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In this overview the technique of accelerator mass spectrometry
(AMS) and its use are described. AMS is a highly sensitive
method of counting atoms. It is used to detect very low
concentrations of natural isotopic abundances (typically in the
range between 107'2 and 107'°) of both radionuclides and
stable nuclides. The main advantages of AMS compared to
conventional radiometric methods are the use of smaller
samples (mg and even sub-mg size) and shorter measuring
times (less than 1 hr). The equipment used for AMS is almost
exclusively based on the electrostatic tandem accelerator,
although some of the newest systems are based on a slightly
different principle. Dedicated accelerators as well as older
“nuclear physics machines” can be found in the 80 or so AMS
laboratories in existence today. The most widely used isotope
studied with AMS is '*C. Besides radiocarbon dating this
isotope is used in climate studies, biomedicine applications and
many other fields. More than 100,000 '*C samples are
measured per year. Other isotopes studied include B¢, 204l
¢t *ca, °Ni, '*°I, U, and Pu. Although these measurements
are important, the number of samples of these other isotopes
measured each year is estimated to be less than 10% of the
number of "*C samples. © 2008 Wiley Periodicals, Inc., Mass
Spec Rev 27:398-427, 2008

Keywords: accelerator mass spectrometry (AMS); radioiso-
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I. INTRODUCTION

There is a need to detect very low concentrations of atoms in a
sample in a number of research fields and technical applications.
Several nuclear physics techniques have been developed, some of
them with depth resolution and sensitivity that cannot be
achieved with any other technique, either physical or chemical.
In a particle accelerator, beams of fast, ionized atoms are
produced. The type of ion, ion energy, intensity, and geometrical
dimensions of the beam can often be chosen rather freely. This
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has made it possible to develop a number of analytical techniques
with extremely high resolution and sensitivity. Some of these
techniques and their qualities are listed in Table 1. For a detailed
description of most of these techniques, see for example Brune
et al. (1997).

One of the applications of nuclear physics techniques that is
listed in Table 1, and which has been of great benefit to other
fields of scientific endeavor, is accelerator mass spectrometry
(AMS). The capability of AMS in extremely sensitive radio-
isotope measurements has been extensively demonstrated over
the past 30 years. For example, AMS has allowed refinements in
the technique of "C dating in the fields of archeology and
quaternary geology. The most important improvement compared
to traditional radiometric methods is the possibility to date small
samples with AMS. Using AMS the radiocarbon age of a 10,000-
year-old sample of 1 mg or less can be determined with a
precision of +40 years in less than 30 min. To achieve the same
precision with radiometric methods the sample must contain
more than 1 g of carbon and counting must proceed for over 24 hr.

As the number of AMS facilities has grown, the number of
applications has increased. 14C is still the most important AMS
isotope, but other applications, apart from traditional dating, are
directed towards studies of atmospheric processes and ocean
circulation to gain information about past climates. 4C-AMS has
also found applications in biomedical studies. Other isotopes
such as '°Be and *°Cl have been used to gain hydrogeological
information. These two isotopes are also trapped in the ice sheets
of Greenland and Antarctica, where they can be used as tracers of
the solar and geomagnetic modulation of the cosmic radiation
reaching the earth. Cosmic ray exposure also causes the build-up
of °Be, 26Al, and °Cl in surface rocks. The accumulated
amounts of these isotopes can be measured by AMS and used to
date the rock (so-called exposure dating). 26A1-AMS has also
been used to study metabolic processes in living systems. The
production of *'Ca from nuclear weapons testing has been
measured by AMS, and 36C1 and '*°I have been used to trace the
migration of nuclear waste from nuclear storage and reprocessing
plants and nuclear power plants.

Although various types of accelerators can be used, almost
all AMS systems employ the electrostatic tandem accelerator.
Rare isotopes from a sample material placed in the ion source of
the tandem accelerator are measured by counting individual
atoms with nuclear detection techniques after acceleration up to
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! RBS, Rutherford backscattering; ERDA, elastic recoil detection analysis; NRRA, nuclear resonance reaction analysis; NRA, nuclear reaction analysis; PIXE, particle induced

X-ray analysis; CPAA, charged particle activation analysis; AMS, accelerator mass spectrometry.

“Number of atoms per number of host atoms.

3Glancing incidence beam—and glancing exit beam.
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energies in the range of 0.2—-40 MeV (a few very large tandem
accelerators produce even higher energy beams). Compared to
conventional mass spectrometry, the dramatic improvement in
background rejection in the AMS systems has, in some cases,
led to a 10® times increase in the sensitivity of isotope ratio
measurements.

Accelerator mass spectrometry (AMS) evolved at nuclear
physics laboratories where tandem accelerators were originally
installed during the 1960s and 1970s. Most of these cannot
produce beams with sufficient energy for today’s nuclear physics
experiments, and were therefore adapted for AMS due to the need
to date small samples of '*C. During the late 1970s a great deal of
effort was devoted to the evaluation of tandem accelerators for
AMS detection of "*C. One important discovery was that N
does not form stable negative ions (Purser et al., 1977). It was
then soon shown that '“C can be detected at the very low, natural
isotope ratio of e/c=10"" (Bennett et al., 1977; Nelson,
Korteling, & Stott, 1977). The first dedicated AMS systems were
installed in the early 1980s (Purser, Liebert, & Russo, 1980).
During the past decade (up to 2007), the best achievements have
been obtained with relatively small accelerators designed for and
dedicated to AMS measurements.

Accelerator mass spectrometry (AMS) is an expensive
technique and it is also technically complicated. Therefore, the
most significant technical development during the past 10 years is
the trend towards smaller AMS systems. The reduction in floor
space and overall cost are the most attractive features of these
new systems, as well as the smaller technical staff required to run
the systems.

The development of AMS has been reviewed in many
articles, one of the most recent being that by Kutschera (2005).
Every third year an international conference on AMS is
organized. The most recent one was held in Berkeley California,
USA in September 2005 (The 10th International Conference on
Accelerator Mass Spectrometry, Nucl Instrum Methods B, in
press). The next one will take place in Rome, Italy in September
2008.

The instrumentation and general principles of AMS will be
discussed in Section II. Some recent technical developments,
such as the trend towards smaller accelerators and attempts with
other types of accelerators, will be described in Section III. Some
examples of the application of AMS are presented in Section I'V.
Finally, in Section V conclusions and future perspectives are
discussed.

Il. GENERAL PRINCIPLES AND
INSTRUMENTATION

A. Principles of AMS

The two standard methods used for a long time to determine the
isotopic composition of an element are mass spectrometry (MS)
and decay counting. While MS can be used for all isotopes, decay
counting is restricted to radioisotopes. For long-lived radio-
isotopes decay counting is inefficient because only a small
fraction of the nuclides in a sample decays during a reasonable
measurement time. Conventional MS has a high efficiency but it
is limited to isotope ratios greater than approximately 10", In
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AMS the efficiency of MS is combined with extremely good
discrimination against isobaric, isotopic, and molecular interfer-
ence. In Figure 1, the efficiency of decay counting and AMS are
shown as a function of half-life (T ;). The efficiency is defined as
the number of atoms detected compared to the number in the
sample. The counting time for AMS is assumed to be 1 hr, while
the efficiency for decay counting periods of 24 hr and 14 days are
shown in the figure. The high discrimination of AMS is obtained
by accelerating the ions to a high energy, usually employing an
electrostatic tandem accelerator. For a detailed description of
electrostatic accelerators see for example Hellborg (2005). In a
few cases other types of accelerators are used, this is further
outlined in Sections IITA and IIIB. A typical AMS system
includes the following:

1. Production of negative ions in a multi-sample, negative-
ion source. The sample material containing the rare
isotopes to be counted is placed in the ion source.

2. Acceleration of negative ions from ground potential to a
high positive voltage.

3. Recharging of all ions to positive by stripping off electrons
and at the same time dissociation of all molecular ions.

4. Acceleration of the now positive ions back to ground
potential (exception, see Section IIIA).

5. The removal of unwanted ions using electric and magnetic
fields.

6. Identification and counting of the individual rare isotopes
with nuclear detection techniques.

7. Computer control of the accelerator system to allow for
unattended operation and to provide control of the AMS
system parameters.

Accelerator mass spectrometry (AMS) is an extension of
MS including an accelerator. In Figure 2 an MS system is

compared with a simple AMS system. The introduction of the
tandem accelerator, followed by several ion-filtering devices
reduces the background by a factor of the order of 10%. Three
especially important characteristics of AMS allow the measure-
menltsof low isotope ratios (for example, for *C/"*C down to
107 7).

i. Interference by some isobars is avoided by using a
negative ion source (for example, 14N’, 26Mg’, 55Mn’,
and 'PXe”, all with negative electron affinity, when
detecting 14, 25Al, >5Fe, and 1291).

ii. Interference by molecules is avoided by using a stripper
system in the high-voltage terminal of the accelerator (for
example, '2CH, and "*CH when detecting 14C). In the
stripping process the negative ions become positive, and
at the same time, nearly all the molecular ions will be
dissociated. A few molecular ions with a maximum
charge state of 24 will survive. Molecular ions can thus
be avoided by choosing a charge state higher than 2+
with the high-energy analyzing system after the accel-
erator.

iii. The counting of individual ions is possible due to their
high final energy. The ions that reach the detector are
easily separated by their energy difference.

To demonstrate some technical details of an AMS system,
we will take a closer look at the AMS system at the Pelletron in
Lund, shown in Figure 3. A beam of negative ions is formed in
the ion source (a), and the beam is analyzed by an electrostatic
(e) and a magnetic (f) analyzer in the injector. The electrostatic
analyzer bends the beam to make it vertical while the magnetic
analyzer bends the beam back to the horizontal. The ion source
is thus elevated relative to the accelerator. Optical devices
(einzel lenses/quadrupole lenses) are placed at several positions
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FIGURE 1. The efficiencies of AMS and decay counting as a function of half-life. For details, see the text.
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FIGURE 2. Comparison between MS and a typical AMS system.

FIGURE 3. An outline of the AMS system at the Pelletron in Lund (in
use for AMS from 1988 to 2005). a: Second-generation AMS source (of
the type shown in Fig. 4); b: off-axis duoplasmatron source for purposes
other than AMS; c: first-generation AMS source (of the Cs-gun type);
d: einzel/quadrupole lens; e: spherical electrostatic analyzer; f: magnetic
analyzer; g: magnetic analyzer with three entrance ports; h: electrostatic
tandem accelerator; i: velocity selector; j: particle detector. [Color
figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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along the beam line to keep the beam envelope as small as
possible (d). The beam of negative ions is transported to the
accelerator and accelerated to the positive high-voltage
terminal of the tandem accelerator (h). In the high-voltage
terminal, the negative ions pass through a foil or a gas cell. The
negative ions, now at a high energy, will lose electrons and
become positively charged. Molecular ions are dissociated in
the foil or gas and can therefore not interfere. The positive
ions are accelerated to ground potential through the second
stage of the accelerator and gain a further increase in energy.
The beam of positive ions is analyzed by a magnetic analyzer (f)
and the ions of interest are selected. The beam is further
analyzed by a velocity selector (i) and once more by a magnetic
analyzer (f).

The selected ions will have well-defined charge state,
energy, and mass. They are identified and counted one by one
using a detector (j). The ions are identified by their energy. This
is necessary as ions other than those desired can reach the
detector. The various components of the AMS system are
described in more detail in Section IIB.

