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Accelerator mass spectrometry (AMS) was born in the late 1970s, when it was realized at nuclear
physics laboratories that the accelerator systems can be used as a sensitive mass spectrometer to
measure ultralow traces of long-lived radioisotopes. It soon became possible to measure radioisotope-
to-stable-isotope ratios in the range from 10−12 to 10−16 by counting the radioisotope ions “atom by
atom” and comparing the count rate with ion currents of stable isotopes (1.6 μA ¼ 1 × 1013 singly
charged ions/s). It turned out that electrostatic tandem accelerators are best suited for this, and there
are now worldwide about 160 AMS facilities based on this principle. This review presents the history,
technological developments, and research areas of AMS through the 45 yr since its discovery. Many
different fields are touched by AMS measurements, including archaeology, astrophysics, atmospheric
science, biology, climatology, cosmic-ray physics, environmental physics, forensic science, glaci-
ology, geophormology, hydrology, ice core research, meteoritics, nuclear physics, oceanography, and
particle physics. Since it is virtually impossible to discuss all fields in detail in this review, only
specific fields with recent advances are highlighted in detail. For the others, an effort is made to
provide relevant references for in-depth studies of the respective fields.
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I. INTRODUCTION

A. History

1. Isotopes

The concept of isotopes was introduced by Frederick Soddy
when it turned out that certain newly discovered radioactive

species could not be separated by chemical means. They were
therefore assigned to the same element, i.e., to the same place
(isos topos) on the periodic chart of elements (Soddy, 1913).
At about the same time, it was observed that positive rays of
neon ions deflected in a magnetic spectrograph split up into a
main component at mass 20 and a weaker one at mass 22
(Thomson, 1913). This was the first physical proof that an
element consists of at least two stable isotopes. With refined
mass-spectrometric techniques, Aston established by 1922
that 18 elements consisted of more than one isotopes, with a
total of 58 isotopes (Aston, 1922). In the ensuing years more
isotopes were discovered, but it is interesting that these results
were achieved before the neutron was discovered (Chadwick,
1932a, 1932b). After this discovery, theoretical considerations
quickly led to the conclusion that the atomic nucleus must
contain both protons and neutrons (Heisenberg, 1932):
Isotopes of a particular element therefore have a fixed proton
number in the nucleus but a varying number of neutrons. On
the other hand, the term nuclide is used whenever a nucleus
with an unambiguous proton and neutron number is denoted;
see Fig. 5. Recently a compilation of the discovery of all stable
and radioactive isotopes known by 2015 (3211 in all) was
published (Thoennessen, 2016). The total number of isotopes
within the so-called dripline, beyond which the nuclei cannot
bind to an additional proton or neutron, may eventually still
increase by a factor of 2 by producing them in exotic nuclear
reactions at the new generation of heavy-ion accelerators.
Although most of them will have short half-lives (<1 s), they
are of interest to fully explore the limits of nuclear forces, and
to study the synthesis of the elements in stars in the laboratory
(Thielemann, 2019). In this review, we concentrate on long-
lived radioisotopes with half-lives of a few years to about
108 yr, which can be traced by accelerator mass spectrometry
(AMS) in minute quantities in many sections of the environ-
ment at large (Kutschera, 2016). [Note that in cosmochro-
nolgy and geochronology “long-lived” radioisotopes are
sometimes called “short lived” since they did not survive
the age of the Solar System (Wasserburg et al., 2006).]

2. Counting atoms rather than decays

It was pointed out early in the development of AMS that
“counting atoms rather than decays” results in an unprec-
edented detection sensitivity of long-lived radioisotopes
(Muller, 1977). Although this was contemplated earlier
(Oeschger et al., 1970), only AMS made it feasible. Arnold
(1987) mentioned in a retrospective paper about decay counting
that in the early days of radiocarbon dating mass spectrometry
was already suggested to Willard Libby, but the low isotopic
ratios of 14C=12C ∼ 1.2 × 10−12 did not make it feasible at the
time. A considerable effort for a mass-spectrometric detection
of 14C without an accelerator using CN− ions was reported by
Anbar (1978) at the First Conference on Radiocarbon Dating
with Accelerators but fell short by 1 order of magnitude.
As an example of the difference between beta decay counting

and direct atom counting, we first consider the detection of 14C
(half-life ¼ 5700� 30 yr) through its beta decay. [For the
slight revision of the traditional half-life of 5730� 40 yr
(Godwin, 1962) to the new one, see the discussion of the
14C half-life by Kutschera (2019).] A sample of 1 mg organic
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carbon with a natural isotope ratio of 14C=12C ∼ 1.2 × 10−12
(Arnold and Libby, 1949) contains about 6 × 107 14C atoms. If
we denote this number as N, then from the radioactive decay
law dN=dt¼−ln2×ðN=half-lifeÞ one calculates that slightly
less than one 14C atom decays per hour out of the 6 × 107 in
the sample. With AMS, however, it is possible to directly
count in one hour ∼2% of the 6 × 107 14C atoms, which means
about 106 times more than by decay counting. Thus, a large
factor in detection efficiency is gained (for decay counting one
actually has to use a few grams of carbon and count for several
days). Over the years, the AMS technique has been refined so
much that it is now possible to perform 14C measurements
with just a few micrograms of carbon (Santos et al., 2007; Cao
et al., 2013; Petrenko et al., 2016; Steier et al., 2017). Thus, a
factor of 106 is gained in the reduction of the sample size,
which allows one to take small samples from precious objects.
All this is possible only through the particular selectivity of
AMS, where both the nuclear charge (atomic number Z) and
the mass (mass number A) are determined at sufficiently high
beam energies. Since every isotope has a unique combination
of Z and N (neutron number N ¼ A − Z), an unambiguous
detection of trace isotopes down to extremely low concen-
trations is possible. In contrast, the widely used mass-
spectrometric methods without accelerators depend chiefly
on high-mass resolution (Ireland, 2013). Since the ultimate
limitation is unidentified background events, AMS allows one
to measure isotope ratios that are several orders of magnitude
lower than what is possible with mass spectrometry without an
accelerator (Maher, Jjunju, and Taylor, 2015). A notable
exception is the laser-based magneto-optical trap technique
called atom trap trace analysis (ATTA), which is described in
Sec. II.G (Lu, 2016).

3. Discovery of accelerator mass spectrometry

The first use of an accelerator as a mass spectrometer was
in 1939, when Louis Alvarez used the 60 in. cyclotron at
Berkeley (Fig. 1) to detect 3He in helium (Alvarez and
Cornog, 1939a). He subsequently showed that tritium (3H)
is radioactive by bombarding deuterium (2H) with deuterons
and separated 3H from 3He (Alvarez and Cornog, 1939b). This
was an important discovery because it proved that 3He, not 3H,
was the stable mass-3 nuclide, contrary to what was believed
at that time (Bethe and Bacher, 1936). Many years later,
Alvarez described these early days of accelerator mass
spectrometry in a reminiscent article in Physics Today
(Alvarez, 1982), where he also pointed out his discovery of
the tandem accelerator principle (Alvarez, 1951), which later
became so important for AMS. In 1980, Alvarez et al. (1980)
also provided evidence that the extinction of the dinosaurs
some 6.6 × 107 yr ago were caused by an impact of a large
meteorite on Earth; see Sec. IV.B.3.
After a period of almost 40 yr, where accelerators were used

mainly to study nuclear reactions, the use of accelerators as
mass spectrometers was rediscovered in 1977 at several
nuclear physics laboratories (Bennett et al., 1977; Muller,
1977; Nelson, Korteling, and Stott, 1977; Purser et al., 1977).
While in Berkeley the 88 in. cyclotron was operated with
positively charged ions to detect 14C at natural abundances

(Muller, 1977) and to search for quarks with unit charge
(Muller et al., 1977), it was recognized at the tandem accel-
erators of the University of Rochester (Bennett et al., 1977;
Purser et al., 1977) and of McMaster University (Nelson,
Korteling, and Stott, 1977) that the requirement of negatively
charged ions at the injection offered an enormous advantage for
14C detection. The chief reason is the complete suppression of
the stable isobar 14N in the ion source, because it does not form
stable negative ions. Since we live in an atmospheric “ocean” of
14N and the relative mass difference to 14C is only one hundred
thousandth (10−5), it is virtually impossible to separate the
isobars by mass discrimination alone. Although abundant
negative molecules such as 13CH− and 12CH−

2 are formed in
the ion source and interfere with 14C at low energy, the stripping
process at the terminal of tandem accelerators breaks up the
molecules and thus removes this interference effectively; see
Sec. II.D.1. The pioneering AMS efforts of 1977 were
described in several reminiscences by some of the original
participants (Gove, Purser, and Litherland, 2010; Muller, 2010;
Nelson, 2010; Purser and Litherland, 2020).
Although detection of 14C with small cyclotrons using

negative-ion injection to suppress 14N was pursued for some
time (Bertsche et al., 1990; Chen et al., 2000; Zhou et al.,
2000), the advantage of tandem accelerators is so great that
they now became the basis for essentially all AMS facilities
(∼150) around the world (Synal, 2013, 2022). In the early
days of AMS, though, the Grenoble cyclotron was used with
positive-ion injection for the first detection of 10Be with AMS
(Raisbeck et al., 1978). The same group subsequently used the
accelerator system ALICE [linear accelerator (linac) plus
cyclotron] at Orsay to separate 26Al from the stable isobar
26Mg by fully stripping the ions at high energy (Raisbeck,
Yiou, and Stephan, 1979). Similarly, 41Ca was separated from
the stable isobar 41K (Raisbeck and Yiou, 1980). Now these
radioisotopes are all measured with tandem AMS facilities at
much lower energy. The detection of the heavy radioisotope

FIG. 1. The 60 in. cyclotron at the Lawrence Radiation Labo-
ratory, Berkeley, soon after completion in 1939. The key figures in
its development and use are, from left to right, Dr. D. Cooksey,
Dr. D. Corson, Dr. Ernest Orlando Lawrence (the inventor of
the cyclotron), Dr. R. Thornton, Dr. J. Backus, W. S. Sainsbury,
Dr. L.W. Alvarez, and Dr. Edwin Mattison McMillan.
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205Pb was pursued early on with positive-ion injection only at
the UNILAC heavy-ion linac at GSI Darmstadt (Ernst et al.,
1984). Positive-ion injection must be used for noble gases
since they do not form negative ions (except for metastable
He−). Examples are the measurements of 81Kr at the super-
conducting cyclotron of Michigan State University (Collon
et al., 2000) and 39Ar at the Argonne Tandem Linear
Accelerator System (ATLAS) heavy-ion linear accelerator
at Argonne National Laboratory (Collon et al., 2004; Tessler
et al., 2018).
Over the years AMS has been reviewed many times,

documenting the steady progress in both technical and
scientific aspects. Some of these reviews were given by
Muller (1979), Litherland (1980), Kutschera (1983, 2005,
2013 2016), Elmore and Phillips (1987), Kutschera and Paul
(1990), Finkel and Suter (1993), Tuniz et al. (1998), Fifield
(1999), Gove (1999), Collon, Kutschera, and Lu (2004), Suter
(2004), Jull and Burr (2006), Gove, Purser, and Litherland
(2010), Litherland, Zhao, and Kieser (2011), and Synal
(2013, 2022).
Progress in AMS was documented in the proceedings of the

triannual AMS conferences starting in 1978 at the University
of Rochester (Gove, 1978) and continued at Argonne National
Laboratory (Henning et al., 1981). Since 1984, the proceed-
ings have been published in Nuclear Instruments and Methods
in Physics Research B: AMS 3, Zurich, Switzerland (Wölfli,
Polach, and Andersen, 1984); AMS 4, Niagara-on-the-Lake,
Canada (Gove, Litherland, and Elmore, 1987); AMS 5, Paris,
France (Yiou and Raisbeck, 1990); AMS 6, Canberra-Sydney,
Australia (Fifield et al., 1994); AMS 7, Tucson, AZ (Jull,
Beck, and Burr, 1997); AMS 8, Vienna, Austria (Kutschera
et al., 2000); AMS 9, Nagoya, Japan (Nakamura et al., 2004);
AMS 10, Berkeley, CA (Knezovich et al., 2007); AMS 11,
Rome, Italy (Calcagnile et al., 2010); AMS 12, Wellington,
New Zealand (Zondervan et al., 2013); AMS 13, Aix-
en-Provence, France (Braucher and Bourlès, 2015);
AMS 14, Ottawa, Ontario, Canada (Kieser et al., 2020);
and AMS 15, Sydney, Australia.

B. Long-lived radionuclides

1. Cosmic-ray-produced radionuclides

The seminal work of Lal and Peters (1967) described the
production of radioactivity on Earth through a cosmic-ray
interaction. Based largely on this work, Fig. 2 summarizes the
production of long-lived radioisotopes in the atmosphere
(Kutschera, 2013).1

The production rate depends on the availability of suitable
target atoms, the cosmic-ray flux, and the cross sections of
nuclear reactions with primary cosmic rays, which are
composed mainly of highly energetic protons (Simpson,
1983). Secondary cosmic rays (neutrons or muons) produce
radioactivity in the atmosphere, and some reach the surface of
Earth and produce valuable radioactivity in rocks (Lal, 1988),
which can be utilized by AMS for surface exposure dating
(Lal, 1991) and erosion studies (Dunai, 2010). For recent
reviews see Hajdas et al. (2021) and Schaefer et al. (2022).

2. Artificial radionuclides

Short-lived radionuclides are widely used in physics and
other fields, often as “tracers” of various processes because they
mimic the chemical behavior of their stable isotopes. They are
also useful for both diagnostic and therapeutic use in the
medical field. Sometimes these radioactivities produce a
long-lived daughter product. An example is the most used
radionuclide in diagnostic medicine, the short-lived metastable
99mTc (half-life ¼ 6.0 h), fed through the beta decay of the
longer-lived “mother” 99Mo (half-life ¼ 66 h). 99mTc decays to
the long-lived ground state of 99Tc [half-life ¼ 2.1 × 105 yr
(Browne andTuli, 2017)]. 99Tc also contributes to the long-lived
inventory from nuclear power reactors, because it is the long-
lived end product of the mass-99 isobaric chain produced in the
fission of 235U and 239Pu.
The intense nuclear weapons testing period between 1952

and 1963 released neutrons and fission products into the
atmosphere. The neutrons reacted with 14N to form 14C
(Fig. 3), increasing the 14C content in the atmosphere by
about a factor of 2 at the time of the Nuclear Test Ban Treaty in
1963 (Levin and Hesshaimer, 2000; Levin et al., 2022). This
triggered interesting applications of the so-called 14C bomb
peak (Grimm, 2008). Other anthropogenic radionuclides are
discussed in Sec. III.G.

FIG. 2. Production rate of long-lived radionuclides by cosmic
rays in the atmosphere. The main target atoms for the production
of the respective radionuclides are indicated with different colors.
The atmospheric concentration of CO2 in 2022 is 0.042%. The
total production rates in the atmosphere (atoms=s) can be
obtained by multiplying the plotted numbers with the surface
of Earth (5.1 × 1018 cm2). Adapted from Kutschera, 2013.

1For a record of CO2 in the past, see https://keelingcurve.ucsd.edu.
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3. Overview of radionuclides suitable for AMS measurements

Early on the long-lived radionuclides 10Be (half-life ¼
1.39 × 106 yr), 14C (5700 yr), 26Al (7.18 × 105 yr), 36Cl
(3.01 × 105 yr), and 129I (1.61 × 107 yr) were established as
being well suited for AMS measurements with tandem
accelerators (Elmore and Phillips, 1987). For a discussion
of half-lives see Sec. IV.A.1.
Twenty-five years later, the number of radionuclides mea-

sured with AMS had grown to 55 (Kutschera, 2013), and in
2022 had reached 61 (also including the primordial radio-
nuclides 40K, 232Th, 235U, and 238U): 3H, 7Be, 10Be, 14C, 26Al,
32Si, 36Cl, 39Ar, 40K, 41Ca, 44Ti, 53Mn, 55Fe, 59Ni, 60Fe, 63Ni,
68Ge, 79Se, 81Kr, 90Sr, 92Nb, 93Zr, 99Tc, 126Sn, 129I, 135Cs, 137Cs,
146Sm, 151Sm, 166mHo, 182Hf, 202Pb, 205Pb, 210Pb, 210mBi, 226Ra,
228Ra, 228Th, 229Th, 230Th, 231Pa, 232Th, 232U, 233U, 234U, 235U,
236U, 237Np, 238U, 239Pu, 240Pu, 241Pu, 241Am, 242Pu, 243Am,
244Pu, 244Cm, 246Cm, 247Cm, 248Cm, and 250Cm.
Frequently measured radionuclides are marked in bold

letters. Among them, 14C is by far the most used one
(>90%). This is due to the versatility of 14C for research in
many different fields (Kutschera, 2018). The second most
used radionuclide is 10Be, followed by 26Al, 36Cl, and 129I.
A potentially interesting radionuclide is 41Ca (half-life ¼
9.94 × 104 yr), as it was envisioned early on for the dating
of bones (Yamaguchi, 1963) and first considered with AMS

FIG. 3. Schematic presentation of 14C production in the atmos-
phere through the nuclear reaction 14Nðn; pÞ14C, with neutrons
originating from both cosmic-ray-induced spallation of atmos-
pheric nuclei and man-made nuclear explosions. The subsequent
two-step oxidation of 14C to 14CO2 and its uptake by the
biosphere and the ocean are also indicated. The photo is from
the first hydrogen-bomb test “Ivy Mike” in 1952 (National
Nuclear Security Administration, Nevada Site Office). Adapted
from Wild et al., 2019.

FIG. 4. Schematic layout of the VERA AMS facility in the configuration of 2022. The original facility became operational in 1997 and
has since gone through several upgrades in order to accommodate the presently detected isotopes. From Golser and Kutschera, 2017.
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(Raisbeck and Yiou, 1979, 1980; Henning et al., 1987).
Although the detection of 41Ca at natural levels in different
environments has been accomplished with AMS (Fink,
Klein, and Middleton, 1990; Fink et al., 1990), a radiocalcium
dating method for bones is still awaiting a solution; see
Sec. III.A.7.
A versatile AMS facility such as the Vienna Environmental

Research Accelerator (VERA) based on a 3 MV tandem
accelerator (Fig. 4) is capable of measuring a large fraction of
the previously listed radionuclides that typically excludes
some of the medium-heavy and heavy radionuclides requiring
isobaric separation. The situation is depicted in Fig. 5.

II. TECHNICAL ASPECTS OF AMS

A. Isotopic ratios: General principle of AMS measurements

AMS is a mass-spectrometric method that produces an ion
beam and separates ions according to their mass, particle
energy, and charge state by electric and magnetic components
and, moreover, can separate or discriminate nuclides of the
same mass number A and different atomic number Z. Rare
isotopes are counted with particle detectors one by one, while
the beam intensity of stable ions is measured as a current with
Faraday cups. By alternating the measurement setup between
rare and reference isotope, an isotopic abundance ratio of
these two can be obtained. By the use of an accelerator
and particle stripping (discussed later), much lower atom
concentrations can be measured than with conventional

mass-spectrometric techniques [exceptions are some applica-
tions using resonance ionization mass spectrometry (RIMS)
(Wendt, Trautmann, and Bushaw, 2000; Wendt, 2002]. AMS
often allows the measurement of long-lived radionuclides at
their natural abundance ratios with respect to their stable
isotopes. If no stable isotope exists, such as in the case of
Pu AMS, a well-known amount of a spike can be added to the
sample, and the rare isotope can then be measured relative to
the spike again as the isotopic ratio (both counted with a
particle detector). The measured isotope ratio needs to be
corrected for measurement background, which may be intro-
duced either during sample preparation (for instance, modern
14C) or as an intrinsic machine (usually ion source) back-
ground. The isotopic ratio needs to be normalized by means of
standards of well-defined ratios to correct for mass-dependent
effects in the measurement setup (such as stripping, tuning
differences, or systematic differences in the particle detector
versus current measurement).
In AMS, the ion beam is selected for the isotope of interest,

and unwanted atoms or molecules are filtered using a series
of electrostatic and magnetic deflectors. Utilizing the high
particle energies provided by the accelerator (Sec. II.B),
particle identification methods of nuclear physics with sin-
gle-atom detectors can be applied (Sec. II.E). The sample
material is sputtered and therefore slowly consumed with
consumption rates of less than or of the order of a milligram
per hour of measurement. The detector rates can be between
more than 1000 events per second for modern carbon and less
than one event per day, for instance, for 60Fe- or 244Pu-free
blank samples. If only a few counts are expected, it is crucial
to suppress completely the interfering background due to
stable elements of the same mass called isobars (for example,
10B in the case of 10Be), molecules of the same mass (12CH2 vs
14C), and tails of the more abundant isotopes (for instance,
235U and 238U vs 236U). It is also crucial to suppress other ions
(such as m=q ambiguities) that can enter the detector and may
be present at much higher count rates but different energies.
The abundance sensitivity in AMS is limited by the overall

efficiency of the rare isotope detection (this is the fraction of
radionuclides in the sample that is counted eventually with the
detector), and also by any residual isobaric and isotopic
interferences in the detector mimicking a rare radionuclide
detector signal. Many methods have been developed to make
AMS measurements possible for a number of isotopes or for
improving the measurement sensitivity to facilitate its wide
range of applications. The typically 10–16 orders of magni-
tude or so higher intensity of stable neighboring isotopes
makes it more and more probable for heavier masses to pass
the mass-selective filters due to scattering and charge-
exchange reactions when the relative mass difference becomes
smaller. Isobars cannot be separated by mass and a number of
techniques are applied to remove or identify the isobaric
content in the beam. In the following, we discuss different
types of accelerators (Sec. II.B) and how to prepare samples
and produce negative ions (Sec. II.C). Optimizing measure-
ment sensitivity by source output and some methods to
suppress interfering background are also discussed
(Secs. II.D and II.E). For more details on the specific
techniques used in AMS, see Synal (2013, 2022).

FIG. 5. Display of radionuclides that are of interest for AMS
measurements. Radionuclides that can be measured at smaller
tandem AMS facilities like VERA are marked in green, whereas
those that can currently be measured only at larger tandem
facilities are marked in brown. The ones marked in purple require
positive-ion production and acceleration via heavy-ion linear
accelerators (Collon et al., 2004; Kinoshita et al., 2012; Tessler
et al., 2018) or heavy-ion cyclotrons (Collon et al., 2000). The
ones marked in red can now be measured at VERA using the new
laser-anion interaction system ILIAMS (Martschini, Hanstorp
et al., 2019; Martschini et al., 2020, 2022); see also Sec. II.D.3.
Previously 90Sr could be measured only at a large tandem facility
(Paul et al., 1997). For radionuclides marked in blue, a stable
isobar suppression has presently not been achieved.

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-6



B. The choice of accelerator

1. Tandem accelerators

Accelerator mass spectrometry is a good example of the use
of accelerators for a purpose they were not built for (Alvarez,
1982). Although early on AMS was performed with both
cyclotrons and tandem accelerators, it was soon realized that
AMS can best be performed with the latter (Litherland, 1980),
especially in combination with cesium-beam negative-ion
sputter sources (Middleton, 1984a, 1984b). This type of
accelerator therefore became the preferred system for AMS
experiments. Over the years, a dramatic reduction in the size
of AMS facilities has been achieved (Fig. 6), driven by
systematic investigations of ion beam physics at ETH
Zurich (Suter, Jacob, and Synal, 1997; Synal et al., 2004;
Synal, Stocker, and Suter, 2007).
The main reasons why tandem accelerators are well suited

for AMS are as follows.
(a) For several important radionuclides (14C, 26Al, 36Cl,

and 129I), the otherwise strongly interfering stable
isobars (14N, 26Mg, 36Ar, and 129Xe) do not form
stable negative ions. Other examples are 55Fe, 68Ge,

and 202Pb, where the stable isobars (55Mn, 68Zn, and
202Hg) also do not form stable negative ions.

(b) The stripping process in the terminal of tandem
accelerators, converting negative ions to positive ones,
breaks up interferences of molecules of the same mass
number (such as 12CH−

2 and 13CH−) for 14C detection.
(c) It is possible to stabilize the terminal voltage of the

tandem accelerator with a feedback loop from a
generating voltmeter guaranteeing a well-defined par-
ticle energy without the need for a slit control feedback
signal from a “real” beam on the high-energy end of
the accelerator. Alternative methods used position-
sensitive Faraday cups (White et al., 1981). In power
supply driven low-energy AMS, high-voltage stability
is intrinsically provided from the power supply itself.

(d) The cesium-beam negative-ion sputter source
(Middleton, 1983) is capable of producing negative
ions for most elements. Molecular negative ions can be
used in cases where atomic ions are unstable and/or
weakly bound (such as 10BeO−, 41CaH−

3 , and
41CaF−3 ).

(e) Detailed studies of the stripping process in
tandem accelerators (Suter, Jacob, and Synal, 1997;

FIG. 6. Illustration of the size reduction of AMS facilities strongly depending on the terminal voltage of the tandem accelerator.
Terminal voltage and floor space requirement are indicated with red labels. Note that “Mini AMS” is now known as the mini radiocarbon
dating system (MICADAS). Adapted from Kutschera, 2016.
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Synal et al., 2004; Synal, Stocker, and Suter, 2007)
have led to the development of ever smaller AMS
facilities (Fig. 6).

(f) Finally, an important point is to obtain a high overall
efficiency, i.e., the fraction of radionuclide atoms in
the ion source sample that actually arrive in the final
detector system. This can be as high as 5% for 14C, but
as low as 0.1% to 0.01% for more difficult cases where
radionuclides do not easily form negative ions.

2. Low-energy cyclotrons

For some time, 14C measurements were pursued with
negative-ion injection into a small 35 keV cyclotron (the
“Cyclotrino”) at Berkeley (Welch et al., 1986; Bertsche et al.,
1990). Later this concept was pursued with a 50 keV mini-
cyclotron at Shanghai (Chen et al., 1994), culminating in a
minicylotron-based AMS facility capable of performing 14C
measurements at natural levels (Chen et al., 2000), with first
applications using archaeological samples (Zhou et al., 2000).
However, small radiocarbon facilities based on the tandem
accelerator principle such as MICADAS (Synal, Stocker, and
Suter, 2007) turned out to be better suited for 14C measure-
ments than the minicyclotron and thus dominate AMS
facilities worldwide; see Sec. II.H.

3. High-energy cyclotrons

At sufficiently high energy, it is possible to separate
radionuclides from stable isobars by complete stripping;
see also Sec. II.D. At the ALICE facility of Orsay it was
shown early on (Raisbeck, Yiou, and Stephan, 1979) that at
200 MeV fully stripped 26Al13þ ions can be separated from the
stable isobar interference 26Mg12þ in a magnetic spectrometer
after the cyclotron.
Since noble-gas radionuclides do not form negative ions,

they have to be measured at accelerators with positive-ion
injection. Electron cyclotron resonance (ECR) sources pro-
duce multiply charged positive ions for proper injection into
high-energy cyclotrons and linear accelerators (Geller, 1990).
At the superconducting cyclotron facility of Michigan State
University, an AMS experiment was performed with 81Kr
(half-life ¼ 2.3 × 105 yr) at 3.6 GeV by separating fully
stripped 81Kr36þ ions from the stable isobar 81Br35þ with a
magnetic spectrometer (Collon et al., 1997). Subsequently
this method was used for 81Kr dating of old groundwater in the
Great Artesian Basin of Australia (Collon et al., 2000).
Although a successful dating was achieved, the overall
efficiency was low (10−5), and the operation of a large
accelerator facility was complex. In recent years, a laser-
based method called atom trap trace analysis (Chen et al.,
1999) has advanced to a stage where 81Kr detection with much
higher efficiency and laboratory-size equipment became
feasible; see Sec. II.G.
At the UNILAC accelerator at GSI in Darmstadt, Germany,

the detection of 205Pb (half-life ¼ 1.7 × 107 yr) has been
pursued for some time (Ernst et al., 1984). At an energy of
2.3 GeV, a separation from 205Tl was possible with a
combination of a passive gas absorber, a time-of-flight
measurement, and a magnetic spectrograph. The goal of this

effort is to eventually determine the integrated flux of pp solar
neutrinos through the reaction 205Tlðν; e−Þ205Pb by measuring
accumulated 205Pb atoms in the thallium-bearing mineral
lorandite (Pavicevic et al., 2018).

C. Negative-ion sources and sample preparation

The overwhelming importance of electrostatic tandem
accelerators in AMS and the principle of negative-ion injection
resulted in an intense effort to develop versatile, intense, and
practical negative-ion sources. The widely used source is the
cesium-sputter ion source. Production of negative ions from the
surface of a solid by sputtering with Csþ ions was conceived
much before its application to AMS by Krohn (1962); see also
the prior research on negative ions (Massey, 1950). The
singular role of Cs in the production of negative ions is
lowering the work function of a material surface, an effect
observed byKrohn to be enhanced by covering the surfacewith
a layer of Cs atoms. TheAarhus negative-ion source (Tykesson,
Andersen, and Heinemeier, 1976) based on the Cs sputtering
was first developed for the acceleration of heavy ions in tandem
accelerators. However, the major development of the modern
Cs-sputter negative-ion sourcewasmade byMiddleton (1983),
who contributed in large part to the successful expansion of
AMS. The principle of the Middleton high-intensity negative-
ion source is illustrated in Fig. 7 for the ion source used by the
AMS Hebrew University group (Gelbart et al., 1997). Most
AMS facilities use multisample Middleton-type sources built
commercially (between ∼20 and 200 samples), allowing for
automatized sample changing and providing intense negative
ionic or molecular ion beams. Together with their quasiuni-
versal use in AMS, common shortcomings with this type of
source are the need for regular cleaning and so-called ionizer
poisoning by deposition of refractory materials. Possible
memory and crosstalk effects between samples are also
observed and are critically dependent on the physical and
chemical properties of the sample material and the ion
produced; see Pavetich et al. (2014) for the case of 36Cl.
Sample preparation techniques for use with negative-ion

sources constitute a major part of AMS and often dominate
efforts to ensure that successful measurements and large
efforts were dedicated to them. For 14C measurements,
certainly the most numerous and demanding, the main
considerations in preparation are (i) C− negative-ion intensity,
required mostly in the 10 to 100 μA range, (ii) reduction of
sample size, sometimes down to the microgram range, and
(iii) strict control of contamination from atmospheric or
environmental modern carbon. Combustion of an organic
material to gaseous CO2 (for instance, by heating with CuO to
≈900 °C) and following graphitization with a reducing agent
were shown early on to be an efficient method of preparation
of milligram-size sputter targets (Jull, Donahue, and Zabel,
1983) producing C− beams at microampere intensity. An
important development was an automized graphitization
system at the ETH Zurich (Wacker, Nemec, and Bourquin,
2010), which is now widely in use at AMS 14C facilities. Even
smaller-size samples of a few micrograms are prepared and
used, as mentioned in Sec. I.A.3 (Santos et al., 2007; Cao
et al., 2013; Petrenko et al., 2016; Steier et al., 2017).
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A more direct method of sample preparation for 14C AMS
measurements was pioneered at Oxford with the development
of a gas ion source (Bronk and Hedges, 1987, 1990; Bronk
Ramsey and Hedges, 1997) using CO2 obtained by burning of
a sample and eliminating the additional contamination risks
involved with graphitization. This method was refined by Ruff
et al. (2010) and became quite common for small AMS
machines (Molnár et al., 2021). Other considerations impor-
tant for sample preparation are related to the selection of
chemical compounds from which production of negative
molecular ions either is abundant enough for a useful AMS
measurement or provides isobaric discrimination at the ion
source stage. Important examples are BeO− ions used for
AMS of 10Be and oxides or fluorides for uranium and other
actinide isotopes. Also notable is the case of 41Ca AMS,
which cannot rely on the low intensity of Ca− ions [see
Schwarzschild (1988)], which itself is due to the extremely
small electron affinity of Ca (24.55� 0.10 meV) (Petrunin
et al., 1996). Raisbeck et al. (1981) discovered that the
molecular ion CaH3

− can be used with fair intensity and
considerably reduces 41K isobaric interference owing to
the instability of the KH3

− ion. It was later shown that the
CaF3− ion can be similarly employed using fluoride anions
observed for their elemental selectivity and high beam
intensity; see Sec. II.D.1.

D. Background suppression

The unique abundance sensitivity provided by AMS fol-
lows from the ability to measure ratios between low counting
rates of the rare ion (in some cases 0.1–1 count=d) and rates of
stable ions measured by charge current, typically in the range
of e nA to e μA (109 to 1012 ions=s). In addition, ion detectors
for AMS energies (> ∼ 1 MeV) have no dark current, and

therefore no intrinsic background. In this section we discuss
methods to sustain high count rates by applying efficient
methods to reduce intense background from stable isotope and
isobar contributions before the beam enters the final detector
system. It is then possible to identify the remaining compo-
nents in the beam including the rare isotope with this detector
system (such as a multianode ionization chamber).
Mass spectrometry is a destructive method, meaning that

the sample material is consumed during the measurement.
Sample preparation seeks to reduce the isobar content in the
measurement sample but also to concentrate the element of
interest such that a high source output is ensured, which leads
to reasonable count rates in the detector. For example, the
sample matrix is often reduced from a gram size or hundreds
of grams to a milligram sputter sample, and the radionuclide
concentration correspondingly increases by several orders of
magnitude.
With few exceptions [such as an online radiocarbon (14C)

analysis of carbonate records via laser-ablation AMS (Welte
et al., 2016; Welte, Wacker et al., 2016)], for some cross
section measurements in nuclear physics and astrophysics
(Wallner et al., 2003, 2014) the sample material needs to be
processed and the element including the isotope of interest
isolated from the bulk material, for instance, C from bones
(Deviese et al., 2018), Be from rocks or sediment (Horiuchi
et al., 2013; Corbett, Bierman, and Rood, 2016), and Pu from
soil samples (Tims et al., 2016).
The typical consumption rates in a sputter ion source for

AMS are of the order of 1015 atoms and molecules per second,
equivalent to sputtering rates between a few μg=min and up to
several mg/h. In the following, a few examples are presented
for natural radionuclide concentrations: 1 mm3 modern wood
or modern bone contain approximately 107 14C atoms. In
principle, such material would allow sputtering of the sample

FIG. 7. (a) Schematic illustration of a custom-built Middleton-type high-intensity negative-ion source used by the Hebrew University
AMS group (Gelbart et al., 1997). Cs vapor delivered into the source volume by an oven (internal in this design) and Csþ ions produced
on the resistively heated hemispherical ionizer surface (tantalum) are accelerated and focused onto the target at a negative potential of
about 5 kV. The solid AMS sample is pressed in a 1.5 or 1 mm diameter hollow in the conical target, which is cooled by Freon
circulation. Negative ions ejected by the same potential through the central 4 mm diameter hole in the ionizer are eventually extracted
and transported toward the injection system of the accelerator. (b) Photographs (from left to right) of the ion source components:
(i) A sample wheel containing positions for 28 targets. The target is rotated using a computer-controlled pneumatic motor for insertion
into the source body. (ii) Ion source assembly. The wheel is located in the flat box (separately pumped via the lower port) and can be
isolated from the ion source volume by a hand gate valve (black handle) for fast replacement. (iii) Ion source chamber with its extractor
insulator (white).
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directly, but at the cost of reduced measurement accuracy
and source output. Modern dedicated AMS systems produce
detector count rates exceeding 1000 14C detector events/s
for modern radiocarbon samples, equivalent to 100 μA of
stable C currents extracted from the ion source. In contrast,
other nuclides might yield only ten to a few 100 nA (for
instance, Al, although new methods allow the 26Al count rate
to be increased significantly; see Sec. II.D.2). At the other
extreme, AMS systems manage to handle detector count rates
of fewer than one event per day for the lowest measurable
concentrations of extraterrestrial nuclides (for instance, if
natural production on Earth is negligible, such as for 60Fe
or 244Pu; see Sec. IV.B.3). This vast difference in beam
intensity spanning 7 orders of magnitude highlights the
dynamic range of AMS and its flexibility for a wide range
of applications.
For the goal of the “Old Carbon Project” (Beukens et al.,

2004; Litherland, Zhao, and Kieser, 2011) 14C enrichment
allowed the measurement of 14C=12C isotope ratios down to
∼10−18. Many other examples based on substantial matrix
reduction by dedicated chemistry in combination with sophis-
ticated particle detection methods have achieved similar
concentration levels. Examples are 63Ni AMS measurements
from Cu samples exposed to fast neutrons in the Hiroshima
atomic bomb explosion with a concentration ratio 63Ni∶63Cu

of ∼1∶1018 (Rugel et al., 2000; Straume et al., 2003, 2004;
Rühm et al., 2007) and the detection of interstellar 244Pu
in deep-sea crusts with quantifications even down to the
zeptoscale range (<10−20 g 244Pu=g deep-sea crust); see
Sec. IV.B.3.
The overall particle detection efficiency depends on the

chemical yield in sample preparation, the fraction of the
desired atoms in the sample that are extracted as negative ions
from the ion source (see the proper choice of molecules in
Sec. II.C), the charge-state yield in the stripping process, and
the ion-optical transmission through the spectrometer. State-
of-the-art AMS facilities (see Fig. 8) are optimized systems
reaching an ion-optical transmission of above 90%; another
important improvement, particularly for heavy-ion AMS at
small AMS facilities, is high charge-state yields combined
with complete molecule destruction owing to the use of He as
the stripper gas (Vockenhuber et al., 2013).

1. Reduction of isobaric interference

Isobars by definition have the same mass number and
consequently nearly the same mass and will often pass all
mass and energy filters identically to the rare isotopes. Isobar
intensity reduction can be achieved in a number of different
ways; see also Table I.

• By dedicated chemical sample preparation procedures
(at levels down to ∼ppm).

• The proper selection of negative ions or molecules
can reduce isobaric interference, for instance, CaH3

−
for 41Ca (Raisbeck et al., 1981) and HfF3− for 182Hf
(Vockenhuber, Feldstein et al., 2004).

• Isobars extracted from the ion source can be removed
from the beam by atom selective processes. Such
methods include selective laser photodetachment and
chemical reaction cells, both at the low-energy side of
the facility; see Sec. II.D.3. Both methods are additions
that promise a huge potential for new applications of
new radionuclides to become measurable in the future;
see Fig. 5 in Sec. I.B.3.

• By taking advantage of the differing energy losses for
particles with different atomic numbers (as the isobar
has a different atomic number), the so-called dE=dx–E
method is widely used in the final detector system for
AMS measurements (Elmore et al., 1984). For more on
these detector systems see Sec. II.E.

• By losing a different amount of energy, isobars can be
separated out from the beam by subsequent energy-
selective filters before they enter the final particle detector
(the degrader foil technique; for instance, B vs Be or
Cl vs S). This method was introduced by Kutschera et al.
(1980) as early as 1980 in large AMS systems for 32Si and
applied to 10Be AMS performed with a 2 MV tandetron
accelerator by Raisbeck et al. (1984).

• An interfering isobar with a higher Z than the rare
radionuclide experiences a higher energy loss and can
therefore be stopped before entering the detector (for
instance, B vs Be; see Fig. 9) while still leaving sufficient
energy for the rare radionuclide to be counted (the
passive absorber). Gas cells or thick foils are being
used. This method as well as the degrader foil technique

FIG. 8. Example of a compact AMS system. The 4103Bo AMS
multielement system is shown operating with a vacuum insulated
tandem accelerator as produced by HVE. The vacuum insulated
tandem accelerator principle was pioneered at ETH Zurich (Synal
et al., 2004) and is being used in the MICADAS facilities (Synal,
Stocker, and Suter, 2007); it is now manifuctured by Ionplus. In
our example, a 200-sample sputter ion source delivers negative
ions that are energy (electrostatic analyzer) and mass filtered (90°
magnet) and injected into the tandem accelerator. Collisions in
the gas stripper at the terminal strip off electrons and eliminate
molecular ions. Positively charged ions are then accelerated a
second time, and the mass and energy are again analyzed at the
high-energy side of the system. A degrader foil (such as for
Be AMS) results in isobars with different energies (higher energy
loss for B than for Be) that are then separated by the electrostatic
deflector. A second 120° magnet reduces the background further,
including isotopic interference, and often does not require an
additional TOF system (even for actinide measurements). The
rare radionuclides are counted in the final gas-ionization cham-
ber, while stable isotopes are measured as currents after the
low-energy and high-energy magnets. Adapted from Scognamilio
et al., 2021.
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benefited enormously from the invention of so-called
silicon nitride membranes (Döbeli et al., 2004). These
foils are produced homogeneously, in particular, for
particle identification in low-energy AMS (Müller et al.,
2010). See also their use as an entrance window for
ionization chambers in Sec. II.E.

• The measurement of characteristic x rays emitted from
excited ions after passing a thin foil can be used to tag an
event as either an isobaric background or a rare isotope
event (projectile x-ray detection) (Artigalas et al., 1993;
McAninch et al., 1997).

• If high particle energies are available, the particles can
be fully stripped with reasonable yields; thus, the naked
radionuclide can have a unique charge state if the atomic
number is higher than the isobar and can be separated
(Raisbeck, Yiou, and Stephan, 1979; Ernst et al., 1984;
Kutschera et al., 1994; Collon et al., 2000).

Finally, also requiring high particle energies and therefore
a large accelerator, the gas-filled magnet technique reduces
beam intensities of isobars by several orders of magnitude

while keeping the intensity of the rare isotope essentially
at 100%; for more details see Sec. II.D.4.
For heavier masses, the relative differences in mass and

particle energy get closer and the energy resolution of the
particle detectors does not allow sufficient discrimination
between the stable and radioactive isotope. This leads to an
increased background from such leaking stable isotopes.

2. Isotopic background reduction and identification

This isotopic background can be reduced significantly by
adding an additional magnet with high-mass resolution at the
high-energy side of the system (Suter et al., 2007; Christl
et al., 2014; Hotchkis et al., 2019; Steier, Hain et al., 2019);
alternatively, a so-called Wien filter (a velocity selector)
can separate isotopes from the transmitted beam albeit with
lower effectivity. Both methods reduce the beam intensity
of the interfering background ions. This has advantages as it
reduces detector count rates in contrast to pure isotope
identification methods.
Time-of-flight (TOF) detectors measure the particle flight

time, which can be combined with particle energy measure-
ments for isotope identification. This method was introduced
early on for the separation of 127I for the detection of 129I
(Elmore et al., 1980). TOF can be done with much better
resolution compared to energies in a particle detector (Paul
et al., 1997; Knie et al., 2000; Vockenhuber et al., 2003; Fifield
et al., 2010) and thus has much higher discrimination power.
Because the flight time (i.e., the velocity) depends on the
particle mass, it can be used to discriminate between different
masses. TOF systems will not reduce the background count
rates; they allow the background ions to be identified with high
resolution, but often at the cost of reduced beam transmission.
Adding more energy- and mass-selective components

with high resolving power before the particle detector can
separate out these background ions more efficiently.
Therefore, for cases where no stable isobar exists in the beam
(such as actinides), small and compact AMS systems now
outperform the larger AMS systems (because charge-state
yields are higher and the beam optics allows nearly 100% ion-
optical beam transmission). New compact AMS systems

FIG. 9. Simulation of isobar reduction for 10Be AMS via a thick
absorber in front of the detector. A stack of silicon nitride
membranes stops boron with its higher atomic number (Z ¼ 5),
while beryllium (Z ¼ 4) enters the ionization chamber, where
they are stopped in the gas volume. The remaining background
(scattered ions or residual 10B) can be identified by the differing
energy losses along the two anodes of the chamber. Adapted from
Steier et al., 2019.

TABLE I. Examples of isobar suppression methods in routine measurements for selected radionuclides. PA, passive
absorber; DF, degrader foil; GFM, gas-filled magnet; LIC, laser photodetachment and ion cooler or chemical reaction cell;
FS, full stripping; dTOF, delta E TOF (energy lossþ TOF); PXD, projectile x-ray detection; TV, terminal voltage.

Radionuclide Z Stable isobar Z Isobar reduction Typical TV

10BeO 4 10BO 5 PA, DF, GFM 0.25–8 MV
26AlO 13 26MgOa 12 LIC, GFM, FS 0.25–14 MV
36Cl 17 36S 16 DF, GFM, FS, LIC 1.75–14 MV
41CaF3 20 41KF3 19 DF, GFM, LIC 2.5–14 MV
53MnO 25 53CrO 24 GFM, PA >10 MV
60FeO 26 60NiO 28 GFM >10 MV
59Ni 28 59Co 27 PXD, GFM >10 MV
146SmO 62 146NdO 60 GFM LINAC (6 MeV=u)
182HfF5 72 182WF5 74 LIC (dTOF) 3 (14) MV

aThe traditional way to detect 26Al is to use 26Al− from the ion source, which can be measured at low energies due
to the instability of 26Mg− ions. However, 26AlO− ions are favorable due to a>10 times higher ion yield. The 26MgO
isobars can be suppressed at TV ∼ 3 MV using LIC, and at TV > 13 MV with the GFM and FS techniques.
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(see Figs. 6 and 8) can run fully automatically and allow
precise and efficient measurements of many routine isotopes.
This also makes AMS attractive for more applications due to
more competitive sample preparation costs.
In the following, two effective methods for isobar suppres-

sion are discussed: (1) laser interaction within an ion cooler
that promises new applications in AMS for a number of new
isotopes, and (2) the gas-filled magnet (GFM), which has
proven to be an extremely useful tool for isobar suppression,
particularly for medium-mass isotopes (such as in nuclear
astrophysics applications; see Sec. IV.B).

3. Ion laser interaction mass spectrometry and gas reaction cells

Negative ions can be neutralized by photons via electron
detachment if the photon energy is higher than the electron
affinity (EA), which is an intrinsic property of a negative ion.
This process is a threshold process, and anions with EAs
higher than the photon energy are therefore unaffected. The
typical EA is of the order of an eV, between fractions of eV
and several eV. With 1 eV corresponding to a 1240 nm
wavelength, commercial lasers of suitable photon energy are
usually readily available.
This method (laser accelerator mass spectrometry) was

introduced in a proof-of-concept study in the 1980s by
Berkovits et al. (1989, 1990). Laser photodetachment is a
nonresonant process and, together with a short interaction
time (limited by the interaction length between the laser
photons and fast-moving ions), the duty factor of the laser-ion
interaction made the efficiency too low for practical purposes.
A significant step forward was the implementation of a

radio-frequency quadrupole (RFQ) ion beam cooler at
Oakridge National Laboratory to slow down the ions, leading
to a substantial increase of the interaction time (milliseconds)
(Liu et al., 2005). The gas-filled RFQ ion cooler slows down
the negative ions to kinetic energies in the few eV range.
Inside the quadrupole the ions will be further slowed down by

reduction of their kinetic energy by interaction with a buffer
gas, often helium. The laser beam runs collinear with the
beam line of the ion beam. Liu et al. (2005) achieved 95%
suppression of 59Co ions by photodetachment, while under
identical conditions 10% of 58Ni ions were neutralized.
Eventually such a method achieved suppression by more
than 99.99% for Co− ions (Andersson et al., 2010).
Based on these ideas, the AMS group at the VERA facility

refined these setups and installed the so-called Ion-Laser
Interaction Mass Spectrometry (ILIAMS), which was then
coupled to their 3 MV AMS facility (Forstner et al., 2008,
2015; Martschini et al., 2017, 2022; Martschini, Hanstorp
et al., 2019). With the availability of new tunable lasers, the
VERA facility has now applied this method for the first
time successfully to a number of isotopes and demonstrated
suppression of isobars close to 100% for 36Cl (Lachner et al.,
2019) and 26Al (Lachner et al., 2021); see Fig. 10. For
example, for MgO− isobar suppression factors exceeding
1010, i.e., “complete” isobar suppression, had been achieved
for 26Al AMS, paving the way for the use of the more prolific
molecule AlO− instead of isobar-free Al− (Martschini et al.,
2022). Besides the fully developed nuclides 26Al and 36Cl,
the nuclides 90Sr and 135;137Cs are also ready for applications.
Additional isotopes under investigation are 41Ca, 99Tc, and
182Hf, and many more isotopes are under consideration for
utilizing this promising method. If the isobaric background is
completely removed from the beam before entering the
particle accelerator, high particle energies are no longer
required and a small accelerator (for instance, 1 MV or
less) will be sufficient, with stripping providing molecule
dissociation.
An alternative but similar method for isobar suppression is

the interaction of the negative ions with special reactive gases
in the cooler due to ion reactions with the gas. Such gases can
also provide a selective neutralization of unwanted ions. A
resonant charge transfer, initiated by the reactive gas in an ion

FIG. 10. Left panel: isobar reduction of 26Mg via laser-ion interaction and a gas reaction cell for 26AlO AMS. The molecular isobar
MgO− is suppressed by ∼5 orders of magnitude in the simple passage through a He-filled ion cooler. Adding an appropriate laser for
selective photodetachment of MgO− results in additional suppression of up to 11 orders of magnitude and combined yields a
suppression factor exceeding 1014 at an injected laser power of 12 W. The use of AlO− increases the detection efficiency relative to the
use of Al− extraction by a factor of between 3 and 5. Adapted from Lachner et al., 2021. Right panel: 36Cl AMS. Effect of the laser
interaction for suppression of 36S−: both 36Cl and 36S reach the detector without a laser (gray circles). If the laser is turned on (blue
symbols), only 36Cl events are recorded (here at a laser power of 1 W). Adapted from Lachner et al., 2019.
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guide, was utilized by the Toronto-Ottawa group through their
isobar separator for anions (ISA) (Litherland et al., 2007). An
RFQ produced by Isobarics Group, Inc., was used as a test
system at IsoTrace Laboratory (Toronto) and is now installed
at the University of Ottawa. Their method suggests suppres-
sion factors of 5 to 6 orders of magnitude (Eliades et al., 2010,
2015) using NO2 as a reactive gas. This group focuses on the
superhalogen anions SrF3−, YF4−, and ZrF5−, which stay
largely unaffected in such a gas while suppressing the isobars
by orders of magnitude. ISA results demonstrate further that
substantial suppression of KF3−vs CaF3− is possible inside
their ion guide.

4. Gas-filled magnet

Among the detection methods useful to AMS and, in
particular, to isobaric separation, the gas-filled magnetic
spectrograph stands out (Paul et al., 1989). While a magnetic
spectrograph in vacuum disperses and analyzes ions by their
mass-to-charge ratio, ions traveling in a magnetic field region
filled with low-pressure gas collide with atoms or molecules of
that gas and can charge exchange by capture or loss of one or
more electrons. For a statistically sufficient number of charge-
changing collisions (which are still much less frequent than
elastic or inelastic atomic collisions), the ion trajectories are
governed by the mass-to-mean charge state m=hqi. Thus, ion
trajectories that are separated according to their charge state in
vacuum merge into a broad path in the gas-filled magnet
(Fig. 11). The degree of merging into a mean charge state
depends on the length of the path in the gas-filled magnetic
region and the gas pressure because a pressure increase results
in a better defined average charge state. This charge focusing
competes with the broadening due to multiple small-angle
scattering, defining a range of optimal gas pressures. Spatial
separation of the trajectories of two isobaric ions results from
the dependence of hqi on the atomic number Z of the ion
hqi ∝ vZγ , where v is the ion velocity and Z is its atomic
number with γ ≈ 0.3–0.4; see Dmitriev and Nikolaev (1965).
A comprehensive review on charge states and charge-
changing cross sections of fast heavy ions penetrating through
gaseous and solid media was given by Betz (1972).
The concept of the gas-filled magnet originated in the

search for separation of isobaric nuclei in a fission product
chain (Cohen and Fulmer, 1958; Fulmer and Cohen, 1958;
Sistemich, 1975) and is in fact still used for that purpose
(Chebboubi et al., 2016; Kim et al., 2020). It was applied to
AMS at the University of Rochester (Kubik et al., 1989) and
Argonne National Laboratory (Paul et al., 1989) owing
particularly to the fact that the physical separation of a rare
radionuclide from its stable isobar enables the latter (or part
thereof) to be blocked in front of the particle detector, thus
avoiding possibly excessive count rates. Moreover, the gas-
filled magnet acts as a passive absorber, which discriminates
among isobaric ions by their different residual energies
after passage through the gas. As shown by Hain et al.
(2018), the dual action of the gas-filled magnet as a separator
together with a passive absorber leads to higher radionuclide
sensitivity.
The gas-filled magnet technique was successfully applied

to the detection of cosmogenic and artificial radionuclides,

allowing in general isobaric separation for heavier radio-
nuclides more effective than would otherwise be possible
on the basis of measurements of differential energy loss
alone. A further advantage of the gas-filled magnet method
compared to a passive absorber followed by conventional
magnetic analysis (Finkel et al., 2013) consists of an
improved yield: while in a magnetic analysis in vacuum
the yield is divided between several charge states (usually
three or four), the gas-filled magnet merges all yields in a
single group. The technique has thus been continually used
since its development in many AMS laboratories, both to
improve isobaric discrimination at low-energy accelerators
and to investigate ever heavier ions with larger machines.
The gas-filled magnet technique was applied soon after its
first use in AMS to ultrasensitive analyses of 32Si and 36Cl at
ETH Zurich (Zoppi et al., 1994) and in other laboratories for
36Cl (Hatori et al., 2000; Alfimov and Possnert, 2004; Aze
et al., 2007; Vockenhuber, Miltenberger, and Synal, 2019),
with electrostatic tandem accelerators operating at 5–6 MV
terminal voltage.
The technique was also suggested for separation of 26Al from

the stable isobar 26Mg when one uses an injection of AlO−;

FIG. 11. Schematic illustration of the gas-filledmagnet principle.
Trajectories followed by heavy ions in a magnetic field region are
shown. Top panel: trajectory in vacuum. Two isobaric ions (blue
and red) with the same charge states have degenerate trajectories
[unless under exceptionally high magnetic resolving power
ðm=qÞ=dðm=qÞ ∼ 105]. Bottom panel: trajectory in a gas-filled
magnetic field region. The ions follow two broadened paths
governed by their mean ion charge state in the gas that are
different owing to their differing ionic charges as a result of
differences inZ, and additionally owing to the different energy loss
that they experience through their flight through the gas.
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the molecular ion AlO− is much more efficiently produced than
the Al− ion normally used for 26Al because of the instability of
the isobaric Mg− ions (Arazi et al., 2004; Fifield et al., 2007).
Large programs of detection of heavier AMS nuclides based
on higher-voltage accelerators were developed at Technical
University of Munich with the gas-filled analyzing magnet
system (Mueller et al., 1992; Knie, Faestermann, and
Korschinek, 1997) for detection of 53Mn (Korschinek et al.,
2020), 59Ni (Rugel et al., 2007), 60Fe (Knie et al., 2004; Ludwig
et al., 2016; Koll et al., 2019; Koll, Korschinek et al., 2019),
63Ni (Knie et al., 2000; Rugel et al., 2000; Straume et al.,
2003), 79Sr (Dillmann et al., 2006; Rugel et al., 2007), 93Zr
(Hain et al., 2018), and 99Tc (Quinto et al., 2019), at the
Australian National University (ANU) (Gladkis et al., 2007;
Fujioka et al., 2010; Wallner, Bichler et al., 2015; Wallner
et al., 2016a, 2021, 2023; Leya et al., 2020) for nuclear
astrophysics and environmental research (10Be, 26Al, 32Si, 53Mn,
60Fe, and 93Zr), and at the PRIME Lab (Caffee, Granger, and
Woodruff, 2015). See also Sec. II.F for use of the Enge gas-
filled magnetic spectrograph at the ATLAS accelerator
(Argonne National Laboratory) for the detection of 39Ar
(Collon, Kutschera, and Lu, 2004; Collon et al., 2004;
Tessler et al., 2018) and the medium-heavy nuclide 146Sm
(Kinoshita et al., 2012).

E. Radionuclide detection and background identification

Rare radionuclide detection is rarely just simply counting the
ions; in most cases total particle energy, differential energy loss,
or flight time are measured for additional particle identification.
These detection methods include solid-state detectors, gas-
ionization detectors, and time-of-flight detectors. With AMS
facilities moving toward lower particle energies, Si detectors
became of interest due to their excellent energy resolution,
especially for light ions, but radiation damage degrades their
performance and limits their lifetimes. These detectors measure
the total energy of the incoming particle, and hence do not
differentiate against isobars, because, if not discriminated by
other means, the isobars have the same energy.
Ionization chambers are versatile and robust particle detec-

tors. They have been available since the beginning of AMS
owing to their use in nuclear physics applications. Multianode
ionization chambers play an important role in ion identifica-
tion and detection for AMS (Elmore et al., 1984). They consist
of a refinement of the classical gridded ionization chamber
(Bunemann, Cranshaw, and Harvey, 1949). In this type of
detector, ions slow down in a chamber filled with gas and lose
energy by ionization of the atoms or molecules of the gas
whereby electrons and positive ions drift between two electro-
des. The electrostatic charge signal induced by electrons on
the anode (positive potential) is in principle proportional to
the energy lost by the ion via ionization. An intermediate
electrode in the form of a so-called Frisch grid located
between anode and cathode was shown (Frisch, 1942;
Bunemann, Cranshaw, and Harvey, 1949) to shield the charge
of opposite sign induced on the anode by the positive ions,
which are of much slower mobility than the electrons. This
shielding results in a faster signal that is truly representative of
the total ionization energy and mostly independent of the

distance between the ion track and the anode and of its
angle of incidence.
The multianode ionization chamber hosts an anode seg-

mented in several independent sections (at the same potential
but insulated from each other) along the general direction of
the ion trajectory and was originally developed for heavy-ion
nuclear physics experiments (Sann et al., 1975; Shapira et al.,
1975; Fulbright, 1979). This principle was also adopted for
AMS experiments (Elmore et al., 1984; Synal et al., 1987). In
addition, sawtooth-shaped electrodes give position-sensitive
signals, as first demonstrated at ANU for the detection of 36Cl
(Fifield et al., 1987). The individual signals of the anode
segments are therefore proportional to the respective energy
losses along the trajectory and provide a powerful signature
of the ion atomic number Z for isobaric identification, as
shown in Fig. 12 for the case of 41Ca. Multianode ionization
chambers are used as a stand-alone detector (Fink, Klein, and
Middleton, 1990; Fink et al., 1990) or in more sophisticated
detector systems such as the gas-filled magnet; see Sec. II.D.4.
Figure 13 illustrates such a detector used at Australian
National University (Martschini, Fifield et al., 2019) for the
detection of heavy radionuclides (such as 53Mn and 60Fe) in
the focal plane of a gas-filled Enge split-pole magnetic
spectrograph.
Optimized designs can provide energy resolutions as low as

0.5% (Fifield et al., 2010; Martschini, Fifield et al., 2019;
Wallner et al., 2023). However, in the course of the develop-
ment of universal and compact AMS facilities with lower
particle energies at range <1 MeV=u, the available detectors
were not sufficient for proper particle identification. New
designs driven, in particular, by ETH Zurich use exceptionally
homogeneous silicon nitride entrance windows, and a detailed
understanding of the physics allowed the development of
compact special gas-ionization detectors (Suter et al., 2007;
Müller et al., 2010; Scognamiglio et al., 2016). In combina-
tion with low-noise preamplifiers, significant improvements
in the performance have been obtained, especially at low

FIG. 12. (a) Depth profile of the differential energy loss in a
multianode ionization chamber for 41Ca, its isobar 41K, and a
neighboring isotope 42Ca. The profile is probed by the successive
ΔE and ERES anodes. Adapted from Fink et al., 1990.
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energies, and these detectors now outperform even Si detec-
tors in their energy resolution; see Fig. 14.

F. AMS with positive ions and a heavy-ion linear accelerator

While almost all AMS facilities and research are based on
injection of negative ions into electrostatic accelerators, the use
of positive ions offers important particularities. As noted, the
discovery of stable 3He was made in a 1939 experiment
predating modern AMS by injecting positive 3;4He2þ ions into
the 60 in. Berkeley cyclotron (Alvarez and Cornog, 1939a,
1939b). The use of the Berkeley cyclotron (by then 88 in.) was
among the first to demonstrate the potential of accelerators for
14C dating (Muller, 1977) and more generally what was to
become accelerator mass spectrometry. The dominance of
negative-ion injection and use of tandem accelerators for
AMS stemmed from the development and availability of the
versatile and intense cesium-sputter source (Middleton, 1983,
1984a, 1984b), accompanied in several important cases like 14C
and 129I by stable isobar elimination due to the instability of the
respective negative-ion isobars. More recently the isobar
selectivity offered by fluoride anions was also discovered
(Zhao and Litherland, 2007). The tandem accelerator based
on the stripping of ions after acceleration to the high-voltage
terminal provides the way to destroy and eliminate or greatly
reduce the interference of molecular ions of stable species (for
instance, 12CH2 and 13CH in the case of 14C detection).
It was realized in the early 2000s at Argonne National

Laboratory that the ATLAS accelerator system, which con-
sisted of an ECR ion source (Geller, 1990, 1996) producing
highly charged positive ions and the ATLAS superconducting
heavy-ion linear accelerator, could fulfill the requirements
of accelerator mass spectrometry. The production of highly
charged ions in the ECR ion source occurs in a low-density
plasma confined within a vacuum chamber (10−8 − 10−7 torr)
by static multipolar magnetic fields into which rf microwave
power (in the gigahertz range) is fed, creating a surface where
the ECR condition

FIG. 13. (a) Schematic illustration (side and top views) of the
multianode ionization chamber used at Australian National
University for AMS detection of 53Mn and 60Fe. (b) Photograph
of the detector showing (from bottom to top) anode, grid,
and cathode planes. Dimensions are in mm. Adapted from
Martschini, Fifield et al., 2019.

FIG. 14. (a) Schematic drawing of a compact ion chamber (dimensions in mm). (b) The assembly as an insertable-retractable version,
as applied at ANU, Canberra (Martschini, Fifield et al., 2019), and based on designs developed at ETH Zurich (Suter et al., 2007; Müller
et al., 2010) and VERA (Forstner et al., 2008). (c) Diagram of a compact gas counter for AMS at low energies [provided by ETH and
installed at CNA (Spain)] mounted at the end of a beamline. Low-noise preamplifiers are mounted directly on the electrical feedthrough.
The detector housing is electrically insulated. Adapted from Scognamiglio et al., 2016.
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fECR ðGHzÞ ¼ eB=2πme ¼ 0.28BðTÞ ð1Þ

is met. In Eq. (1), fECR is the microwave frequency, e and me,
respectively, are the charge and the mass of the electron, and B
is the static magnetic field (in tesla). Electrons are accelerated at
cyclotron resonance to kinetic energies above the ionization
energies of charged ions, and breeding to high-charge states
depends on the ion density and the confinement time. A
schematic illustration of an ECR ion source is shown in Fig. 15.
The process by which accelerated high-energy electrons

breed high ionic charge states in the ECR plasma can be
viewed as analogous to the electron stripping of high-velocity
ions passing through gas or foil in the high-voltage terminal
of an electrostatic tandem. In the same way, molecular ions in
the ECR plasma are dissociated as a result of the fast electrons
accelerated by the ECR resonance. However, while ionized
molecular fragments do exit the tandem terminal of an
electrostatic accelerator and possibly further change charge
in the high-voltage acceleration tube, ionized fragments in the
ECR plasma are separated from the beam at the exit of the ion
source by magnetic analysis. The elimination of molecular
ions and their fragments from the ECR beam is especially
favorable in the case of hydride ions of medium-heavy and
heavy elements, which can produce the background in
“conventional” tandem-based AMS.
Two main benefits make the use of an ECR ion source and a

linear accelerator interesting for AMS compared to a tandem
electrostatic accelerator: (i) the possibility to study and detect
rare radioisotopes of noble gases: the instability of negative
ions of noble gases, except metastable He−, prevents their use
in “classical” AMS accelerators, and (ii) the possibility to
achieve isobaric discrimination for heavier radionuclides in
the ultrahigh sensitivity range typical for AMS: the capability
of producing and extracting highly charged positive ions from
an ECR plasma and coupling of the ECR ion source with a
heavy-ion linear accelerator enables in principle acceleration
to higher energies than an electrostatic accelerator, which is
bounded by achievable terminal voltages for similar energies.
A practical limitation, however, is the high cost and limited
number of available ECR heavy-ion accelerators, none of
which are dedicated to AMS. We review here research done
with noble gases and heavy radionuclides at the ATLAS

facility of Argonne National Laboratory; see a recent review
on the subject by Paul et al. (2019) for additional details.
A schematic illustration of the ATLAS accelerator facility

as it was used in an AMS experiment is shown in Fig. 16.
Highly charged ions are extracted and magnetically mass
analyzed before injection in the positive-ion injector (PII).
The PII was originally composed (at the time of the
first AMS experiments) of a harmonic buncher and low-β
resonators; an RFQ (mass-to-charge m=q ≤ 7) was later
inserted as the first accelerating unit. Ions are successively
accelerated in superconducting rf cavities along two sections
(historically named booster and ATLAS linacs) whose
individual phases are independently tuned. The cavities thus
define an ion velocity profile specific to the mass-to-charge
ratio of the accelerated ion.
The accelerator setup for a rare AMS radionuclide is tuned

with the help of a so-called pilot beam of ions having a nearby
m=q. In the case of the later mentioned 39Ar8þ, a beam of
stable 78Kr16þ ions was used as a pilot beam and optimized on
a Faraday cup in front of the magnetic spectrograph. However,
the fact that ions of the same m=q ratio are accelerated and
transported along the linear accelerator and ion-optical com-
ponents starting from the ECR ion source often results in
interference, not only of isobaric ions but also of ions of stable
elements with nearbym=q ratios. Such contaminants are more
probable the heavier the ions are. The ambiguity can then be
resolved if necessary by an intermediate stripping along the
accelerator at the cost of a lower transmission efficiency. For a
successful measurement, the beam contaminants eventually
need to be separated or discriminated using a sophisticated
detection system and the identified rare radionuclide counted.
The rare radionuclide count rate is then normalized by the

FIG. 15. Schematic diagram of the electron cyclotron resonance
ion source originally developed by Geller (1990, 1996); see the
text. The ellipse shown in the plasma chamber depicts the cross
section of the surface onto which the electron cyclotron resonance
[Eq. (1)] is met. Adapted from Paul et al., 2019.

FIG. 16. Schematic illustration of the ATLAS facility and the
Enge gas-filled magnetic spectrograph for 39Ar (t1=2 ¼ 269 yr)
detection by AMS (Tessler et al., 2018; Paul et al., 2019). The
ECR sources ECR II and ECR III, presently in use, are shown;
ECRCB is an ECR charge breeder for externally fed ions. The rare
ions (39Ar) are identified and counted in a position-sensitive
detector and ionization chamber along the spectrograph focal
plane; see Fig. 17. A retractable Faraday cup at the target position
(FC-T) is located in front of the spectrograph and is used to
measure the charge current of a stable Ar ion (38Ar or 40Ar),
allowing one to measure the transmission efficiency between a
front end Faraday cup (FC-I) and target position for stable isotopes
and, eventually, the quantitative determination of the isotopic ratio
39Ar=Ar. In addition, a rotatable Si detector (Si) is used to optimize
the transmission of the rare ions.
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charge current of a neighboring isotope, transported through
ATLAS using a different tuning scaled by the respective m=q
ratios and optimized. The charge current is measured with a
retractable (suppressed) Faraday cup located at the entrance of
the spectrograph (Fig. 16). This normalization procedure was
verified in several experiments when the isotopic ratio was
known (Nassar et al., 2005; Tessler et al., 2018).
The first successful AMS experiments at ATLAS involved

the detection of 39Ar at the extremely low cosmogenic
abundances in atmospheric Ar [39Ar=Ar ¼ 8.1 × 10−16
(Loosli and Oeschger, 1968)] and in deep ocean water
(Collon et al., 2004). The extremely low cosmogenic abun-
dances necessitated operation of the ECR ion source at high
power with extracted beams (40Ar8þ) of the order of 10 μA,
with a special quartz shield covering the walls of the plasma
chamber to reduce isobaric 39K interference. Figure 17 shows
spectra of 39Ar from a sample of Ar extracted from seawater
collected during the South Atlantic Ventilation Experiment
cruises from station 95 (−17.997 S, 30.983 W) at a depth of
4717 m (Collon et al., 2004). The measured 39Ar=Ar ratio of
2.6 × 10−16 is a measure of the water age (∼400 yr) since
atmospheric Ar dissolution. The Ar sample was extracted
from ocean water samples of 20 l volumes, demonstrating the
value of atom counting versus the traditional low-level β
decay counting (Loosli, Oeschger, and Wiest, 1970), which
needs about 1000 l of water. A further reduction in sample size
to just 5 l of water was achieved by counting 39Ar atoms with
the ATTA method (Ebser et al., 2018); see Sec. II.G.
The positive-ion AMS method was used more recently

(Tessler et al., 2018) to measure the cross section of the
astrophysically interesting reactions 36;38Arðn; γÞ37;39Ar by
counting 37;39Ar atoms; see Sec. IV.B.2. While 39Ar was
detected via the same technique as previously described, 37Ar
ions were identified by a full stripping to 37Ar18þ separating
the stable isobar 37Cl17þ by magnetic analysis, taking advan-
tage of the high acceleration energy of the linear accelerator.
Figure 18 illustrates the AMS setup for this measurement,
which was the first direct identification and detection of the

short-lived 37Ar (t1=2 ¼ 35.0 d). 37Ar is notable for being the
nuclide detected by Davis via Auger electron counting to
measure the flux of solar neutrinos via the reaction
37Clðν; e−Þ37Ar (Davis, 1994).
In a different experiment, the high acceleration energy

achievable with the ATLAS accelerator at ANL enabled
complete isobaric discrimination for the medium-heavy radio-
nuclide 146Sm. In a work dedicated to a redetermination
of the half-life of the α-decaying nuclide 146Sm [see
Sec. IV.A.1 and Kinoshita et al. (2012)], the radionuclide
was prepared artificially by three independent nuclear reac-
tions, starting with the naturally occurring long-lived, and also
α-decaying, nuclide 147Sm [t1=2 ¼ 106.25� 0.38 Gyr (Villa
et al., 2020)]: 147Smðn; 2nÞ146Sm, 147Smðγ; nÞ146Sm, and
147Smðp; 2nÞ146EuðβþÞ146Sm (Kinoshita et al., 2012).
Figure 19 illustrates the isobaric separation enabled

by the high energy (6 MeV=u). The experiment, based
on the double ratio of 146Sm and 147Sm α activities and
atom numbers, led to a value for the 146Sm half-life of
ð68� 7Þ × 106 yr, which is not consistent with the previously
adopted value of ð103� 5Þ × 106 yr (see the note added at the
end of this review). The 146Sm nuclide belongs to the family of
radioactive nuclei discovered to have been extant in the early
Solar System via isotope anomalies of its α daughter 146Nd
and is an important chronometer of the early–Solar System
formation. The discrepancy existing between the measured
values of its half-life calls for an additional independent
measurement; see Villa et al. (2020).

G. ATTA: An alternative method of atom counting

Here we make a digression from the AMS technique to
mention an equally ultrasensitive atom counting technique,

FIG. 17. Identification spectra of ions for an Ar sample extracted
from deep oceanic water where the 39Ar concentration
39Ar=40Ar ¼ 2.6 × 10−16 compared to atmospheric 8.1 × 10−16
is a measure of the age of the water sample (∼400 yr) since
atmospheric Ar dissolution. The 39K contaminant, spatially
separated from 39Ar in the focal plane of the gas-filled magnet
(see Fig. 11), was partially shielded in front of the focal-plane
detector due to its extremely high count rate. Adapted from
Collon et al., 2004.

FIG. 18. 37Ar ions detected background free by a full stripping to
q ¼ 18þ after midacceleration at the ATLAS positive-ion AMS.
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namely, the ATTA, which has thus far been used to detect
noble-gas radionuclides that are cosmogenically or artificially
produced: 81;85Kr and 39Ar (Chen et al., 1999).
ATTA uses laser cooling and atom trapping techniques to

capture and detect nonionized atoms of the rare isotopes of
interest. It exploits the frequency difference between isotopes
(isotope shifts) as well as the narrow-band resonant nature of
the atomic transitions for atomic excitation, leading to laser
manipulation, trapping, and eventually detection in a so-called
magneto-optical trap (MOT) with extreme elemental and
isotopic discrimination. Thus, by tuning the frequency of
the laser light to match a transition in the isotope of interest
(see Fig. 20 for the case of Kr isotopes), laser interactions with
any other species are exponentially suppressed to the point
that ATTA is completely free from a background due to any
other isotope, isomer, isobar, atomic, or molecular species.
Once atoms are captured in the magneto-optical trap at the
heart of the instrument, the many thousand fast-cycling
photon-atom interactions allow detection down to the sin-
gle-atom level via laser-induced fluorescence. This single-
atom sensitivity is crucial for the detection of the extremely
rare krypton radioisotopes of interest; see the illustration of a
single-atom detection in Fig. 21.
Owing to its ultrahigh discrimination power and isotopic

selectivity (down in some cases to 10−16–10−17 and

comparable with the best reported AMS selectivities), the
ATTA technique has been employed extensively for geo-
physical studies of hydrological and ancient ice dating using
mainly the 81Kr cosmogenic isotope; see Lu et al. (2014) for a
review and Lu (2022) for a compilation of references and
more recent articles (Purtschert et al., 2021; Ram et al., 2021;
Yokochi et al., 2021). Detection of 39Ar (t1=2 ¼ 239 yr) for
geophysical dating was recently added to the routine ATTA
capabilities (Ebser et al., 2018; Tong et al., 2021; Ritterbusch
et al., 2022).

H. Worldwide AMS facilities

As mentioned, currently almost all AMS facilities utilize
the tandem accelerator principle. As depicted in Fig. 22, the

FIG. 19. Isobaric separation of 146Sm and stable 146Nd achieved
with highly charged positive-ion AMS at the ATLAS facility
(ANL) and the gas-filled Enge magnetic spectrograph. The Sm
and Nd ions were accelerated to 6 MeV=u. Adapted from
Kinoshita et al., 2012.

FIG. 20. (a) Schematic of the ATTA atomic beamline. Atoms
(dotted line) travel from left to right, starting at the radio-
frequency discharge source, passing through the laser-induced
collimation and Zeeman slowing stages, and ending in the
magneto-optical trap (MOT), where they are imaged using a
CCD camera. (b),(c) Typical spectra of the trap capture rate of
81Kr, 83Kr, and 85Kr vs the laser frequency shift (relative to a
reference transition in stable 84Kr) measured for an atmospheric
Kr sample (81Kr=Kr ¼ 9.3 × 10−13) (Zappala et al., 2020).
Adapted from Jiang et al., 2012.

FIG. 21. Fluorescence signal from a single unambiguously
identified atom of a noble-gas 81Kr atom in a MOT. Adapted
from Lu, 2016.
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trend goes from larger (higher terminal voltage) to smaller
facilities, as indicated in Fig. 6.
In 2022, the total number of AMS facilities in the world

was approaching 160 (Fig. 22, Table II); their distribution is
displayed in the world map in Fig. 23. Most of them are
situated in countries of the Northern Hemisphere: the U.S.,
Europe, and the Far East (China, Japan, and South Korea). In
the Southern Hemisphere, New Zealand, Australia, and
Argentina have been active in the field of AMS for over
30 yr. More recently there have been the additions of one
AMS facility in South Africa (Johannesburg) and two
newer ones in Brazil (Niteroi) and Argentina (Jujuy). In
Central America, a fairly new AMS facility now operates in
Mexico.
In Table II, the individual facilities are listed with infor-

mation on country, accelerator model, terminal voltage, and
institution and location of the AMS laboratories. The last
column gives the main radionuclides being measured at the
respective AMS facilities. Additional radionuclides may also
be measured at some of the facilities where the large majority
of samples are for radiocarbon measurements. Only the
principal possibilities of radionuclide measurements are indi-
cated in the last column for the respective facilities, without
any further qualification. Since the status of the facilities,
including operational readiness and overall quality of the
AMS measurements for specific radionuclides, involves
changing commodities and cannot be given in Table II, those
interested in the current status of a specific facility should
contact the facility directly.

FIG. 22. The growth of the number of tandem AMS facilities
since 1978, prepared by Synal (2022) and formulated as a
continuation of an earlier version (Synal, 2013). Prior to this,
Fink (2010) presented a similar compilation in his talk during
AMS11 in Rome. The colors of the column sections indicate the
range of tandem terminal voltages in MV. Cyclotrons (green
sections at the bottom) were in use only until 2008. The increase in
the number of small tandem AMS facilities in the later years is
clearly visible. At the top of the last column, the new development
of positive-ion mass spectrometry (PIMS) facilities (Freeman
et al., 2015) is indicated. A more recent report on PIMS by the
AMS group of SUERC is expected to appear in the Proceedings of
the AMS-15 Conference in Sydney (Freeman et al., 2021). The
unique use of an ECR ion source coupled to a heavy-ion linear
accelerator (Collon, Kutschera, and Lu, 2004; Collon et al., 2004;
Paul et al., 2019) is not depicted but is described in Sec. II.F.

TABLE II. AMS facilities of the world in 2022 compiled to our knowledge, with input from Henri van Oosterhout (HVE), Mark Sundquist
(NEC), Joel Bourquin (Ionplus), and Hans-Arno Synal (ETHZ). The list is orderered alphabetically by country and then by increasing terminal
voltage. From Kutschera, 2023.

Country Accelerator (TV) Laboratory Radionuclides

Argentina Tandetron (1.0 MV) Institute of Dating and Archaeometry, National
University of Jujuy

14C, 10Be, 26Al

FN Tandem (8.0 MV) Nuclear Regulatory Authority, Buenos Aires 129I, actinides, status unclear
TANDAR (20 MV) Department of Experimental Physics, National

Atomic Energy Commission, Buenos Aires
10Be, 36Cl

Australia MICADAS (0.20 MV) Chronos 14Carbon-Cycle Facility, University of
New South Wales, Sydney

14C

SSAMS (0.25 MV) Earth Science Department, Australian National
University, Canberra

14C

Pelletron (1.0 MV) VEGA at ANSTO, Menai, Sydney 14C, 210Pb, actinides
Tandetron (2.0 MV) Star at ANSTO, Menai, Sydney 14C, IBA
Pelletron (6.0 MV) SIRIUS at ANSTO, Menai, Sydney 10Be, 26Al, 36Cl, 129I, actinides
FN Tandem (10 MV) ANTARES at ANSTO, Menai, Sydney 14C
Pelletron (14 MV) HIAF, Nuclear Physics Department, Australian

National University, Canberra
14C, 10Be, 26Al, 32Si, 36Cl, 41Ca,

53Mn, 55Fe, 59Ni, 60Fe, 93Zr,
99Tc, 129I, 210Pb, actinides

Austria Pelletron (3.0 MV) VERA Laboratory, Faculty of Physics,
University of Vienna, Vienna

14C, 10Be, 26Al, 36Cl, 41Ca, 55Fe,
actinidesþmore radionuclides

with ILIAMS; see Fig. 5

Belgium MICADAS (0.20 MV) Royal Institute for Cultural Heritage (RICH),
Brussels

14C

(Table continued)
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TABLE II. (Continued)

Country Accelerator (TV) Laboratory Radionuclides

Brazil SSAMS (0.25 MV) Department of Physics, Flumense Federal
University, Niteroi

14C

Pelletron (9.0 MV) Nuclear Physics Department, University of Sao
Paolo, Sao Paolo

36Cl, status unclear

Canada MICADAS (0.20 MV) A. E. Lalonde AMS Laboratory University of
Ottawa, Ottawa

14C

Tandetron (3.0 MV) A. E. Lalonde AMS Laboratory University of
Ottawa, Ottawa

14C, 10Be, 26Al, 41Ca, 129I, 210Pb

China MICADAS (0.20 MV) XAAMS, Xi’an AMS Centre, Xi’an 14C
MICADAS (0.20 MV) Lanzhou University, Lanzhou 14C
MICADAS (0.20 MV) Nanjing University, Nanjing 14C
MICADAS (0.20 MV) Ocean University of China, Quingdao 14C
Tandem (0.20 MV) Coaxial form, China Petroleum and Chemical

Corporation, Beijing
14C, delayed due to COVID-19

SSAMS (0.25 MV) Homemade AMS, China Institute of Atomic
Energy, Beijing

14C, 3H

SSAMS (0.25 MV) Homemade AMS, Guangxi Normal University,
Guilin

14C

Tandem (0.30 MV) Homemade AMS: under development, China
Institute of Atomic Energy, Beijing

129I,236U, 239Pu

CAMS (0.50 MV) Institute of Heavy Ion Physics, Peking
University, Beijing

14C

CAMS (0.50 MV) Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences

14C

XCAMS (0.50 MV) Tianjin University, Tianjin 14C, 10Be

XCAMS (0.50 MV) National Laboratory for Marine Science and
Technology, Quingdao

14C, 10Be

XCAMS (0.50 MV) Southern Marine Science and Engineering
Laboratory, Zhuhai

14C, 10Be

Tandetron (1.0 MV) Xi’an and Beijing Normal University 14C, 10Be, 26Al, actinides
Tandetron (1.0 MV) Institute of Hydrology and Environmental

Geology, Chinese Academy of Geological
Science (IHEG-CAGS), Shijiazhuang City

14C, 10Be, 26Al, 129I building not
yet ready

UAMS (1.0 MV) Institute of Geochemistry, Chinese Academy of
Sciences, Guizhou, Guiyang

14C, 10Be, 26Al, 129I, actinides

Tandetron (3.0 MV) XAAMS, Xi’an AMS Centre, Xi’an 14C, 10Be, 26Al
EN Tandem (6.0 MV) Institute of Heavy Ion Physics, Peking

University, Beijing,
14C, 10Be

Pelletron (6.0 MV) Institute of Geology and Geophysics Chinese
Academy of Sciences, Beijing

14C, 10Be, 26Al, 36Cl,41Ca, 129I

MP tandem (13 MV) China Institute of Atomic Energy, Beijing Medium-mass radionuclides,
239–242Pu

Czech Republic MILEA (0.30 MV) Nuclear Physics Institute, Czech Academy of
Sciences, Prague

14C, 10Be, 26Al, 41Ca, 129I,
actinides

Denmark Tandetron (1.0 MV) Institute of Physics and Astronomy Aarhus
University, Aarhus

14C, 10Be, 26Al, 41Ca, 129I,
actinides

Egypt Tandetron (2.5 MV) Nuclear Research Centre, Egyptian Atomic
Energy Authority, Inshas, Cairo

14C, status unclear

England, UK MICADAS (0.20 MV) BRAMS facility, School of Chemistry,
University of Bristol, Bristol

14C

MICADAS (0.20 MV) Oxford Radiocarbon Accelerator Unit
(ORAU), University of Oxford, Oxford

14C

SSAMS (0.25 MV) GlaxoSmithKline, Ware (London) Biomedical
applications

14C, not in use

Tandetron (3.0 MV) Oxford Radiocarbon Accelerator Unit
(ORAU), University of Oxford, Oxford

14C, decommisioned

Finland Tandem (5.0 MV) Department of Physics, University of Helsinki,
Helsinki

14C, status unclear

(Table continued)

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-20



TABLE II. (Continued)

Country Accelerator (TV) Laboratory Radionuclides

France MICADAS (0.20 MV) Aix-MICADAS, Aix-Marseille University,
Aix-en-Provence

14C

MICADAS (0.20) ECHO-MICADAS, Laboratoire de Science du
Climat et Environment, Gif-sur-Yvette

14C

Pelletron (3.0 MV) ARTEMIS, CEA, Saclay, Gif-sur-Yvette 14C
Tandetron (5.0 MV) ASTER, CEREGE, Aix-Marseille University,

Aix-en-Provence
10Be, 26Al, 36Cl, 129I

Germany MICADAS (0.20 MV) DatingMICADAS, Curt Engelhorn Centre of
Archaeometry, Mannheim

14C

MICADAS (0.20) Alfred-Wegener-Institut, Bremerhafen 14C
Pelletron (1.0 MV) ExACT AMS, Helmholtz-Zentrum Dresden-

Rossendorf, Dresden
14C, 10Be, 26Al, 129I, actinides plus

“all isotopes” with ILIAMS
Tandetron (3.0 MV) Leibniz-Labor, University of Kiel, Kiel 14C
MICADAS (0.20 MV) Max Planck Institute for BioGeo- Chemistry,

Jena
14C

Tandetron (3.0 MV) Institute for Nuclear Physics, University of
Cologne, Cologne

14C

Tandetron (6.0 MV) Institute for Nuclear Physics, University of
Cologne, Cologne

14C, 10Be, 26Al, 36Cl,129I, actinides

Tandetron (6.0 MV) DREAMS, Helmholtz-Zentrum-Dresden-
Rossendorf (HZDR), Dresden Germany

10Be, 26Al, 36Cl, 41Ca, 55Fe

FN Tandem (10 MV) Institute for Nuclear Physics, University of
Cologne, Cologne

53Mn, 60Fe, 63Ni, 90Sr

Hungary PIMS (0.07 MV) Isotoptech Zrt., Debrecen 14Cþ coupled IRMS stable
isotopes

MICADAS (0.20 MV) Isotope Climatology and Environmental
Reasearch Centre, ATOMKI, Debrecen

14C

India XCAMS (0.5 MV) Inter University Accelerator Centre, New Delhi 14C, 10Be, 26Al
Tandetron (1.0 MV) Physical Research Laboratory (PRL)

Ahmedabad
14C, 10Be, 26Al

Tandetron (1.0 MV) Mumbai University, Mumbai 14C, 10Be, 26Al
Pelletron (3.0 MV) Multi Disciplinary Research Accelerator,

Institute of Physics, Bhubaneswar
14C

Pelletron (15 MV) Inter-University Accelerator Centre, New Delhi 10Be, 36Cl

Israel CAMS (0.50 MV) Kimmel Centre for Archaeology, Weizmann
Institute of Science, Rehovot

14C

Italy Tandetron (3.0 MV) INFN-LABEC, National Institute of Nuclear
Physics, Sesto Fiorentino

14C, 10Be, 26Al, 129I

Tandetron (3.0 MV) CEDAD, Department of Mathematics and
Physics, University of Salento, Lecce

14C, 129I, IBA

Pelletron (3.0 MV) CIRCE, Department of Mathematics and and
Physics, University of Campania, Caserta

14C, 10Be, heavier isotopes

Japan SSAMS (0.25 MV Atmospheric and Ocean Research Institute,
University of Tokyo

14C

Tandem (0.3 MV) Coaxial form, Tono Geoscience Center, Japan
Atomic Energy Agency, Toki

14C, 10Be, 26Al, 129I

CAMS (0.5 MV) Paleo Labo Co., Ltd., Kurohone, Kiryu 14C
CAMS (0.5 MV) BIO-AMS, Institute for Accelerator Analysis,

Motomiya
14C

CAMS (0.5 MV) Yamagata University, Kaminoyama 14C
CAMS (0.5 MV) National Institute of Environmental Studies

(NIES), Tsukuba
14C

CAMS (0.5 MV) The University Museum, University of Tokyo,
Tokyo

14C

Tandetron (2.5 MV) Dating and Material Research Center Nagoya
University, Nagoya

14C, 10Be, not in operation

Tandetron (3.0 MV) Institute for Space-Earth Environmental
Research, Nagoya University, Nagoya

14C

Pelletron (3.0 MV) Institute for Accelerator Analysis (IAA),
Shirakawa

14C, 10Be

(Table continued)
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TABLE II. (Continued)

Country Accelerator (TV) Laboratory Radionuclides

Tandetron (3.0 MV) Aomori Research and Development Center,
Japan Atomic Energy Institute, Mutsu

14C, 129I

Pelletron (5.0 MV) Tono Geoscience Center, Japan Atomic Energy
Agency, Toki

14C, 10Be, 26Al, 36Cl, 129I

Pelletron (5.0 MV) Research Center for Nuclear Science and
Technology, University of Tokyo, Tokyo

14C, 10Be, 26Al

Pelletron (5.0 MV) Micro Analysis Laboratory, Tandem
accelerator (MALT), University of Tokyo,
Tokyo

14C, 10Be, 26Al, 36Cl, 41Ca, 129I,
236U

Pelletron (5.0 MV) National Institute of Environmental Studies
(NIES), Tsukuba

14C

Pelletron (6.0 MV) Research Facility Center for Science and
Technology, University of Tsukuba,
Tsukuba

14C, 10Be, 26Al, 36Cl, 41Ca, 90Sr,
129I

Lithuania SSAMS (0.25 MV) Center for Physical Sciences and Technology,
Vilnius University, Vilnius

14C

Mexico Tandetron (1.0 MV) Institute of Physics, National Autonomous
University of Mexico, Mexico City

14C, 10Be, 26Al

Netherlands MICADAS (0.20 MV) Center for Isotope Research, University of
Groningen, Groningen

14C

Tandetron (1.0 MV) BIO-AMS, TNO BIO Science Park,
Netherlands Organisation for Applied
Scientific Research

14C, 10Be, 26Al, 41Ca

Tandetron (3.0 MV) Center for Isotope Research, University of
Groningen, Groningen

14C, decommissioned

New Zealand XCAMS (0.5 MV) Rafter Radiocarbon Laboratory, GNS Science,
Lower Hutt

14C, 10Be, 26Al

Northern Ireland, UK MICADAS (0.20 MV) CHRONO Center, Queen’s University Belfast 14C
CAMS (0.5 MV) CHRONO Center, Queen’s University Belfast 14C

Norway Tandetron (1.0 MV) National Lab for Age Determination,
Norwegian University for Science and
Technology, Trondheim

14C, 10Be, 26Al

Poland PIMS (0.07 MV) Academy of Mining and Metallurgy,
Department of Geology, Krakow

14C

CAMS (0.50 MV) Faculty of Physics, Adam Mickiewicz
University, Poznan

14C

CAMS (0.50 MV) Faculty of Physics, Adam Mickiewicz
University, Poznan

14C

Portugal Tandetron (3.0 MV) The Technological and Nuclear Institute (ITN),
Sacavem, Lisbon

14C, 10Be, 26Al,

Romania Tandetron (1.0 MV) National Institute of Physics and Nuclear
Engineering (IFIN-HH), Bucharest

14C, actinides

FN Tandem (8.0 MV) National Institute of Physics and Nuclear
Engineering (IFIN-HH), Bucharest

26Al, 129I

Russia MICADAS (0.20 MV) Novosibirsk State University, Novosibirsk 14C

Tandem (1.0 MV) AMS-BINP, homemade, Budker Institute for
Nuclear Physics, Novosibirsk

14C

Scotland, UK PIMS (0.07 MV) Positive Ion AMS, Scottish Universities
Environmental Research Centre (SUERC),
East Kilbride

14C

SSAMS (0.25 MV) Scottish Universities Environmental Research
Centre (SUERC), East Kilbride

14C

Pelletron (5.0 MV) Scottish Universities Environmental Research
Centre (SUERC), East Kilbride

14C, 10Be, 26Al, 41Ca, 129I

Slovakia Pelletron (3.0 MV) Centre for Nuclear and Accelerator
Technologies, Comenius University,
Bratislava

10Be, 26Al, IBA

(Table continued)
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TABLE II. (Continued)

Country Accelerator (TV) Laboratory Radionuclides

South Africa EN Tandem (6.0 MV) iThemba LABS, Gauteng, Johannisburg 14C, 10Be, 26Al, 129I

South Korea MICADAS (0.20 MV) Department of Creative Convergence
Engineering, Dongguk University, Gyeongju
City

14C

MICADAS (0.20 MV) Korean Apparel Testing and Research Institute
(KATRI), Seoul

14C

MICADAS (0.20 MV) National Research Institute of Cultural
Heritage (NRICH), Daejeon

14C

MICADAS (0.20 MV) Korean Research Institute of Chemical
Technology (KRICT), Ulsan

14C

CAMS (0.50 MV) Korea Institute of Radiological and Medical
Sciences (KIRAMS), Seoul

14C

South Korea Tandetron (1.0 MV) Korean Institute of Geosciences and Mineral
Resources (KIGAM), Deajeon

14C, 10Be, 26Al

Tandetron (3.0 MV) Korea Multi-purpose Accelerator Complex
(KOMAC), Gyongj

14C

Tandetron (6.0 MV) Korea Institute of Science and Technology
(KIST), Seoul

10Be, 26Al, IBA

Spain MICADAS (0.20 MV) National Centre of Accelerators (CAN),
University of Seville, Seville

14C

MICADAS (0.20 MV) University of Salamanca, Salamanca 14C
Tandetron (1.0 MV) CAN, University of Seville, Seville 10Be, 26Al, 129I, actinides
Tandetron (1.0 MV) University of Vigo, Vigo 14C, 10Be, 26Al, status unclear

Sweden SSAMS (0.25 MV) GeoBiosphere Science Centre, University of
Lund, Lund

14C

MICADAS (0.20 MV) Tandem Laboratory, University of Uppsala,
Uppsala

14C

Pelletron (5.0 MV) Tandem Laboratory, University of Uppsala,
Uppsala

14C, 10Be, 129I

Switzerland LEA (0.05 MV) Low Energy AMS, Laboratory of Ion Beam
Physics, ETH Zurich, Zurich

14C

MICADAS (0.20 MV) ProtoMICADAS, Laboratory of Ion Beam
Physics, ETH Zurich, Zurich

14C

MICADAS (0.20 MV) LIPMICADAS, Laboratory of Ion 14C
Beam Physics, ETH Zurich, Zurich 14C

MICADAS (0.20 MV) Lara, Institute for Environmental Physics,
University of Bern, Bern

14C

MILEA (0.30 MV) Multi Element Low Energy AMS, Laboratory
of Ion Beam Physics, ETH Zurich, Zurich

14C, 10Be, 26Al, 129I, actinide
isotopes

CAMS (0.50 MC) Compact AMS, Laboratory of Ion Beam
Physics, ETH Zurich, Zurich

14C, 10Be, 26Al, 41Ca, actinide
isotopes

EN Tandem (6.0 MV) Laboratory of Ion Beam Physics, ETH Zurich,
Zurich

14C, 10Be, 26Al, 32Si, 36Cl, 41Ca,
129I

Taiwan Tandetron (1.0 MV) Department of Geoscience, National Taiwan
University, Taipei

14C

Turkey Pelletron (1.0 MV) U-AMS, Scientific and Technological Research
Council of Turkey, Istanbul

14C, 10Be, 26Al, 41Ca,

Ukraine Tandetron (1.0 MV) Institute of Applied Physics, National
Academy of Science of the Ukraine, Sumy

14C

USA PIMS (0.07 MV) NEC in house, Middleton, WI 14C
MICADAS (0.20) Northern Arizona University, Flagstaff, AZ 14C
MICADAS (0.20 MV) Johns Hopkins University Applied Physics

Lab, Laurel, MD
14C

MICADAS (0.20 MV) Yale Analytic and Stable Isotope Center, Yale
University, New Haven, CT

14C, planned for 2023

SSAMS (0.25 MV) Beta Analytic, Miami, FL 14C

(Table continued)
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TABLE II. (Continued)

Country Accelerator (TV) Laboratory Radionuclides

SSAMS (0.25 MV) Beta Analytic, Miami, FL 14C
SSAMS (0.25 MV) Beta Analytic, Miami, FL 14C
SSAMS (0.25 MV) Beta Analytic, Miami, FL 14C
SSAMS (0.25 MV) Xceleron, now part of Pharmanon (China),

Germantown, MD
14C, biomedical applications

SSAMS (0.25 MV) Center for Applied Isotope Studies University
of Georgia, Athens, GA

14C

SSAMS (0.25 MV) Center for AMS, LLNL, Livermore, CA 14C
SSAMS (0.30 MV) SIMSþ SSAMS, Naval Research Laboratory,

Washington, D.C.
Trace elements

CAMS (0.50 MV) Center for Applied Isotope Studies University
of Georgia, Athens, GA

14C

CAMS (0.50 MV) Keck-Carbon Cycle AMS Facility, University
of California, Irvine, CA

14C

CAMS (0.50 MV) Accium Biosciences, Seattle Biomedical
applications

14C

CAMS (0.50 MV) Institut of Energy and the Environment,
Pennsylvania State University, University
Park, PA

14C

CAMS (0.50) MV) NOSAMS, Woods Hole Oceanographic
Institution, Woods Hole, MA

14C

I-CAMS (0.5 MV) Idaho National Laboratory, Idaho Falls, ID 14C, 129I
Pelletron (1.0 MV) Biomedical AMS facility, LLNL, Livermore,

CA
14C, 3H, status unclear

Pelletron (1.0 MV) Earth and Space Sciences, UCLA, Los
Angeles, CA

14C, status unclear

Tandetron (2.5 MV) NSF AMS facility, University of Arizona,
Tucson, AZ

14C, 10Be, not in operation

Tandetron (2.5 MV) NOSAMS, