1988; Loosli and
Oeschger, 1989; McCartney et al., 1986; Obelic et al., 1986; Uchrin et al.,
1992). This thesis (Papers II-IV) presents a method, which includes the AMS
technique, developed and applied for measuring the airborne 14C effluents
from nuclear power facilities. Environmental samples, in the form of
vegetation samples, have also been analysed by means of AMS (Paper V).

The AMS method is shown to have a number of advantages compared to
radiometric techniques, both for the analysis of air and of vegetation samples.
In the case of air samples, conventional techniques generally require 100-
1000 litres of gas so that sufficient carbon for one measurement can be
extracted, which requires chemical separation procedures in connection with
the sampling. AMS, however, has the advantage of requiring much smaller
sample sizes (only a few litres of gas is necessary) which can be collected in
sampling balloons and analysed chemically in a laboratory in a much more
controlled way than on-line chemical separation procedures. Another
advantage is that, since the 14C content in the air samples is measured relative
to the stable carbon isotopes in the sample, the results of the AMS
measurements do not depend on factors such as chemical yields. The chemical
pre-treatment of samples is also simplified by AMS, since no effort is
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required to exclude other radionuclides, since these will not interfere with the
measurement. In addition, the short measuring times of AMS give a
possibility of very extensive studies of both air and vegetation samples.

5.2 Long-Term studies of Fat Metabolism

Carbon-14 is used as a radioactive tracer in clinical nuclear medicine and, as
previously stated (section 2.2.4), it is used in different contexts in medical
research and when testing new pharmaceuticals on volunteers. In clinical
medicine, organic compounds labelled with 14C are used to demonstrate
metabolic abnormalities. One way of carrying out these studies is to use
"breath tests" (Hepner, 1974). The 14C-labelled compound is ingested and
metabolised, resulting in the end-product carbon dioxide, which is exhaled
and easily collected for measurement. The decay of the radionuclide is
usually measured by gas flow counters or liquid scintillators and the activity
of the sample reveals the degree of, for example, fat malabsorption.
Clinically useful information is obtained from samples taken a few hours
after the administration of the test compound, even if the total turnover time
is much longer. A complete biokinetic study, needed for such purposes as the
calculation of the radiation dose, requires sampling for a much longer time,
up to several months or even longer.

Standard measuring methods, used in medical applications, are only
capable of detecting increased levels of 14C in expired air for a few days after
ingestion. There is thus a need for a much more sensitive technique, such as
AMS, for a complete study. In Paper VI the AMS technique has been used to
study the long-term retention of 14C after a fat-malabsorption test (using 14C-
labelled triolein) by analysis of expired air. The AMS method is shown to be
a convenient tool, with a rapid and simple sample collection (only a couple of
expirations per sample are needed), with an easy sample preparation and with
short-time measurements of sufficient precision. The use of conventional,
low-level counting techniques is theoretically possible, but these have some
severe disadvantages, since the sample size must be greatly increased, the
measuring times extended and the chemistry is considerably more
complicated.

The sensitivity of AMS should allow radiation doses to be reduced by
several orders of magnitude without compromising the investigations. The
possibility of using such ultra-low amounts of activity for fat-malabsorption
tests, employing the AMS technique, has also been explored.
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5.3 Studies of Aroma Compound Absorption in Plastic Packaging
Materials

An important topic in food chemistry technology is the interaction between
foods and packaging materials, which can be defined as chemical and/or
physical reactions between a food, its package, and the environment
(Hotchkiss, 1995). In this way the composition, quality or physical properties
of the food and/or package can be altered. Knowledge of these interactions is
of importance for the development of new packaging systems (Hotchkiss,
1988).

Several methods, each one having advantages and disadvantages, have been
and are being used in studies of interactions between foods and packaging
materials (Hotchkiss, 1995). One effect of the interactions is the absorption of
aroma compounds into plastic packaging materials, which can damage the
package and impair its protective properties. If key aroma compounds are
absorbed, this can lead to a loss of the aromatic intensity of the food, a
change in flavour and hence a deterioration in quality of the food. In this
thesis two papers are presented which introduce the AMS technique into food
chemistry (Papers VII and VIII), with the aim of demonstrating that AMS
can be a complementary and suitable tool for investigations of the absorption
of flavours in plastic packaging materials.
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6. Summary of Papers

In the following chapter the papers included in this thesis are outlined. It
starts with a brief summary of the sample preparation systems for elemental
carbon production (Paper I), which has already been described to some extent
in section 4.1. The next part summarises the papers concerning AMS
measurements of 14C released from nuclear power plants (Papers II-V). In
the third part the application of AMS to studies of long-term retention of 14C
in humans after a fat-malabsorption test used in clinical nuclear medicine is
summarised (Paper VI). The fourth part gives a summary of the studies in
which AMS has been applied to food chemistry (Papers VII and VIII).

6.1 The Lund Sample Preparation System

6.1.1 Paper I

"A sample preparation system for production of elemental carbon
for AMS analyses"
K. Stenström, G. Skog, B. Erlandsson, R. Hellborg, A. Jänis and A. Wiebert
Internal report LUNFD6/(NFFR-3065)/l-33/(1994).

The present status of the AMS sample preparation systems used in Lund for
the production of elemental carbon from organic matter and carbonates are
presented. Two slightly different systems are described, one which has been
used for samples with I4C-activities above the contemporary atmospheric
level (the high-activity system) and a second one which has been used for
dating purposes with samples of low 14C-activity (the low-activity system).
The high-activity system has been used for the preparation of the samples
measured in the work included in this thesis.

The formation of elemental carbon occurs in two main steps in a system,
from which air has been evacuated during the operation. In the first step
carbon dioxide is formed by hydrolysis of carbonates or by combustion of
organic matter. In the second step the formation of elemental carbon is
achieved by the reduction of the carbon dioxide over a heated iron catalyst.
The optimal operating conditions are tested and the preparation of different
samples is described. The total reduction time for each sample containing
about 10 mg of carbon is about 3-4 hours. By using a number of reduction
units, which can be separated from the rest of the sample preparation system,
several samples can be processed concurrently. No cross-contamination
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between samples has been found and the isotope fractionation introduced in
the graphitised samples is less than l%o. Instructions (in Swedish) for the
operation of the sample preparation system are included.

6.2 Carbon-14 Released from Nuclear Power Plants

6.2.1 Paper II

"Development of a method to measure the concentration of 14C in
the stack air of nuclear power plants by accelerator mass
spectrometry (AMS)"
K. Stenström, B. Erlandsson, R. Hellborg, K. Håkansson, G. Skog and A.
Wiebert
Project SSIP 625.91. Internal report LUNFD6/(NFFR-3061)/1-31/(1993).

Paper II describes the development of a method to measure by AMS the
airborne 14C releases from nuclear power plants. A few earlier methods for
sampling and measuring I4C releases by means of conventional beta-counting
techniques are surveyed, prior to a description of the experimental equipment
and procedures for air sampling, sample preparation and AMS measurement.
The stack air sampler developed, which ensures continuous air sampling, as
well as the system for extraction of the carbon compounds from the sampled
air (the carbonatization system) are described. The system for elemental
carbon production, later improved and modified to the status described in
Paper I, is outlined. The AMS system, as in operation in 1993, is presented.
The calculations presented are based on absolute measurements and were later
replaced by relative measurements using the oxalic acid standard (Stuiver and
Polach, 1977). Preliminary results are reported and the uncertainty in the
measurements of the activity concentrations is estimated to be ±15% at the
time.
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6.2.2 Paper III

"A one-year study of the total air-borne 14C effluents from two
Swedish light-water reactors, one boiling water- and one
pressurized water reactor"
K. Stenström, B. Erlandsson, R. Hellborg, G. Skog, A. Wiebert, R. Vesanen,
M. Alpsten and B. Bjurman
Journal of Radioanalytical and Nuclear Chemistry 198 (1) (1995).

In Paper HI the results of a one-year study of the total air-borne 14C effluents
from two Swedish light-water reactors, the BWR Forsmark l (970 MWei)
and the PWR Ringhals 4 (915 MWei), are presented. Air emitted from the

stacks was collected continuously over two-week periods, using the stack air
sampler described in Paper II. The total 14C activity concentration of the air
samples was analysed according to the method presented in Paper II. The
samples were collected in 1991-1992 and measured between February 1992
and February 1993. The uncertainty in the measurements of the activity
concentrations is estimated to be ±15%.

The results showed that the I4C activity concentration in the air issuing
from the stack of the BWR varied between 4 and 146 Bq/m3, with a mean
value of 95 Bq/m3. The lower value was found when the reactor was shut
down, which was to be expected, since the discharge of radioactive gases
from a BWR is continuous and proportional to the power level. The
corresponding 14C release rate was 0.48 TBq/GWei-year for the BWR, which
can be compared with the estimated value of 0.6 TBq/GWei-year.

In the PWR the 14C activity concentration varied between 2 and 1132
Bq/m3 with a mean value of 200 Bq/m3, giving a release rate of 0.27
TBq/GWei-year (the estimated value is 0.2 TBq/GWei-year). Increased 14C

releases were observed when the gas decay tanks (where the compressed
radioactive gases are stored to allow the decay of short-lived radionuclides
before release) or the reactor containment were vented. About 45% of the
14C discharged during the whole one-year period was released in connection
with the outage of the reactor.

During the same period of time the 14C activity in continuously collected
air from the stack of the PWR was also measured by liquid scintillation
counting (by two of the authors, (RV) and (MA)). The differences in the
results obtained by the two methods are discussed.
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6.2.3 Paper IV

"Determination of the 14CO2 and the total airborne 14C releases
from two Swedish light-water reactors using accelerator mass
spectrometry"
K. Stenström, B. Erlandsson, R. Hellborg, G. Skog and A. Wiebert
Submitted to Radioactivity and Radiochemistry.

In Paper IV the releases of 14CO2 and total airborne 14C from the BWR
Ringhals 1 (750 MWei) and the PWR Ringhals 4 (also studied in Paper III),
were investigated using the same technique as in Papers II and III. The
measurements were performed in 1994. At this time the AMS system had
improved since the time of the measurements in Papers II and III, hence the
estimated uncertainty of the activity concentrations decreased to about ±5%.

Five two-week samples of air, continuously collected from the BWR
during normal operation, showed that of the total 14C effluents, on average
93% were released as 14CO2. The total 14C activity concentration and the
release rate agreed well with the values previously measured in the former
one-year investigation of the BWR Forsmark l (Paper III). The results are
similar to the findings at other BWRs (Wahlen and Kunz, 1978; Kunz, 1985;
Snellman, 1988; Winkelmann and Vogl, 1984).

In the one-year investigation (Paper III), a substantial increase in the 14C
releases was observed in connection with the outage of the PWR. For this
reason the 14CO2 fraction for the PWR was measured both during normal
operation and in connection with an outage period. During five two-week
periods of normal operation, on the average 14% of the total I4C released
was in the form of 14CO2. In connection with the outage, the relative 14CO2

fraction rose from 6% before shut down and reached a maximum value of
81% during the non-operative period. As seen also in the one-year study
(Paper III), the total discharge of 14C was related to the occasions when the
gas decay tanks and reactor containment were vented, and at the outage the
release rate increased significantly. The results of the total releases were
similar to the one-year study. The fractions of 14C02 were similar to those
reported by Kunz (1985). Other measurements of the 14C release rate and
fraction of 14CO2 from PWRs show varying values (Uchrin, 1992).
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6.2.4 Paper V

"Environmental levels of carbon-14 around a Swedish nuclear
power plant measured with accelerator mass spectrometry"
K. Stenström, B. Erlandsson, R. Hellborg, G. Skog and A. Wiebert
Accepted for publication in Nuclear Instruments and Methods B.

In this paper, a pilot study is presented in which the Lund AMS facility was
used to measure the I4C activity concentration in vegetation samples collected
in the vicinity of the Swedish nuclear power plant Barsebäck. This power
facility has two BWRs, implying that the release of 14C is mainly in the form
of 14CO2 which can be assimilated by plant tissue in the vicinity of the power
facility. Since the power plant is situated in a densely populated area the local
ambient 14C levels are also influenced (albeit in the opposite direction, i.e.
lowered) by fossil fuel combustion.

The results showed decreasing 14C levels with increasing distance from the
plant. The activity pattern was not consistent with the Gaussian plume model,
but the pattern may be the result of several superimposed plumes (both from
the nuclear reactors and from fossil fuel sources) with varying intensities.
The samples were measured in 1995 with the newly-installed 20 position ion
source and the uncertainty in the measurement of the I4C specific activity was
estimated to be 2-3%.

The material sampled in this study was not sufficient to test the validity of
different dispersion models. For such studies it seems more suitable to collect
air samples simultaneously both from the source of emission and in the
vicinity of the plant. It would also be preferable to perform such
investigations in a less densely populated area with fewer sources of
combusted fossil fuels. The results of the study, however, demonstrate that
the AMS method is suitable for investigations of the influence on the local
environment of reactor-released I4C by analysis of living material.
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6.3 Long-Term Studies of Fat Metabolism

6.3.1 Paper VI

"Application of accelerator mass spectrometry (AMS) for high-
sensitivity measurements of 14CO2 in long-term studies of fat
metabolism"
K. Stenström, S. Leide-Svegborn, B. Erlandsson, R. Hellborg, S. Mattsson,
L.-E. Nilsson, B. Nosslin, G. Skog and A. Wiebert
Accepted for publication in Journal of Applied Radiation and Isotopes.

In Paper VI the AMS technique was used to study the long-term retention of
14C in humans after a test with 14C-labelled triolein, which is routinely used
in clinical nuclear medicine to demonstrate and quantify the degree of fat
malabsorption. Three healthy volunteers, each given 74 kBq 14C-triolein,
were studied. Samples of expired CO2 (absorbed in Ascarite) were taken
before the administration of the test compound and at certain intervals after
the administration. The I4C activity of the samples was determined at the
Lund AMS facility. By assuming a constant CO2 expiration rate of 9 mmol
per kg body weight and hour (Winchell et al., 1970) the amount of expired
activity as a function of time after the administration could be established.
The results showed that about 30% of the 14C-labelled triolein given was
catabolised rapidly with a biological half-life of about 2 days, while the
remaining 70% had a very slow turnover with a half-life in the order of
several hundred days. Further studies are however necessary to establish the
long-term retention pattern.

A fourth volunteer was given a reduced amount of 14C-triolein (50 times
less than the others) and the activity exhaled was easily detectable by the AMS
method. These results show that by employing the AMS technique ultra-low
amounts of activity can be used in clinical tests.

31



6.4 Aroma Compound Absorption in Plastic Packaging Materials

6.4.1 Paper VII

"Accelerator mass spectrometry analysis of aroma compound
absorption in plastic packaging materials"
K. Stenström, B. Erlandsson, R. Hellborg, T. Nielsen, G. Skog and A.
Wiebert
Nuclear Instruments and Methods B89 (1994) 246-258.

In Paper VII the possibility of using the AMS technique in studies of the
absorption of aroma compounds in plastic packaging materials is explored
and a first study of the absorption of ethyl acetate in low-density polyethylene
is reported.

The aroma compounds, including suitable amounts of 14C-IabeIled
compounds, were incubated with the polymer film until equilibrium in
absorption had been reached (Nielsen, 1992). The polymer film with the
absorbed aroma compounds was combusted to carbon dioxide which was then
reduced to elemental carbon (see section 4.1) prior to analysis by AMS.
Polymer films unexposed to the aroma compounds were also measured to
provide the original specific 14C activity of the polymer film. The degree of
absorption was then calculated from the original specific 14C activity of the
aroma compounds.

To obtain a correct result it is crucial to obtain a complete reduction of
both the polymer and the absorbed aroma compounds. Special attention has to
be paid to prevent the aroma compounds.from leaving the polymer during
the sample preparation.

The results were compared with those obtained by supercritical fluid
extraction coupled directly to gas chromatography (SFE-GC). Differences in
the results are discussed.
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6.4.2 Paper VIII

"A new method for determination of aroma compound absorption
in polymers by accelerator mass spectrometry"
K. Stenström, B. Erlandsson, R. Hellborg, M. Jägerstad, T. Nielsen, G. Skog
and A. Wiebert
In: Foods and packaging materials - Chemical interactions (Eds. P.
Ackermann, M. Jägerstad and T. Ohlsson), Royal Society of Chemistry,
London, UK, 1995.

The method of using AMS in food chemistry for studies of absorption of
aroma compounds in plastic packaging materials is once again described.
However, since the measurements in Paper VII, the sample preparation
procedure had been improved. Tests had already previously shown that the
evacuation of the combustion section should be excluded, in order to prevent
the volatile aroma compounds from leaving the polymer before combustion.
In this paper (VIII) it is reported that the ethyl acetate could condense on
cooler parts of the system during combustion and thus escape from being
reduced to solid carbon. This problem was solved, as reported in the paper,
by using sealed-tube combustion, which has been proven to provide a
complete combustion of both the polymer and the ethyl acetate to C02.
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