As mentioned above, decay counting and conventional MS
both have certain fundamental limitations compared to AMS,
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especially for rare, long-lived radioisotopes. We will illustrate
these limitations with the following example for '*C: 1 g of
modern carbon contains 6 x 10" atoms of '*C (the number of
'2C atoms is 1.2 x 10"? times more). Only around 13 of these
4C atoms will decay per minute. To obtain a statistical
precision of 0.5% (which is often required in radiocarbon
dating) using 1 g of carbon, it is necessary to count the decays
for more than 48 hr. When using mass spectrometer techniques
it is not necessary to wait for the atoms to decay, and this
alternative is therefore, in principle, much more efficient.
However, conventional MS cannot be used as the 4C jons are
masked by an intense flux of the atomic isobar '*N and by
molecular isobars with the same mass, such as '*CH, ]2CH2,
12CD, and 7Li2. Also, the “tails’ of the stable isotopes 12C and
13C contribute to the background in MS. These factors mean
that MS can only be used for isotope ratios of '*C/'*C of
approximately 10”7 or higher. By employing AMS instead, the
C/'*C detection limit can lowered to approximately 10~ "7,
For AMS, a sample of 1 mg carbon is sufficient, that is, only one
thousandth of the material needed for decay counting. A 1 mg
sample will be completely sputtered in the ion source within an
hour or two and typically 6 x 10° atoms can be counted in the
AMS detector, which is 1% of the total 14C content.

B. Traditional AMS Instrumentation

1. The Ion Source

In a tandem accelerator, negatively charged ions gain energy by
attraction to the high positive voltage at the geometric center of a
pressure vessel. Thus, a negative ion source is needed. The
requirements on such a source designed for AMS are a high,
stable ion beam current and a high efficiency for negative ions.
The source should also be equipped with a multiple sample
holder for fast switching between different samples. The cross-
contamination or ‘“‘memory effect” between successive samples
should be negligible. A source working with solid samples,
fulfilling these requirements, is the cesium negative ion source,
which was introduced around 1970 (Middleton & Adams, 1974).
The principle of such a source is that cesium ions of a few keV are
focused on the surface of a solid sample and enough energy is
transferred to the target material to produce free atoms and ions of
the sample material. This process is called sputtering. In the
original versions positive Cs ions were created by an oven and a
surface ionizer placed some distance away from the sample. The
Cs™ ions were then extracted by an acceleration gap and a Cs™
beam is focused onto the sample by a lens system. This is often
referred to as a cesium gun source, and it is still in use at a few
laboratories. Today, cesium sputter sources with a hot tantalum
ionizer and the sample in the same volume are more common, see
Figure 4. Cesium vapor from an oven hits the ionizer, the Cs
atoms are ionized and the positive Cs™ ions are accelerated and
focused on the sample, which is maintained at a negative
potential compared to the ionizer, and atoms are sputtered from
the sample. Neutral atoms, as well as positive and negative ions,
will be sputtered from the sample surface. As the sample is at a
negative potential, negatively charged ions are accelerated away
from the sample and a beam of negative ions is obtained, which is
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FIGURE 4. The geometry of a Cs sputter ion source.

extracted through an aperture. Certain amounts of the Cs vapor
will condense on the sample and produce a thin surface layer. The
advantage of Cs (and some other group IA elements) over other
heavy elements, which could also be used for sputtering, is that
this surface layer will considerably reduce the work function (the
energy difference between a free atom and an atom bound at the
sample surface).

A charged particle beam is specified by its energy and its
emittance. The emittance is defined as the ““volume” in the four-
dimensional phase space (x,y,v,,vy) that is occupied by the ion
beam. x and y are positions in two orthogonal transverse
directions, and v, and v, are the corresponding velocity
components. The emittance of the beam leaving the ion source
is partly determined by the processes occurring in the ion source
and partly by the design of the source. A low numerical value of
the emittance is desirable as it means low transverse dimensions
of the beam after it has passed some distance along a drift section.

The ionization efficiency, that is, the fraction of the atoms
sputtered from the sample which becomes negative and has an
emittance that can be transmitted through the accelerator
compared to the total number of sputtered atoms, is 1-2% for a
Cssource. A few examples of the type of sample material used for
different isotopes, the type of ions produced, the corresponding
stable isotope and typical beam currents for the stable isotope are
given in Table 2.

A sputtering source fed with a gaseous CO, sample, as an
alternative to solid graphite samples, was introduced at the AMS
laboratory in Oxford, UK a number of years ago (Bronk Ramsey
& Hedges, 1990). Today, a number of AMS laboratories have
reported the use of sputtering sources using CO, (see reports in
The Proceedings of the 10th International Conference on
Accelerator Mass Spectrometry, Berkeley, CA, USA, Nucl
Instrum Methods B, in press). The advantage of using gaseous

Mass Spectrometry Reviews DOI 10.1002/mas
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TABLE 2. Sample material, rare and stable isotopes and current of stable isotopes for a few

isotopes used in AMS

Isotope | Sample material | Rare ion | Stable ion | Current of stable ion /pA
PRe BeO PBe®0" | "Be™O 5-10
" Graphite e Pc, P 30-100
Al ALO; A107 TAIO0 1-5
AlLO3 BAT A 0.1-1
*5Cl1 AgCl bcr >Cr 1020
*Ni Ni NI NI 1-5

carbon samples is twofold. A much simpler sample preparation
procedure (see Section IIB.6) can be used, as the second step of
reducing the gas to solid carbon is unnecessary, and very small
samples can be analyzed. (Samples down to 1 pg have recently
been reported to have been analyzed (Uhl et al., 2007).) The
disadvantage of gaseous material is a lower beam current and a
higher risk of cross-contamination between different samples.

2. The Injector and Low-Energy Analyzing System

The low-energy (~5-10 keV), diverging beam leaving the ion
source is accelerated, focused and transported to the entrance of
the accelerator by the injector system, see Figure 3. This system
consists of a short accelerating gap, apertures that define the
emittance of the beam, lenses, and steerers, beam stops to
measure the beam current, and other diagnostic equipment used
to obtain information about the beam. The pre-acceleration
voltage, just after the source, is in the range of 30—300 kV. The
higher the beam energy, the better the beam’s optical fit to the
entrance of the accelerator. The purpose of the injector is to
function as a traditional mass spectrometer to ensure that only
ions of the correct mass are injected into the accelerator. To
achieve this, one or more magnetic analyzers are always part of
the injector. One disadvantage of the Cs sputter ion source is that
the ion beam produced has a high-energy tail. Thus, when high
mass and energy resolution is required (as is the case with 3Cl-
AMS) an electrostatic analyzer (see Fig. 3) must be included. To
obtain the same focusing conditions for all isotopes, all the lenses
and steerers in the injector system should be electrostatic so as to

be mass independent. Two different types of specialized injector
systems have been developed for AMS: ‘‘sequential” and
“simultaneous” injection.

Most systems use sequential injection. The switching
between the stable and the rare isotope, which is necessary for
normalization purposes, is achieved by applying different
voltages to the electrically insulated vacuum chamber of the
analyzing magnet. When entering and leaving the magnet
chamber the ions will be accelerated and retarded, respectively.
In this way, the two different isotopes have different energies
when passing the magnetic field, which is kept constant. The
alternative, thatis, switching between different magnetic fields, is
much slower and therefore not practical. The numbers of ions of
the stable and rare isotopes produced in the ion source per
unit time are several orders of magnitude different compared to
each other. Therefore, the electrical load on the accelerator tube
will be very different and, as a result, the high voltage of the
tandem can vary. To minimize this effect the stable isotopes
should be injected with a much shorter time period than the rare
isotope. Typical repetition rates are 10 sec™'. Over 90% of
the time is used to inject the rare isotope. The beams of the stable
isotopes are injected into the accelerator as short pulses, typically
100 psec long, in order to avoid beam loading. The injector
shown in Figure 3, with the vertically mounted analyzing magnet,
has a vacuum chamber insulated from ground potential and is
thus of the sequential type.

An alternative to sequential injection is simultaneous
injection (Purser, Smick, & Purser, 1990), which is used for
14C_AMS in some laboratories. In this case, the stable and rare

From ion
source

To Accelerator

FIGURE 5. A simple illustration of a “simultaneous” injector. QL =quadrupole lens, MA = magnetic
analyzer. The paths shown for three isotopes are only schematic and not “‘beam optically” correct.

Mass Spectrometry Reviews DOI 10.1002/mas
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isotopes are injected into the accelerator together. This is
achieved by a sequence of magnetic analyzers and quadrupole
lenses allowing the different isotopes to follow different
trajectories after leaving the source. Finally, they are recombined
before entering the accelerator. A very simple sketch of a
simultaneous injector is shown in Figure 5. At the mirror plane of
the arrangement the three beams of mass 12, 13, and 14 are
parallel and separated by ~20 mm. A rotating, slotted wheel (not
shown in the figure) is positioned in the mass 12 path close to the
mirror plane, where the separation of the isotope paths is at a
maximum Only ~1% of the '2C ions pass through this wheel,
thus avoiding a current load on the terminal.

3. The Tandem Accelerator

The electrostatic accelerator, first demonstrated at the beginning
of the accelerator era more than 75 years ago, is the accelerator
type with the greatest energy stability. The high voltage in an
electrostatic accelerator is created by a mechanical transport
system, which continuously transports charges from ground to
the insulated high-voltage terminal. All tandem accelerators with
a maximum terminal voltage above 5 MV use such a mechanical
system. For tandem accelerators up to 5 MV either a mechanical
transport system (i.e., an electrostatic accelerator) or a multi-
plying rectifier-condenser system (a cascade accelerator) is used.
For technical details about different principles of accelerator
design, see Hellborg (2005). The open air accelerator fails above
a few MV, mainly because of the moisture and dust in the air,
which generate sparks. For this reason, and also to reduce the
physical dimensions, the whole accelerator is enclosed in a tank
containing a gas of high electrical strength, for example SFg, at a
high pressure (normally 0.6—0.7 MPa).

Tandem accelerators with very different maximum design
voltages are today used for AMS. The very small machines with
voltages below 1 MV (for further details see Section IIIA)
became available in around 2000, after a very successful
demonstration by the AMS group in Zurich, Switzerland (Suter,
Jacob, & Synal, 1997). It was mainly developed for radiocarbon
AMS, but promising results for ]OBe, 26Al, 41Ca, 1291, and Puhave
also been reported. Accelerators with terminal voltages between
1 and 3 MV have been installed at a number of laboratories,
mainly as dedicated AMS facilities. They are predominately used
for '*C measurements, but '°Be, 2°Al, and '*°1 are also measured.
In the 3—10 MV range a number of older, nuclear physics
machines from the 1960s and 1970s have been used for AMS, but
there are still a few new accelerators up to 5 MV that are
dedicated mainly to AMS. With a few exceptions, all isotopes
measured in AMS are covered by these accelerators. (For
example, the quantification of °Ni at natural levels requires a
very large accelerator.) A few nuclear physics accelerators with
voltages above 10 MV are used for AMS, mainly for development
work for new isotopes. Approximately 10-20% of the
operational time of these large accelerators is devoted to the
development of AMS.

An important parameter for an AMS system is the
transmission of ions from the ion source to the detector. It should
be high and reproducible, and it should be insensitive to small
changes in the injector or accelerator parameters. A high, flat-
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topped transmission through different optical elements is
obtained with a well designed ion optical system, using large-
diameter tubes, vacuum chambers and apertures. In the high-
voltage terminal the negative ion beam is recharged or
“stripped,” that is, two or more electrons are removed from
each ion. After stripping the ions are positive and are thus
accelerated back to ground potential in the high-energy part of the
accelerator. Stripping is performed by passing the beam through a
thin foil or a gaseous medium. The advantage of a gas stripper
compared to a foil stripper is better beam transmission stability
through the accelerator over time. Due to radiation damage and
thickening of the foil, the transmission through a foil will change
with time. The disadvantages of gas stripping are a lower beam
transmission and a lower mean charge state of the positive beam
at a given high voltage. For light ions foil stripping can be used,
for heavy ions gas stripping is necessary as the lifetime of the foils
is too short for heavy ions. In all modern tandem accelerators, gas
stripping is used, and it is combined with terminal pumping. With
this equipment the stripper gas leaking out of the stripper
chamber is re-circulated back to the stripper chamber instead of
diffusing out through the accelerator tubes. In this way, a higher
gas pressure can be used in the stripper chamber and a lower
gas pressure (and therefore better vacuum conditions) can be
maintained in the accelerator tubes. At higher pressure in the
tubes, the transmission decreases as the beam is spread by
collisions and by charge-exchange processes.

4. The High-Energy Analyzing System

Alens is needed close to the high-energy side of the accelerator to
focus the diverging beam leaving the accelerator. Most AMS
systems operate with beam energies of 10 MeV or higher. In this
energy range only magnetic lenses are realistic. If an electrostatic
lens were to be used it would have to be designed for several
hundred kV, which in practice is impossible. The focused beam
will enter a magnetic dipole—the analyzing magnet—in which
the combination of mass, energy and charge, expressed as mE/q>,
will be selected. The stable isotopes can be collected at off-axis
beam stops in the focal plane of the magnet. After a second
focusing lens, additional analyzing equipment, such as an
electrostatic analyzer (sorting after E/q) or a velocity selector
(an electric and magnetic field perpendicular to each other and the
beam direction, sorting after £/m) should follow. The purpose of
this equipment is to remove the unwanted ions and molecular
fragments that pass through the analyzing magnet with the
correct value of mE/g*. Without “cleaning up” the beam in this
way, the background in the detector will be too high.

The number of unwanted ions passing through the analyzing
magnet depends strongly on the pressure in the high-energy
acceleration tube. At higher pressure (around 10~ Pa or higher)
more ions will change charge state during their passage through
the high-energy tube, and some of them will fulfill the selected
mE/q* value of the analyzing magnet. To obtain as low a pressure
as possible in the high-energy tube, the gas stripper should, as was
pointed out above, be supplied with pumps on both sides of the
high-voltage terminal to re-circulate the stripper gas. Further-
more, pumps with high pumping speed should be placed as close
as possible to the accelerator on both sides of the accelerator tank.
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5. Detectors

A number of different types of detectors, originally developed for
nuclear physics research, are used to count the rare isotopes in
AMS experiments. The most common types of detectors are
briefly described below.

a. Gas ionization detectors. This type of detector consists of
a chamber filled with a suitable gas. The ions enter the gas
chamber through a thin window, usually 1-2 pm Mylar. The ions
will lose some energy and the ion beam will have a broader
energy distribution after passing through the window. The most
commonly used ionization gas is propane, but isobutene and a
mixture of 90% argon and 10% methane are also used. When the
energetic ions travel through the gas, free electrons are produced
during the slowing down process. An electric field orthogonal to
the beam direction causes the electrons to drift towards an anode.
If the anode is divided into several parts, these different parts
collect those electrons produced just beneath it. In this way the
energy loss of the ions along that part of its track can be measured.
Ions with different Z, that is, nuclear charge, lose energy at
different rates (dE/dx). This type of detector can therefore
measure not only the total energy of the ion but also its rate of
energy loss as it slows down in the gas. With this detector, isobars
such as *°Cl and *°S having identical total energy, can be
separated. This type of detector is very robust and has a nearly
infinite lifetime. The gas flows continuously through the chamber
and only the entrance foil has to be replaced after a certain period
of use. At some laboratories, a surface barrier detector (see
below) is placed at the end of the chamber to measure the residual
energy.

b. Surface barrier detectors. This type of detector, also
called semiconductor detectors, is based on crystalline semi-
conductor materials, usually silicon and germanium. The basic
operating principle is analogous to ionization devices, but the
medium is a solid material. The surface barrier detector only
measures the total energy of the ion, but has a better energy
resolution than the gas ionization detector. In many cases where
the background ions have a different energy from the rare ions
this is sufficient for unique identification of the rare isotope. The
sensitivity of this detector to radiation limits its lifetime. The
energy resolution decreases as a function of the total dose. If the
very intense beam of the stable isotope accidentally hits the
silicon detector, it will be destroyed in a fraction of a second.

c. Time-of-flight detectors. The energy resolution of the gas
ionization detector and the surface barrier detector deteriorate
with increasing ion mass. For heavy ions, where neighboring
masses can no longer be resolved these types of detectors have to
be combined with a time-of-flight system (TOF) to obtain better
resolution.

A TOF system consists of a ““start”” detector and a “stop”
detector. The distance along the ion pathway between the two
detectors is often a few meters. The start detector could be a thin
carbon foil (today diamond-like carbon foils with a thickness as
low as 0.5 pg/cm? and with very long lifetime are available
(Steier et al., 2005)). The ions will pass through the foil with very
limited energy loss. When the ions pass through the foil, electrons
are emitted from the foil. These electrons are collected and
multiplied by a micro-channel plate to obtain an electrical pulse.
The stop detector can also be a thin foil followed by a silicon
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detector or an ionization chamber. An alternative to the stop foil is
to use a silicon detector for both the stop signal and for energy
detection. By measuring the time between the two signals, the
speed of the ion is obtained. Time resolution down to 300—
500 psec can be obtained. With this information, together with
the total energy of the ion, ions such as '*°T and '*"I can be
separated. This is impossible using only a gas ionization detector
or a silicon detector.

d. Gas-filled magnets. During the 1950s nuclear physicists
found that isobars (i.e., particles with the same mass) with the
same energy traveling through a gas-filled region (pressure of
100—1,000 Pa) within a magnetic field orthogonal to the ion
pathway followed different trajectories within the magnetic field.
As isobars have different Z their average charge states are
different in the gas zone. Therefore, they will also have different
radii of curvature as long as they are within the magnetic field. An
ionization chamber, placed at an appropriate bending angle after
the gas zone and the magnetic field, will collect the rare isotopes.
All other isotopes having other radii of curvature will miss the
detector. A review of gas-filled magnets for AMS can be found in
Paul (1990).

e. X-ray detectors. In the middle of the 1990s an alternative
technique to TOF was demonstrated, which makes it possible to
detect heavier isotopes, even with a small accelerator. The
innovation in this technique is that, instead of detecting the ions
directly, they are slowed down in a suitable target and the
characteristic X-rays produced in this process are counted with an
X-ray detector. In this way interfering isobars are suppressed.
When a fast ion travels through a material it will interact with the
atoms in the material, and the ions and the atoms in the material
will be excited. Their de-excitation leads to the emission of
X-rays characteristic of the atomic numbers of the atoms in the
material and of the impinging ions. The detection of character-
istic X-rays from atoms in a material was first demonstrated at the
end of the 1960s to be a means of identifying tiny amounts of
atoms in a substrate (Johansson, Akselsson, & Johansson, 1970).
The method is called particle induced X-ray emission (PIXE) and
has today developed into an important analytical tool (Johansson,
Campbell, & Malmgqvist, 1995).

The X-ray production depends strongly on the combination
of the atomic numbers of the projectile ion and the target atom,
due to the formation of molecular orbits. The X-ray yield from the
target atoms decreases strongly as the atomic number of the target
material increases. The X-ray yield from the projectile ions has a
maximum for a target atomic number slightly above that of the
projectile. Figure 6, from an investigation of nickel ions in Lund
(Wiebert et al., 1996) demonstrates the X-ray yield as a function
of the target atomic number. As can be seen from the figure, to
achieve the highest detection efficiency a Cu or Zn target should
be used in the case of a Ni beam. The X-ray yield for a Ni beam
and different target materials has also been measured as a
function of the beam energy. From Figure 7 it is evident that the
X-ray yield increases with projectile energy.

The X-rays are detected by a high-resolution germanium or
silicon detector (resolution 145 eV full width at half maximum
(FWHM) at an X-ray energy of 5.9 keV). By measuring the
characteristic X-rays emitted by the ions isobar separation can
be obtained at ion energies where ionization chambers and surface
barrier detectors give too poor discrimination. (For example, the
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produced per *®Ni projectile as a function of the atomic number of the
target. Projectile energy 22 MeV. Lines are drawn only to guide the eye.
(Reprinted from Wiebert et al. (1996), copyright 1996, with permission
from Elsevier.)

energy difference between the K,, X-rays of the rare nuclide *°Ni
and its stable isobar *°Co is ~700 eV.) Using a detector with an
area of a few hundred mm? placed close to the vacuum chamber
only about one X-ray quantum is detected per incoming 10* ions.
Despite this fact, the technique of measuring characteristic
X-rays in AMS experiments, often referred to as PIXEAMS, is a
useful and an economic alternative as small tandem accelerators
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FIGURE 7. The total number of projectile K, X-ray photons produced
per 3Ni projectile as a function of the projectile energy for three different

targets. Lines are drawn only to guide the eye. (Reprinted from Wiebert
et al. (1996), copyright 1996, with permission from Elsevier.)
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can be used instead of larger and more sophisticated methods. At
the Lund Pelletron the PIXEAMS technique has been used to
measure >°Ni isotopes in steel samples from the nuclear power
industry (with isotope ratios, SNi/Ni, of 1077—10710). For
information on the use of PIXEAMS in environmental studies,
see Section IVD. The same technique has also been used for 36¢y,
50Fe, 53Ni, 7°Se, and '?°Sn at a number of different laboratories.

6. Sample Preparation

a. Carbon-14. '*C measurements using AMS require that the
sample be transformed into elemental carbon in order to produce
astable ion beam with negligible memory effect in the ion source.
In the early days of AMS many processes were used for elemental
carbon preparation, such as piston cylinder graphitization
(Bonani et al., 1984) and cracking of carbon monoxide (Grootes
et al.,, 1980) or acetylene (Beukens & Lee, 1981). The most
common method used today is based on the production of
elemental carbon by the catalytic reaction of CO, over an iron-
group metal powder. Vogel and co-workers (1984) were the first to
employ this method for AMS measurements. A number of
modifications have since been suggested to improve this procedure:
reducing the reaction time by, for example, forced gas circulation
(Hut, Ostlund, & van der Borg, 1986) or using a small reaction
volume and higher starting pressure (Lowe & Judd, 1987). The
graphitization process is still being improved and methods to
reduce the sample size and to minimize background levels are being
developed. See, for example Czernik and Goslar (2001); Santos
et al. (2004); and Ertung et al. (2005). Another important aspect is
high throughput in sample preparation processes, especially when
using AMS for quantitative isotope ratio analysis in the biosciences,
where the number of measurements is often very high and the time
available for each AMS analysis is short. A method for the rapid
production of graphite from biochemical samples has been
developed by Vogel (1992), and a refinement of the technique
was presented by Ognibene, Bench, and Vogel (2003).

The procedure for converting organic samples to graphite
targets at the Lund Radiocarbon Dating Laboratory is outlined
below.

Before combustion of the organic samples to be dated they
are first chemically prepared to remove any contaminants. Many
samples from terrestrial environments, such as wood, charcoal,
macrofossils and peat, will often contain small amounts of
absorbed carbonates from percolating groundwater. Samples
may also absorb humic acids (mobile decay products of
biological materials), which are deposited in the vicinity of the
sample matrix. Samples contaminated with carbonates often
appear too old, while samples contaminated with humic acids
often appear too young. To remove these substances the three-
step acid-alkali-acid (AAA) method is used. The sample is
washed in hot diluted HCI followed by hot diluted NaOH
solution. The NaOH may absorb CO, from the surrounding air.
The final HCI wash ensures that any such contamination is
removed. Between each step the sample is rinsed to neutral pH
with de-ionized water.

After the pretreatment the samples are combusted and
converted to CO, using copper(Il)oxide as oxidizing agent. For
carbonate samples (e.g., mollusks and foraminifers), the carbon
dioxide is released by hydrolysis using phosphoric acid.
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FIGURE 8. The combustion and graphitization system at the Lund Radiocarbon Dating Laboratory. 1.
Heating of the sample—CuO mixture; 2. Oven at ~500°C with PbCrO, + Ag; 3. and 4. Cold traps at liquid
nitrogen (LN,) temperature; 5. Oven at ~600°C with Fe catalyst; WT a. Water trap at approximately 20°C;
WT b. Water trap containing Mg(ClO,), as drying agent. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Bioscience samples sometimes require a modified treatment for
the release of CO, (see for example Persson (1997)). In the form
of CO, the sample is transferred to a small reaction volume for
graphitization.

The combined combustion and graphitization system (see
Fig. 8), which is constructed of glass and stainless steel, is
connected to a turbo-molecular pump backed by an oil-free
membrane pump to evacuate the system. By using dry pumps any
carbon contamination from oil pumps is avoided. The metal
tubing is heated to approximately 80°C to achieve a lower
pressure and to maximize the removal of contaminants. The
system is evacuated to below 5 x 10~ Pa before combustion is
started. The process starts by combusting the sample at (1). Water
that is produced in the process is trapped at WT a. The released
CO, gas passes through oven (2), which acts as a trap for impurity
gases, and the CO, is then trapped at (3) using LN,. Any
remaining contaminants are here removed by pumping on the
frozen CO, gas for a few minutes. After pumping the CO, is
released at (3) and trapped again at (4). The CO, is released
again and the pressure is measured to determine the size of the
sample (4). The CO, is then transported to the oven at (5) (WT bis
temporarily cooled to LN, temperature), where it is mixed with
H, gas. The catalytic Bosch reaction (Manning & Reid, 1977) is
used, which can be summarized as:

CO, + 2H, ¢

C +2H,0
Catalyst(Fe)

The reaction takes place as two successive reduction steps:
first to carbon monoxide and then to carbon, which is formed on
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top of the hot Fe catalyst. The reaction is forced to the right by
trapping the produced water at WT b. The time required to
complete the reaction is typically around 4 hr.

b. Terrestrial, in situ cosmogenic nuclides. Cosmogenic
nuclides produced in the earth’s crust (e.g., 10Be, e, 26Al, and
*Cl) can require more than 4 weeks of sample preparation
because of the time necessary to concentrate the target mineral
phases (quartz or other desired minerals) from the sample, and
the time required to extract the radioisotopes from the minerals
and prepare them in a form suitable for AMS analysis. The
samples are first washed or brushed to remove undesirable
organic materials, carbonates, and dust, and then crushed,
ground, and/or pulverized and sieved to a suitable grain
size (sample- and nuclide-specific). Mineral separation and
purification are necessary for most analyses. The samples then
undergo chemical or thermal isotope extraction in preparation for
analysis.

The goal of the extraction process is to collect as much of the
cosmogenic nuclide as possible and to separate it from non-
cosmogenic nuclides or nuclides that were not produced in situ
(e.g., atmospheric '°Be). It is especially important to separate the
cosmogenic nuclide from any possible isobars (isotopes of the
same mass); for example, “Bisa significant isobar of 19Be which
can make the mass spectrometric analysis of '’Be difficult.
Contaminants are removed from dissolved samples by collection
on ion-exchange columns. The cosmogenic isotopes are then
selectively precipitated from solution. Finally, the sample is
converted to a form suitable for AMS analysis (see Table 1).
In preparing a typical rock sample for AMS measurement,
approximately 10° atoms of the cosmogenic isotopes '°Be and
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26 A1 are needed from 10%* atoms of unwanted rock. In addition, a
balance needs to be maintained between a sample with an
optimum isotope ratio (e.g., '’Be/’Be in the range 10~ *~10"'%),
and a sample with enough material to allow good counting
statistics. For a more complete description of the pretreatment
methods for in situ cosmogenic isotopes see Gosse and Phillips
(2001) and references therein.

c. Atmospherically produced cosmogenic nuclides. The
pretreatment is similar for most of the nuclides. For example,
when '"Be is extracted from ice the procedure is briefly as
follows. Approximately 1 kg of ice is melted in a plastic
container, together with approximately 1 mg °Be carrier.
Beryllium is then recovered by passing the water through an
ion-exchange resin, elution with HCl, and conversion to BeO
pellets (Raisbeck et al., 1978, 1981).

An example of the sample preparation procedure for
biological samples labeled with 26A1 is given in Faarinen et al.
(2001).

Ill. SOME RECENT TECHNICAL DEVELOPMENTS

A. The Trend Towards Smaller Accelerators

As has been mentioned above, in the case of '“C it is known that
its isobar, '*N, does not form stable negative ions. The remaining
problem is therefore the destruction of hydrocarbon molecular
jons such as >*CH™ and '>CH,".

Until the middle of the 1990s the method used to eliminate
molecular background in AMS was to allow the ions to undergo
charge exchange at high energy (>2.5 MeV) in the high-voltage
terminal of a tandem accelerator, to create charge states of 3+ or
higher, where molecular bonds are no longer stable. An AMS
facility accelerating ions to several MeV has high investment and
running costs due to the size of the installation. The possibility of
using an accelerator of lower voltage and a lower charge state
after charge exchange would thus make the AMS facility both
smaller and cheaper. The pioneering work in this field was done
by the IsoTrace group in Toronto, Canada (Lee et al., 1984), but it
was not until the end of the 1990s, when it was realized through
the work of the ETH group in Zurich, Switzerland, that it was
possible to carry out radiocarbon dating using charge states lower
than 3+.

In 1997, Suter and co-workers discussed the use of a 0.5—
1 MV AMS accelerator, which would operate in the 1+ or 2+
charge state. They laid the groundwork for this development with
studies showing that molecular interference could be removed
with a higher stripper gas pressure than previously used (Suter,
Jacob, & Synal, 1997). Later, they reported the design of a
prototype 0.5 MV accelerator that would use the 1+ charge state
(Suter, Jacob, & Synal, 2000). These studies resulted in an
original design of a 0.5 MV accelerator, constructed at ETH in
Zurich in cooperation with the National Electrostatic Corpo-
ration (NEC) in Middleton, Wisconsin, USA (Suter et al., 1999).

Several 0.5 MV machines have now been built by the NEC
and are operational at the Universities of Poznan, in Poland, and
Georgia and California-Irvine, in the USA with additional
machines under construction. Gracjar and co-workers (2004)
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described initial studies on '°Be using a terminal voltage of
600 kV. Using low-energy AMS is a challenge, and the main
limiting factor is the interfering isobar '’B. The '°Be was injected
as BeO™ and stripped to the 2+ charge state giving a final energy
of the '®Be*" ions of approximately 1.45 MeV. A stack of carbon
foils was placed between the high-energy magnet and the
electrostatic analyzer suppressing interfering '°B>™ by 3 orders
of magnitude. The boron background was suppressed by another
5 orders of magnitude using a AE/E gas ionization detector (see
Section IIB.5). Fifield, Synal, and Suter (2004) have demon-
strated the detection of Pu isotopes using AMS at 300 kV. They
achieved sensitivities approaching 10° atoms for the various Pu
isotopes. Their measurements were made with the 500 kV NEC
accelerator at ETH in Zurich.

Recently, Klein, Mous, and Gottdang (2006) reported a
1 MV, compact multi-element AMS system, built by High
Voltage Engineering Europe (HVEE) in Amersfoort, the Nether-
lands and comparable in size to the NEC 0.5 MV machine. Its 1 MV
voltage capacity makes it more flexible than the 0.5 MV machine,
and it allows measurements of iodine and even plutonium. The
authors claim that this system is capable of high-precision, low-
background measurements of 1OBe:, 14C, and %’ Al. The first of these
HVEE machines is in operation at Seville, Spain and a second
system will be installed in Trondheim, Norway.

In 2002, discussions started on the possibility of using even
lower terminal voltages, perhaps as low as 200 kV, which would
eliminate the need for a costly accelerator. A careful study of the
stripping yields at these energies shows that this is feasible. Synal
et al. (2004) and Synal, Stocker, and Suter (2007) recently
presented the results of some test experiments on a 200 kV
tandem accelerator. They reported that a background et e
ratio of 0.4—1.3 x 10~ "* could be obtained with the instrument,
suggesting that it could be useful for radiocarbon dating.

In 2004, Schroeder and co-workers (2004) discussed the
design of another accelerator, with a standard accelerator
tube section, but without any pressure tank, which has been built
and installed at Lund University. The tank could be eliminated
since the high voltage can be sustained in air. This technique is
called ““single stage” AMS (SSAMS), alluding to the fact that the
two-step tandem accelerator has been replaced by a single
acceleration stage. It operates at a maximum voltage of 250 kV.
The stripper is maintained at a high voltage and high-energy mass
spectrometry is performed following the stripper without any
further acceleration. This arrangement gives backgrounds similar
to the 0.5 MV machines discussed previously (Skog, 2007)
and can thus be foreseen to be a useful tool for biomedical
applications, as well as for radiocarbon dating. The Lund SSAMS
system, shown in Figure 9, has a dual injector with two 40-
sample, multi-cathode ion sources (1), followed by a 45°
rotatable spherical electrostatic analyzer (LEESA) (2) and a
90° low-energy bending magnet (LEBM) (3), all at ground
potential. The argon gas stripper (6), the 90° high-energy bending
magnet (HEBM) (8), the '*C and '>C Faraday cups, the high-
energy 90° ESA (HEESA) (9), the sequential post-accelerator
deflector (SPAD) (10), as well as the 14C detector, are placed on
an insulated deck with a maximum 250 kV potential. With the
rotatable LEESA it is easy (within a few seconds) to change
between the two ion sources. This unit also improves the energy
resolution of the injected beam and limits it to a narrow energy
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FIGURE 9. The SSAMS system at Lund University. 1. Ion sources; 2. low-energy 45° spherical
electrostatic analyzer (LEESA); 3. low-energy bending magnet (LEBM); 4. einzel lens; 5. accelerator tube;
6. argon gas stripper; 7. argon valve; 8. high-energy bending magnet (HEBM); 9. high-energy electrostatic
spherical analyzer (HEESA); 10. sequential post-accelerator deflector (SPAD). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

range. The carbon isotopes are injected sequentially (see Section
1IB.2) with the vacuum chamber of the LEBM biased to preset
voltages (~0.2kV for 14¢, ~3.5kV for 13C, and ~7 kV for 12C).
An offset Faraday cup is placed after the LEBM to measure the
2C~and "*C™ currents when the "*C isotopes are accelerated. An
einzel lens (4) is placed close to the acceleration tube (5) to focus
the beams through the molecule-dissociating gas stripper. The
mass 14 beam is further energy analyzed by the 90° HEESA (9),
and "*C ™ ions are detected in a surface barrier detector. The 'C™
and "C" beams are energy analyzed and the currents are
measured in two Faraday cups after the HEBM (8). The SPAD
(10) consists of two parallel plates that deflect the beam upwards
when C is injected, and downwards when 12C and 3C are
injected. The 14C detector is placed at the end of the beam line,
displaced by a small angle upwards relative to the beam line.
More technical details of the SSAMS system design can be found
in Klody et al. (2004). Results from measurements in Lund
during 2006 on known standards are given in Table 3. The results
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are quite close to the consensus values, but the scatter in the data
are slightly larger than the statistically expected values.

Data on the typical system performance for the SSAMS in
Lund are given in Table 4. Compared to the compact 0.5 MV
system, the SSAMS requires approximately 40% less floor space
and the investment cost is approximately 30% lower. Further-
more, the SFg gas handling system (see Section IIB.3) is avoided,
and there is free access to every part of the system (when the high-
voltage power is switched off).

B. Attempts at Using Other Types of Accelerators
for AMS

As was described in detail in Section II above, by far the largest
number of AMS investigations have been made using electro-
static tandem accelerators. Other types of systems have been
used in only a limited number of investigations. A great
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TABLE 3. Lund SSAMS reference samples measured during operation of the

accelerator from May 2006 to January 2007

Meas. no. C7/0x11 Ox1l/OxIl

1 0.36915 0.78275

2 0.36773 0.78178

3 0.36944 0.78401

4 0.36773 0.77007

5 0.37593 0.77313

6 0.36885 0.78088

7 0.36862 0.77633

8 0.37153 0.77663

9 0.36833 0.77581

10 0.37071 0.77872

11 0.36728 0.77865

12 037124 0.77342

13 0.36989 0.77298

14 0.37019 0.77447

15 0.36915 0.77477

16 0.36855 0.77745

17 0.36922 0.77551

18 0.36848 0.77917

19 0.37101 0.77574

20 0.37086 0.77798

Mean value 0.36969 + 0.00043 (0.00033) | 0.77701 £ 0.00080 (0.00052)

Consensus value 0.3694 0.77563

The two columns show '*C activity ratios, corrected for isotopic fractionation, for the
IAEA reference material C7 and the oxalic acid standards OxI and OxII. The numbers in
parentheses are the uncertainty arising from the counting statistics only. The total error for an
individual measurement is approximately 5%o, corresponding to an uncertainty in age of
+40 years. The consensus values obtained from control measurements at a large number of

laboratories are also given.

advantage of the tandem accelerator is that it uses negative ions
from the ion source, thus avoiding many interfering isobars
(such as "N~ in the case of '*C-AMS). Furthermore, tandem
accelerators are widespread and available in many nuclear
physics laboratories, they can accelerate nearly all ion types, and
they have a better energy stability than any other type of
accelerator. For further details about different types of accel-
erators see Hellborg (2005).

410

Single-ended electrostatic accelerators have been used in a
few attempts, mainly for tritium ions. This type of machine has
the ion source at high-voltage potential inside the accelerator
tank. It accelerates positive ions from the source and is therefore
not very practical for AMS.

Linear accelerators have been used either alone, or as a
booster to increase the energy of beams from a tandem
accelerator or a cyclotron. In a linear accelerator a number of
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TABLE 4. Lund SSAMS system performance data

lon source output

30 pA of °C

Transmission

30%

Background (chemical blank)

0.25% of Modern Standard

Background (processed anthracite)

0.4% of Modern Standard

Dating precision (0—6000 BP)

0.6% or ~ = 50 Radiocarbon Years BP

Transmission is defined as the ratio between the '2C* current after the HEBM and the
12C~ current after the LEBM. BP = Before Present, which means before A.D. 1950.

radio frequency (RF) power supplies in succession accelerate
bunches of ions. Only ions with the correct velocity will be
accelerated, while others will be removed as they reach
the different accelerating gaps at the wrong time. The long-
lived rare gas isotopes ¥Ar and *'Kr (which cannot be made
negative and therefore cannot be accelerated in a tandem
accelerator) have been used in a GeV energy accelerator (Collon
etal., 1997,2004). Using the high energy of a linear accelerator, it
is possible to completely strip these ions. The advantage is that
the charge of the rare isotope is now different from that of the
isobars, making them easy to separate. The disadvantage is the
low efficiency.

Radio frequency quadrupole accelerators (RFQ acceler-
ators) have been used in a few attempts to measure tritium and
'4C. The RFQ is a low-energy accelerator introduced during the
1970s. It has a high transmission, close to 100%, and with a
possibility to handle high currents. The RFQ has a symmetry
corresponding to that of an electrostatic quadrupole lens. For
technical details see Hellborg (2005). It combines the action of
focusing and bunching the beam, in addition to its acceleration
property. The acceleration can be continuous (even if most RFQ
accelerators are designed for pulsed mode) and the bunching is
very efficient. The advantages are: the RFQ accelerator can be
made very short (<1 m); it needs no isolation gas and has a much
higher current output than a tandem accelerator; also, both the ion
source and the detector system are at ground potential so its
operation and maintenance are much easier. A well designed RFQ
accelerator has a low energy spread and a high isotopic selection
(Guo et al., 2007).

Cyclotrons have been used in a number of attempts to
measure ions using AMS. Alvarez and Cornog (1939) used one of
the pioneering cyclotrons in Berkeley, USA already in 1939 to
accelerate helium, when they accidentally discovered the isotope
3He in nature. A cyclotron was also used at the beginning of the
AMS era (Muller, 1977). In Shanghai a purpose-built, low-
energy cyclotron using negative ions has been demonstrated to
have unique mass resolution. The isobars 14C and 13CH, with a
mass difference of 5 x 107, can be resolved (Chen et al., 1995),
and the first '*C datings were reported a few years ago (Chen
et al., 2000; Zhou et al., 2000). The final energy of the beam is
very low, only 50 keV. After less than approximately 70 cyclotron
revolutions, the isobars 12CH2 and '>CH are out of phase due to
their mass difference compared to 14C, and are therefore lost. A
low-background '*C beam is obtained after the final 100th
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revolution. The Shanghai mini-cyclotron has recently been
upgraded in various ways and provided with a multi-sample Cs
sputtering source, similar to those used at most tandem
accelerators (Liu et al., 2007).

C. AMS Facilities Worldwide

Tandem-AMS can be said to originate with the observation by
Purser and co-workers (1977) that the "“N~ ion is not sufficiently
long-lived to permit its acceleration in a tandem accelerator.
Shortly after this demonstration, the first two AMS experiments
followed, at the nuclear physics laboratories at Rochester in the
USA (Nelson, Korteling, & Stott, 1977) and McMaster in
Canada (Bennett et al., 1977). Only a few years after the
introduction of AMS, the first generation of small, dedicated
AMS facilities produced by General Ionex Corporation appeared
on the market (Purser, Liebert, & Russo, 1980). They are
called Tandetrons and are designed on the cascade principle.
This first generation of Tandetrons had a maximum reliable
operation voltage of around 2 MV. A re-circulating stripping gas
system was added to reduce the stripper gas in the accelerator
tubes. In 1990 the second generation of Tandetrons, with terminal
voltages up to 3 MV, became available (Purser, Smick, & Purser,
1990). Several new AMS facilities based on 3 and 5 MV
Pelletrons from NEC have been established during the past
few years.

In parallel with this development of new accelerators, older,
small machines (up to 3—4 MV) have been modified to serve as
AMS facilities. Also, a number of large, tandem accelerators
formerly used for nuclear physics have been modified for AMS.
In fact, some of these large tandems have been shipped around the
world to be assembled at new locations as dedicated facilities.
The number of AMS laboratories around the world, completely
or partially dedicated to AMS, is approximately 80. Most of these
AMS accelerators are listed in Table 5. The radionuclide most
frequently measured by far with AMS is'*C. Most of the '*C
measurements are performed using accelerators with terminal
voltages of approximately 3 MV. Developments using a much
smaller voltage started 10 years ago (see Section IIIA) and
radiocarbon dating is today done using 0.25 MV accelerators. A
few such accelerators are included in Table 5.

Two commercial companies today offer complete AMS
facilities: HVEE and NEC.
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IV. APPLICATIONS
A. Archeology and Geology

1. Calibration of the Radiocarbon Time Scale

The radiocarbon method is based on the rate of decay of the
radioactive carbon isotope 4C, which is formed in the upper
atmosphere through the reaction between cosmic ray neutrons
and "N: n+ “N=>"C -+ p, where n is a neutron and p is a
proton. The 14C atoms are rapidly oxidized to 4C0O, molecules
which are taken up by plants. '*C s further transported to animals
through the food chain. Thus, plants and animals take up
radioactive carbon while alive, but cease to do so when they die.
However, the steady decay of '*C in their tissues continues over
the years. The 14C atoms decay back to 14N, with a half-life of ca.
5,700 years, according to the reaction: YCe=>"N+ B, where B
is an electron (also called beta radiation) emitted by the 4c
nucleus. After nine half-lives, which corresponds to ca. 50,000
radiocarbon years BP, we have ca. 2%o 4Cleftin the sample. The
detection limit of '*C for an AMS facility is 1-2%o of modern
carbon (corresponding toa 14C/"2C-ratio of around 10~ '%), which
sets an upper limit for the radiocarbon method to slightly above
50,000 years.

The intensity of the cosmic radiation on earth varies with the
sun’s solar activity and fluctuations in the earth’s magnetic field,
and thus the production of '*C in the atmosphere also varies.
Moreover, the uptake of carbon dioxide in the oceans varies with
changes in the ocean ventilation rate when the earth’s climate
changes rapidly. This means that the radiocarbon level in the
atmosphere changes according to a complex pattern, which in
turn means that the ‘“radiocarbon clock™ can race ahead or
sometimes stop for several centuries, and even go backwards. As
a result, a raw radiocarbon date may correspond to several
possible calendar dates, and may diverge from real calendar years
by hundreds or even thousands of years. Thus, the radiocarbon
clock must be calibrated to account for these fluctuations. For
example, the start of the Holocene period, the period in time when
the last ice age ended, is dated to 10,000 radiocarbon years ago.
But the radiocarbon clock stopped for several hundred years at
just that point, so the start of the Holocene, when agriculture
began, cannot be determined with better precision than
approximately 600 years using the radiocarbon method alone.
Using the tree-ring radiocarbon calibration curve (see below) this
transition has been shown to occur somewhere between 11,800
and 11,200 years ago.

Recent research to determine the pattern of fluctuation of the
14C content of the earth’s atmosphere has led to better and more
detailed calibration curves for the past 50,000 years. Using 4c
data from tree rings, corals, lake sediments, ice cores, and
other sources, the radiocarbon community has now created a
detailed record of '*C variations over the millennia and extended
the “‘official” radiocarbon calibration curve back 26,000
calendar years (Reimer et al., 2004). Of these data records, the
terrestrial tree-ring curve, extending back 12,400 years is the
most accurate and precise. The tree-ring curve is based on
several millennia-long chronologies, providing an absolute time
frame within the possible error of dendrochronology. These
long chronologies come from wood from Europe and North
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America (see for example Stuiver, 1982; Pilcher et al., 1984;
Becker & Kromer, 1986; Pearson, Becker, & Qua, 1993; Spurk
et al., 1998). The oldest part of the tree-ring chronology has
been constructed from German pine, and has been successfully
linked to the younger German oak chronology (Friedrich et al.,
2004).

Beyond the tree-ring curve, the calibration data sets rely
mainly on marine samples (van der Plicht et al., 2004). Although
the discrepancy between the different datasets in the time interval
26,000-50,000 radiocarbon years BP is rather large, they all
show that the calendar time scale sets the radiocarbon clock back
several thousand years in this interval. The data sets come from
radiocarbon dating of a sequence of deep-sea sediments in the
Cariaco Basin near Venezuela, and from a similar sequence of
dating from deep-sea sediments adjacent to the Iberian coast.
These sequences were translated into a “‘calendar” scale by
reference to patterns of oxygen isotopes (*80/'°0) in the
Greenland ice core records. The data sets also include series of
radiocarbon and uranium/thorium (U/Th) measurements on
fossil coral formations from the tropical Atlantic and Pacific
and from a sequence of a cave stalagmite formations on the island
of Socotra, off the Arabian coast (Hughen et al., 2004; van der
Plicht et al., 2004; Fairbanks et al., 2005).

The final goal, which is to extend the tree-ring calibration
curve to 50,000 years, probably lies several decades ahead.

2. Calibration with the '*C Bomb Peak

Nuclear weapon testing in the atmosphere caused in the 1960s
almost a doubling of the 4c activity in the atmosphere. After the
stop of these nuclear tests in the atmosphere the peak started to
decrease through interaction of the atmosphere with the other
carbon reservoirs. Today (2007) the remaining ‘“‘excess activity”’
is around 6%. Samples originating from the time period after ca.
1955 can be radiocarbon dated utilizing the '*C bomb peak as a
calibration curve. Clearly, the '*C-bomb peak can be used to
retrieve very precise dates (within 1 year at the steepest part of the
curve, i.e., during the 1960s and 1970s; Goodsite et al., 2001).
Another example of such an application is given in Section
IvVC.2.

3. Dating of Lake Sediments

The common method of dating in quaternary geology and
paleoclimatology studies is to use the archives of lake sediments.
An important question is the chronology of the cores that are
taken from the lakes. Earlier studies were based on large bulk
sediment samples, mainly consisting of gyttja (as much as 100 g
of wet material or 5 g of dry material were common). Gyttja is
made up of organisms that have lived in the lake and have taken
their carbon from the lake water. The lake reservoirs contain
carbon from many different sources: dissolved limestone, humic
acid from soil and peat in the surroundings, or carbon dioxide
from “old” ground water reservoirs. Of course, a large part also
comes from carbon dioxide exchanged with the atmosphere at the
lake surface. However, the radiocarbon level in the lake does not
reflect the contemporary atmosphere and, therefore, we have the
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problem of the so-called lake reservoir age, which gives older
dates than expected from the atmospheric record.

Before AMS was established, the problem of ‘“‘hard-water”
lakes was well known, and dating lakes with limestone in the
surrounding bedrock was avoided. However, AMS dating
showed that the reservoir problem was also severe for ‘“‘soft-
water” lakes. Instead of dating whole bulk samples it was now
possible to date small macrofossils from the vegetation around
the lake, samples that reflect the atmospheric level of radiocarbon
rather than the level in the lake. This has been a very important
development for quaternary geologists and has led to completely
new sampling techniques.

This is clearly demonstrated in an investigation that partly
deals with the tree limit in ancient times in the Scandes
Mountains in northern Sweden and Norway (Barnekow,
Possnert, & Sandgren, 1998). The radiocarbon chronology in
this investigation was very carefully determined, both with
terrestrial macrofossils found in the cores and with bulk gyttja
samples. The investigation was performed in a ‘“hard-water”
lake (Lake Tibetanus) and a ‘“‘soft-water” lake (Lake Voulep
Njakajaure). The results of this investigation and other studies,
for example Andrée et al. (1986), clearly demonstrated the
importance of selecting the correct material for radiocarbon
dating. The terrestrial macrofossils gave younger ages than the
bulk samples in all cases. The reservoir age in Lake Tibetanus can
be estimated to be 1,000-2,000 years, and furthermore it varies
with time. In Lake Voulep Njakajaure the reservoir effect is less,
but there is still a reservoir age of approximately 500 years. This
is quite typical for Swedish ““soft-water” lakes (Olsson, 1986).

The first results of pollen dating from sediments were
obtained by Brown and co-workers (1989). Since then, a number
of successful, but also problematic, investigations based on
dating of pollen concentrates, with sample sizes in the sub-mg
range, have been made, for example Long, Davis, and DeLanois
(1992); Regnell (1992); Jahns (2000); Kilian et al. (2002);
Vasil’chuk, Kim, and Vasil’chuk (Vasil’chuk et al., 2004). When
preparing such small samples there is of course an increased risk
of contamination of the sample, and it is especially important to
have good knowledge of the background factors. Pollen diagrams
are used to trace vegetation and climate changes in the past, and it
is of course tempting to try to directly date the pollen itself.

Radiocarbon dating of macrofossils and pollen is not
possible without the AMS technique, and it is therefore relevant
to talk of a “second radiocarbon revolution” in quaternary
geology after the introduction of '*C dating with AMS.

4. Atmospheric '°Be

The AMS technique has had considerable influence on radio-
carbon dating, but it has had an even greater impact in other fields
of quaternary geology, which use the other cosmogenic isotopes.
Before 1990, cosmogenic nuclides apart from '*C were more or
less unknown to quaternary geologists. This was simply due to
the fact that there was no practical way to measure the extremely
small concentrations of these cosmogenic nuclides produced in
the geological archives. Let us consider '’Be, the most important
cosmogenic nuclide apart from 14C. The half-life of '°Be is long
enough (1.6 million years) to cover the whole quaternary period.
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The best archives for '°Be are the marine sediments and the
inland ices of Greenland and Antarctica. One kilogram of ice
contains approximately 50 million '°Be atoms. Concentrated to
a 1 mg substrate, this is an excellent sample for an AMS
measurement. Decay counting of mBe, on the other hand, is
virtually impossible due to its long half-life. All the '°Be nuclides
in 1 ton of ice would only give approximately 65 counts in 24 hr.
Thus, without AMS, the '°Be signal would have remained hidden
in the archives.

The 'Be concentration in ice and marine sediments is an
indicator of solar fluctuations, which in turn control the cosmic
ray flux that reaches the earth from outer space. The more active
the sun, the less intensive the cosmic rays on earth, and vice versa.
During the period 1,660—1,740 there is a distinct peak in the B¢
record (Beer et al., 1994; Bard et al., 1997). It is known from
visual observations that during this period there were hardly any
sunspots on the solar surface and the sun remained quiet.
Consequently, the cosmic ray intensity increased, as did the '°Be
signal. The same is also true for other cosmogenic isotopes such
as '“C. The '“C signal is, however, more difficult to interpret as it
also depends on the ocean ventilation rate, which determines the
amount of carbon dioxide that is dissolved in ocean waters.

By combining data from marine records of the varying
production rates of '°Be with data on the variations in the earth’s
magnetic field intensity, it has proven to be possible to calculate
the variations in the solar magnetic activity 200,000 years back
in time (Sharma, 2002). This study indicated that the glacial and
interglacial periods on earth during the past 200,000 years appear
to be strongly linked to solar activity (see also Beer, Mende, &
Stellmacher, 2000; Bond et al., 2001). The amount of 198 was
compared to the oxygen isotopic record, which is closely related
to the global temperature. The two records follow each other very
closely, which is a strong indication that small solar variations
may have a great impact on the climate.

Recently, evidence of enhanced '°Be deposition deep in the
Antarctic ice was reported (Raisbeck et al., 2006). The authors
interpreted this as a result of the low dipole field during the
Matuyama—Brunhes geomagnetic reversal, which occurred
approximately 780,000 years ago. If this is correct, it will be an
important time marker connecting ice cores, marine cores, and
radiometric time scales.

5. Exposure Dating

When a bedrock surface is exposed to cosmic rays, a build-up of
cosmogenic nuclides will occur within minerals in the uppermost
few meters of the rock. The ability of AMS to measure low
concentrations of rare cosmogenic nuclides has led to new
methods of addressing long-standing geological questions, and
has provided new insights into the rates and types of surface
processes. The most widely used of the cosmogenic nuclides are
the stable isotope *He and the radioactive nuclides 14C, mBe,
2°Al, and *°Cl. Their different physical and chemical properties
make it possible to apply surface exposure dating methods to rock
surfaces of virtually any lithology at any latitude or altitude, for
exposures ranging from the late Holocene to the Pliocene
(>2.65 million years). The terrestrial in situ cosmogenic nuclide
method is beginning to revolutionize the manner in which
landscape evolution is studied. Single or multiple nuclides can be
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measured in a rock surface to obtain erosion rates on boulder
and bedrock surfaces. A particularly interesting system is the
'°Be—?°Al pair that is produced in quartz, where *°Al is mainly
produced from ?8Si and '°Be is mainly produced from '®O. The
in situ produced cosmogenic nuclides from continental and
mountain erosion records have been used to reconstruct
Quaternary ice volume variations. The in situ methods have also
been used in significant breakthroughs in establishing the rates
and types of local- and large-scale erosion, soil development, and
landscape evolution. A complete review of the subject is given in
Gosse and Phillips (2001).

6. Recent Developments in Radiocarbon Dating
and Archeology

Since its introduction in the early 1950s, the radiocarbon dating
method has been an essential tool for archeologists. Collecting
charcoal and bones for dating during excavations is standard
practice, and systematic dating for research purposes is also
becoming more and more common. With AMS it is possible
to date short-lived material such as a single grain of wheat or a
blade of grass. A small piece of bone of sub-g weight (Hedges
& van Klinken, 1992) and also charred bones (Lanting, Aerts-
Bijma, & van der Plicht, 2001) can now be dated, which was
previously impossible. Analyzing more than one sample from a
site or object can give indications of contamination, improving
the reliability.

Until quite recently, cave paintings were dated according to
stylistic criteria loosely associated with dates obtained from
archeological remains found in the vicinity of decorated surfaces.
Advances in radiocarbon dating with AMS now make it possible
to date prehistoric cave paintings by sampling the pigment itself.
The ages obtained from paintings decorating two French caves at
Cosquer and Chauvet have so far shown that the art of cave
painting appeared early in the Upper Paleolithic period, which is
much earlier than previously believed. The high artistic quality of
the earliest paintings underlines the importance of absolute
chronology in any attempt to study the evolution of prehistoric
art. Prehistorians, who have traditionally interpreted the
evolution of prehistoric art as a steady progression from simple
to more complex representations, may have to reconsider
existing theories of the origins of art. In the Chauvet caves,
which consist of several chambers, radiocarbon dates of between
29,700 and 32,400 years BP have been obtained for sub-mg
charcoal samples (Valladas et al., 2001; Valladas, 2003).

Radiocarbon dating has been applied to the study of modern
human origins and dispersal in Eurasia (Mellars, 2006). Recent
developments, involving ultrafiltration of the prepared gelatin
samples derived from bone collagen to separate out the smaller
and lower-molecular-weight fractions (Bronk Ramsey et al.,
2004) have led to radical improvements in the procedures for the
effective purification of bone collagen to eliminate contamina-
tion by more recent carbon. Removing recent contaminants is of
special importance in older bone samples, which have always
provided the most widely available materials for dating from
early human sites. Recent applications of this procedure have led
to dates that are frequently between 2,000 and 7,000 years older
than the original age estimates (Jacobi, Higham, & Bronk
Ramsay, 2006).
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These new developments are of crucial importance when
trying to determine the time of the extinction of the Neanderthals
in Europe. Recently, an international team reported several
radiocarbon dates from Gorham’s cave in Gibraltar (Balter,
2006). The dates cluster at approximately 28,000 years raw
“radiocarbon years,” indicating that the Neanderthals survived
much longer than previously thought. It is believed that the
Neanderthals took refuge in southern Europe where the environ-
ment was favorable and where modern humans were still fairly
rare.

Art and human history are of general interest and therefore
the dating of some objects by AMS has given rise to considerable
publicity. The best known cases are the dating of the Turin Shroud
(Damon et al., 1989), the Iceman in Otztal (Bonani et al., 1994),
and the Dead Sea Scrolls (Bonani et al., 1992). A ceremonial
book from the earliest period of Christianity in Sweden was dated
at the Lund AMS laboratory. The book, originating from around
A.D. 1100, is regarded as the oldest book in Sweden (Skog,
2002).

B. Oceanography

1. Carbon-14

Natural '*C, which is produced only in the atmosphere, is very
useful in understanding deep ocean circulation, because any
natural '*C atoms found at depth in the ocean must have arrived
there by means of exchange between the atmosphere and the
ocean surface water and subsequent transport within the body of
water. Because '“C decays with a half-life close to 5,730 years, its
abundance in the deep ocean is a direct measure of how much 4c
is supplied to the deep ocean from the surface by ventilation.
Temperature measurements of deep ocean water reveal that much
of the deep water is cold, and warm water is confined to a thin
layer near the surface, indicating that the deep cold water in the
subtropics must derive from the polar surface waters. This is
known as the thermohaline circulation or the ‘““‘conveyor belt”
circulation (Broecker, 1991). A description of the conveyor belt
has been made possible by AMS '*C measurements.

As part of the World Ocean Circulation Experiment
(WOCE) thousands of small-volume water samples were
collected and the '*C content of the dissolved CO, analyzed by
AMS. The samples were collected at various depths along
transects across the oceans. Over 13,000 samples were collected
during 1990-1997 for this program, and were measured at the
National Oceans Science Accelerator Mass Spectrometry
(NOSAMS) Laboratory at Woods Hole, Massachusetts, USA.
During 1990-2004 more than 8,000 articles were produced as a
result of this program. A summary of the results concerning HCis
given in Key et al. (2002).

The main reason for studying deep circulation is that the
deep ocean is the major component of the global carbon cycle.
The world’s oceans contain approximately 93% of all carbon on
earth. Since most of the oceanic carbon resides in the deep ocean,
even a small change in its carbon budget can significantly affect
the atmospheric budget and hence the global climate. The
chances of such an event may seem remote, because changes in
the deep ocean are slow compared to those in the atmosphere,
upper ocean, and terrestrial biosphere. However, measurements
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from polar ice cores provide abundant evidence of abrupt climate
changes during the most recent glacial cycle (Dansgaard et al.,
1993), some of which may have involved changes in the deep
ocean (Broecker, 1998, 2003). Abrupt climate change may be a
real possibility today, as human activities that modify the
physical environment are increasing globally (Broecker, 1997;
Alley et al., 2003).

Another important reason for accurately characterizing the
deep ocean is the need to validate ocean carbon cycle models.
These models are frequently used to predict the response of the
ocean to increasing atmospheric CO,. Projections of future
carbon uptake by the ocean (Houghton et al., 2001) inevitably
involve the deep ocean. Global mapping of the 14C abundance at
3,500 m depth using the WOCE database, shows the highest
concentrations of '*C in the north Atlantic. The north-east Pacific
has the lowest “C concentration, indicating the end of the
conveyor belt circulation, while the Southern Ocean (the ocean
south of 60°S latitude) has an intermediate '*C concentration.
Translating the difference in 14C concentration between the north
Atlantic and north-east Pacific deep waters into years reveals an
age difference of approximately 1,000 years, which thus
characterizes the turnover of the global circulation (Matsumoto
& Key, 2004).

2. lodine-129

Another important radionuclide used as a tracer of marine current
movements is >’ It has a half-life of approximately 16
million years and its presence in nature is mainly due to the
fission of 23U and spallation of stable Xe isotopes by cosmic
radiation in the atmosphere. The pioneering work on 1291 in the
ocean was done by Kilius, Rucklidge, and Litherland (1987). 1291
can easily be quantified by AMS from iodine extracted from
500 mL seawater. The high sensitivity of AMS enables trace
amounts of '*I released from radioactive waste (e.g., from
nuclear fuel reprocessing plants) to be detected and local levels to
be compared with the global distribution (Povinec et al., 2000,
2001; Yiou et al., 2002). The globally distributed anthropogenic
'2°I emanates mostly from the nuclear weapons tests of the
1950s and 1960s and has probably been spread to the ocean by
atmospheric transport (Biddulph, 2004). Lopez-Guitérrez and
co-workers (2000) have developed a method for the determi-
nation of '*°I in atmospheric samples.

C. Biomedicine

1. General Aspects

The cost and size of conventional AMS accelerators have
restricted their penetration into the bio-analytical instrument
market. The recently introduced AMS accelerators with voltages
well below 1 MV (see Section IITA), having a much reduced size
and complexity, have changed the situation.

Isotopic labeling has been used for many years for tracing
chemicals in living systems. Three kinds of labeling can be used.
Short-lived radioactive isotopes have a high signal to background
ratio, but they have the disadvantage of exposing the organism to
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radiation. Stable isotopes emit no radiation, but due to an often
high natural background they are not easy to detect. Long-lived
radioactive isotopes have a high signal to background ratio and
can be used in biomedical AMS in very small amounts. Because
of their low radioactivity, the radiation to the individual will be
kept to a minimum. The radiation dose deposited in a human as a
function of the biological mean life has been calculated by Vogel
(2000). The result for a 70 kg person who has been given a
compound labeled with “4C (1,,=5,730 y) with an activity of
3,700 Bq is shown in Figure 10. The dose obtained during a 1-hr
flight and the dose obtained from natural isotopes inside one’s
own body (14C, 40K, etc.) during a week are also indicated in the
figure for comparison. Another advantage of biomedical AMS is
the high sample throughput; the measuring time often being less
than 10 min/sample.

Accelerator mass spectrometry (AMS) is sensitive and
precise to a few attomoles of 4c per gram carbon, which renders
a number of advantages to biomedical tracing. The use of such
small amounts of material enables the use of sub-toxic amounts
of a chemical substance, the analysis of small tissue biopsies or a
few pL of blood, as well as the analysis of highly specific
biochemical substances and sub-cellular fractions, including
purified DNA.

Accelerator mass spectrometry (AMS) has been applied to a
number of other long-lived radioisotopes during the past 10—
15 years and has been found to be important in research on human
biochemistry. Hydrogen is used together with carbon for organic
tracing in vivo with molecules labeled with *H (T\,=12.33y)
and "C. The *H/'H ratio of a mg-sized water sample can be
measured at a level of a few times 10™'%, which means that AMS
provides a factor of 10° improvement in sensitivity with mg-sized
*H-samples compared to decay counting (Ognibene et al., 2004).
Aluminum, the most common metal in the earth’s crust, is a non-
essential element in biological systems. However, it is known to
have a deleterious effect on neurological systems. Aluminum is
highly neurotoxic and inhibits prenatal and postnatal develop-
ment of the brain in humans and animals. The introduction of
AL (Ty,=7.16 x 10° y) as an AMS isotope has enabled the
study of aluminum metabolism under physiological conditions. It
has been demonstrated that as little as 5 attograms of 26A] can be
detected by AMS (Yumoto et al., 2004). Calcium is an important
element in the human body. Many diseases are related to calcium
in organs and cells. 4ICa (T,=1.04 x 10° y) is therefore an
ideal tracer. Several studies of calcium have been reported, such
as long-term bone resorption, calcium uptake and deposition in
heart tissue, and the metabolism of calcium in the skeleton (Jiang
et al., 2004).

The more extensive use of AMS in biomedical research will
require the development of cost-effective, laboratory-sized AMS
systems that can be used in conjunction with gas and liquid phase
separation techniques. Considerable progress has recently been
made in coupling gas and liquid chromatography directly to AMS
to allow on-line, compound-specific *H and '*C analysis. The
ability to directly interface an AMS system to standard analytical
instruments would allow AMS to be used for real-time analysis.
The interface must provide efficient conversion of a wide variety
of biological molecules into the required ion source gas. Through
collaboration between the Massachusetts Institute of Technology
and a commercial company a gas chromatograph (GC) has
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been coupled directly to a gas-fed negative ion source to achieve
on-line AMS measurements (Hughey et al., 2000). Skipper and
co-workers (2004) were the first to demonstrate the operation of a
GC and AMS instrument together to detect '*C in labeled
compounds. They also presented promising results on a laser-
induced combustion interface to connect a high-pressure liquid
chromatograph with an AMS ion source. Examples of other AMS
laboratories working on such schemes are ORAU (the Oxford
Radiocarbon Accelerator Unit) in Oxford, UK (Ramsey, Ditch-
field, & Humm, 2004) and the Woods Hole Oceanographic
Institute in Massachusetts, USA (Schneider et al., 2004).

An AMS system dedicated to biomedical applications is
installed at a commercial company in York, UK. The system is
based on a 5 MV tandem accelerator produced by NEC. At the
Lawrence Livermore National Laboratory in the USA, a 1 MV
tandem and a 10 MV tandem are used for AMS. The smaller
accelerator manufactured by NEC is used for *Hand '*C isotopes
and the larger accelerator (originally a nuclear physics accel-
erator from the 1960s, used for many years at another laboratory)
is used for the isotopes '°Be, 2°Al, *°Cl, *'Ca, **Ni, ®*Ni, *Tc,
1291, and *°Pu. At the Massachusetts Institute of Technology a
1 MV tandem (built by Newton Scientific, Inc.) is used for Hc
studies. Two SSAMS machines (see Section IIIA) were
purchased by Glaxo-Smith-Klein to be used for drug develop-
ment and were installed by the NEC in 2005. One of the machines
is placed at Ware in the UK and the other at Upper Merion,
Pennsylvania, USA.
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2. Some Specific Applications

Before the introduction of AMS, biokinetics and radiation
dose estimates from radiopharmaceuticals, labeled with pure
B-emitting radionuclides, for example, 4C or *H were very
uncertain. The radiation physics group at the Lund University
Hospital in Malmo, in cooperation with the Lund AMS group, has
carried out detailed long-term biokinetic studies of C from
“C-labeled pharmaceuticals in humans. The studies con-
ducted were mainly related to so-called “‘breath tests,” where
the '*C-labeled compound is ingested and metabolized, resulting
in the end-product, "*CO,, which is exhaled and easily collected
for measurement.

The AMS technique has been used to study the long-term
retention of '*C in connection with clinical tests for the presence
of Helicobacter pylori in the stomach with '*C-urea. The long-
term biokinetics and dosimetry of 4C-urea were investigated
in a number of adults and children (Leide-Svegborn et al., 1999)
and (Gunnarsson et al., 2002b). It was concluded from the
investigation that a dose of 440 Bq is sufficient to obtain useful
results, compared to the 110 kBq necessary for scintillation
counting. Fat malabsorption of the gastro-intestinal tract was also
studied using the !4C-labeled triolein breath test. Measurements
were made of the loss of '*C in expired air, urine, and feces, and
the retention of '*C in biopsy samples of abdominal fat were
made (Stenstrom et al., 1996¢, 1997). Biopsies were taken from
body fat, muscles, and bone from one of the volunteers 4% years
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and 6 years after administration (Gunnarsson et al., 2000;
Mattsson et al., 2001). It was concluded that no restrictions need to
be placed, on radiation safety grounds, on the administration of
0.05-0.1 MBq "*C-triolein for the triolein breath test (Gunnarsson
etal., 2003). The 14C-glycocholic acid and 14C-xylose breath tests
are used for the diagnosis of intestinal diseases such as bacterial
overgrowth in the small intestine. In another study the long-term
biokinetics and dosimetry of the two compounds were inves-
tigated. Samples of exhaled air, urine and for some subjects also
feces were analyzed. The absorbed dose to various organs and
tissues and the effective dose were calculated using biokinetic
models based on a combination of experimental data from this
study and earlier ones. The calculated effective dose was found to
be 0.4-0.6 mSv/MBq (for glycocholic acid) and 0.1 mSv/MBq
(for xylose). From a radiation protection point of view there is no
need for restrictions in the use of these two radiopharmaceuticals
with the activities normally administered (0.07-0.4 MBq;
Gunnarsson, 2002a).

In conclusion, the use of ultra-low activities in combination
with AMS (down to 1/1,000 of those used for liquid scintillation
counting), has led to the possibility of metabolic investigations on
children, as well as on other sensitive patient groups such as
newborns, and pregnant or breast-feeding women. It has been
demonstrated that AMS has great potential in the study of
metabolism and related areas. In particular, it will enable the
administration to humans of very low activities, for example, 10 Bq
of "*C. For most substances this will lead to effective doses of less
than 1 pSv, which is so low that in many countries authorization
from radiation protection authorities is not required.

The generation of cells in the human body has been difficult
to study, and the rates of cellular turnover of important cell types
within human organs are largely unknown. A new technique has
been developed at the Medical Nobel Institute and the Karolinska
Institute in Sweden, taking advantage of the sudden and dramatic
increase in '“C in the atmosphere resulting from the nuclear
weapons tests in the 1950s and 1960s. At the time of the
atmospheric Test Ban Treaty in 1963, the 14C content in the
atmosphere had increased by a factor of two above the natural
level when the test period started. Since the Test Ban Treaty in
1963 there has been an approximately exponential decrease in the
atmospheric '*C level, with a half-life of 11 years due to the
diffusion of CO, into the oceans. By comparing the amount of
'4C in a particular cell population with that in the atmosphere the
age of the cell population can be determined. The cells in the
cortex of the adult human brain have been investigated, and it was
found that while non-neuronal cells are replaced, occipital
neurons are as old as the individual (Spalding et al., 2005;
Bhardwaj et al., 2006). The AMS measurements for these
investigations (Palmblad et al., 2005) were performed at the
Lawrence Livermore National Laboratory. '*C levels from
samples containing as little as 30 pg carbon were analyzed
(corresponding to genomic DNA from 15 million cells), thus
taking advantage of the full potential of the AMS method.

D. Environmental Studies

A number of radioactive isotopes are distributed throughout the
environment as a result of nuclear weapons testing, nuclear fuel
reprocessing, nuclear reactor operation, and to a small extent also
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accidental releases from nuclear facilities. *H, '*C, *°T¢, '*°I,

135,134,137 237Np, 2361y 239:240.241py and other actinides are all
examples of isotopes that can be found in the environment
surrounding nuclear facilities. These isotopes can be found in air,
water, sediments, aerosol particles, plants, animals, and humans.
The most commonly applied analytical tool is [-detection
and (for the actinides) a-spectrometry. Applications relevant to
human health effects often require significantly higher sensi-
tivity than these two standard methods can provide. AMS has
demonstrated improved detection limits for all these isotopes.
For example, for plutonium isotopes the reported sensitivity
of AMS is ~10° atoms per sample during routine
239,240.241,242244p),  measurements (Brown et al., 2004). This
can be compared with the daily urinary excretion of Pu for one
person (in the general population) which is also ~10° atoms.
Fallout of **Cl from nuclear weapons testing in the 1950s
and 1960s has been preserved in glaciers around the world. AMS
measurements of this isotope preserved in ice cores have
improved estimates of historical, worldwide atmospheric
deposition and have allowed the sources of 36Clin ground water
to be better identified (Green et al., 2004). The uranium isotope
20U (T}, = 23.4 million years) is produced by neutron capture in
235U, The °U/*®U ratio increases to 0.1-0.5% in irradiated
nuclear fuel. The natural abundance in uranium ore samples is on
the order of ~107'°, giving a very low background from un-
irradiated material. *°U is therefore a useful tracer of irradiated
uranium. An AMS detection limit for 2*°U/**U of 10~® has been
reported (Hotchkis et al., 2000). 14C and '*°I have been measured
in seawater around radioactive waste dump sites. Half a liter of
water is enough to identify traces of these isotopes by AMS
(Povinec et al., 2000). The isotope 36CI has been detected in
groundwater samples taken not far from a disposal site for
processed nuclear waste in the USA (Cecil et al., 2000). Large
amounts of radionuclides are released into the environment in
connection with nuclear weapons detonations. All these nuclides
can easily be followed in the atmosphere, oceans, and ground-
water using AMS. AMS is therefore an important analytical
technique in environmental monitoring for nuclear safeguards.
Today’s standards for neutron exposure (in the Dosimetry
System of 1986 (DS86) and the recently published DS02) are
largely dependent on studies of survivors from the Hiroshima and
Nagasaki nuclear bombs in August 1945. The radiation effects
observed on survivors have to be related to the neutron dose
obtained. These doses have until now mostly been obtained by
calculations from data regarding the bombs, distances, etc.
Another and better means would be to measure the radioisotopes
produced in situ during the explosion. AMS investigations during
the past 10—15 years of the isotopes 36C1, 4! Ca, 53N, and others in
samples such as concrete, granite, copper, etc. irradiated by the
nuclear explosion, as a function of the distance from the
hypocenter, have shown the need for revision of the presently
adopted dose—response relation for neutrons. The 3C1/Cl ratio in
samples of concrete (Straume et al., 1990) and granite
(Nagashima et al., 2004) from Hiroshima has been investigated.
#!Ca has been measured in samples of a granite gravestone 107 m
from the hypocenter (Riithm et al., 1990). These three
investigations all indicate a much “harder” neutron spectrum
than has previously been estimated. The radioisotope *1Ca is
produced by thermal neutron capture by stable 40Ca. In a recent
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investigation tooth samples were collected from exposed
survivors as well as from large-distant survivors for comparison.
The *'Ca/Ca ratios for the exposed survivors show a significant
correlation with distance from the hypocenter (Wallner et al.,
2004).

Most investigations up until now have dealt with the thermal
neutron spectrum. In a recent investigation the fast neutron
spectrum was investigated. The radioisotope S\ (T1,=100y)
is produced in copper by fast neutrons via the nuclear reaction
63Cu(n,p)“Ni. The amount of **Ni was measured in copper
samples taken from the A-bomb Dome in Hiroshima. The results
were compared to estimates of the fast neutron fluences from
DS86 and DS02 (Rugel et al., 2004).

Ni is an important radioisotope in nuclear waste manage-
ment. The isotope is produced by neutron activation, mainly
through the nuclear reaction 58Ni(n,y)sgNi, in the stainless steel
close to the core of a nuclear reactor. Three main areas of interest
can be identified that require knowledge of the activity
concentration of *°Ni.

1. Classification of the construction material in a nuclear
power plant on the basis of the activity concentration, in
order to be able to define how used parts are to be stored.

2. Refinement of calculation models of the neutron flux in the
reactor. This can be done if the content of *°Ni in the
different parts of the reactor is known.

3. Classification of operational waste on the basis of its
activity concentration, for example, ion exchangers.

The radionuclide *’Ni decays only via electron capture,
and the radiation emitted consists primarily of characteristic
X-rays. This, in combination with its long half-life of 7.6 x
10* years, makes it difficult to measure by decay counting.
PIXEAMS (briefly described in Section IIB.5e) provides an
efficient way of measurin§ PNi.

The stable isobar to >’Ni is >**Co. The sample material from
the nuclear industry is mainly stainless steel, which contains a
certain amount of cobalt. It is therefore necessary to remove the
natural cobalt in the sample preparation process. This is done in
two steps. The first is dissolution of the stainless steel in HC1
followed by the precipitation of nickel with dimethylglyoxime.
The second purification step to further reduce the cobalt content
utilizes the reaction between nickel and carbon monoxide to
form gaseous nickel tetracarbonyl (Ni(CO),4). A number of steel
samples obtained from the Swedish nuclear industry have been
analyzed using the Lund AMS system. The samples were taken
from different positions close to the core, such as the moderator
tank, steam separator, guiding rods for the moderator head, and
various flanges. The activity found ranged from a few MBq per
gram nickel down to a few kBq. Samples of re-circulating water
from a PWR reactor have also been analyzed. Activities of the
water samples were found to be 10-30 kBq per liter water
(Persson et al., 2000a,b; Persson, 2002).

Another example related to the nuclear power industry
concerns the release of '*C from power plants, which leads to an
increase in the '*C specific activity of the atmosphere and,
hence, to an increased radiation exposure of the population. '*C
is one of the radionuclides produced to different degrees by
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neutron-induced reactions in all types of nuclear reactors. It is
believed that, of all nuclides released in routine operation by the
nuclear power industry, '*C is likely to produce the largest
collective dose to the human population. The production of '*C
can occur in the fuel, the moderator, the coolant, and the core
construction materials, mainly by the reactions:

170(n7 O() 14C
14N(n7p)14C

Part of the '*C created in reactors is continuously released
as airborne effluents in various chemical forms (CO,, CO, and
hydrocarbons) through the ventilation system of the power plant
during normal operation. Only a few liters of air are required
using '*C-AMS, compared to 100—1,000 L for decay counting.
In a l-year study, the total airborne '*C effluents from the stack
of two light water reactors were measured continuously over
2-week periods (Stenstrom et al., 1995, 1996a).

The incorporation of '*C into living material, mainly
leaves and grass, in the environment of power plants has also
been studied. The '*C content in annual tree rings of pine
(Pinus), located at different distances from power plants has
also been measured (Stenstrom et al., 1996b, 2002b; Hellborg
et al., 2000). A detailed investigation concerning '*C levels in
terrestrial and fresh water samples from the vicinity of the
Ignalina nuclear power plant in Lithuania has been presented in
Magnusson et al. (2004, 2007). Approximately 70 samples have
been collected, including tree leaves and needles, grass, moss
and soil profiles, as well as fresh water plants; covering a
distance of up to 32 km from the plant. The investigation
showed '*C levels in moss and soil samples taken close to the
reactor that were up to 20 times higher than the contemporary
background level. The excess '“C could be associated with
airborne '“C particulates released from the plant.

The nuclear fuel reprocessing facility at Sellafield in north-
west England is known to release substantial amounts of "*C. In
Figure 11 the '*C content in grass samples collected in
September 1996 at various distances from the Sellafield plant
is presented (Hellborg et al., 2000). The highest activity, found
at the sample site closest to the facility, was 447 +9 Bq/kgC
(Bq per kg of carbon). This is approximately 80% above the
natural level, found at distances >8-9 km from the facility.

The effective dose to the population has been calculated
from measured values of the excess of '*C specific activity at
different types of nuclear facilities (Stenstrom, 2002a). The
commonly applied assumption in '*C dosimetry, that '*C in the
human body is in equilibrium with that in the environment, was
used. In Table 6, taken from Stenstrom et al. (2002b), the excess
¢ specific activity and the effective dose rate (uSv per year) to
the most exposed individual is given. The most exposed
individual is a person living within 3 km of the site of the
release. The absorbed dose (mGy) to fat and bone marrow can
be 2-3 times higher than the effective dose (uSv).

V. CONCLUSIONS AND FUTURE PERSPECTIVES

Accelerator mass spectrometry (AMS) is a vital field with an
increasing number of applications. Its vitality is demonstrated in
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FIGURE 11. The '“C specific activity in grass collected at various distances in the NNE direction from the
Thorp (Thermal Oxide Reprocessing Plant) at the Sellafield nuclear fuel reprocessing facility. Maryd is a
*““clean air” site 10 km east of Lund.

TABLE 6. Local excess '*C specific activity due to releases from various nuclear
installations and the related effective dose to the most exposed individual

Site Excess '°C specific activity  Effective dose rate
(Ba/kgC) (nSV/y)

Barsebiick, Sweden 24 0.1-0.2

Forsmark, Sweden 6-30 0.3-1.7

Sellafield, UK 200 11

Pickering, Canada 4600 300

Cernavoda, Romania 60 33

Natural levels 226 12
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the number of new dedicated facilities installed during
recent years. Some of these newly installed accelerators are used
by private companies for biomedical applications. During the
30 years since the introduction of AMS it has evolved from the
academic world of nuclear physics to the commercial world.

The sophistication of the applications of AMS and the range
of applications has been increasing for several years and it
appears that it will continue, at least, in the near future. The
developments are the result of improvements in the technique
itself, and the use of new AMS isotopes.

Accelerator mass spectrometry (AMS) is playing an
increasing role in archeology as well as the geosciences. The
considerable reduction in sample size, compared to the decay-
counting technique, has led to new applications. The introduction
of gas ion sources will further reduce the size of samples needed
for radiocarbon dating, and the dating of samples as small as
10 pg carbon now seems possible. Surface exposure dating and in
situ cosmogenic dating are already an important application of
AMS and their rapid expansion is foreseen.

As a result of the investigations performed during the past
10 years, new types of instruments have become available.
Compact accelerators running at voltages as low as 200 kV for
radiocarbon dating and biomedical applications are already
commercially available. The use of lower voltages and simpler
technology has already led to an increase in the number of
laboratories that perform AMS, and this expansion will certainly
continue. With some modifications and extensions the sub-MV
accelerators should be able to measure many of the relevant
isotopes, such as 10Be, 26A1, 4! Ca, %1, 239U, and the Pu isotopes
with acceptable sensitivity. Another important improvement
during recent years is the interfacing of standard analytical
instruments such as gas chromatographs and high-pressure liquid
chromatographs with a gas-fed, negative ion source. This allows
AMS to be used for real-time analysis. It is important that the
interface provides efficient conversion of a wide variety of
biological molecules for the ion source.

As smaller accelerators are installed in new laboratories, the
existing larger facilities will be used to analyze isotopes with
severe interference from isobars, or for the development of as yet
unexplored isotopes. Isotopes that appear to be impossible to
measure at low isotope ratios with sub-MV accelerators include
3284, *3Mn, *°Ni, ®°Fe, and *°Tc.

A promising development in the application of other types of
accelerators is the use of a mini-cyclotron, recently demonstrated
to be reliable for '*C measurements. When the isotopes being
studied are rare gases, a cyclotron, a single-stage electrostatic
accelerator or a linear accelerator may be used. Investigations of
3 Ar and 3'Kr have also been performed with a superconducting
linear accelerator.
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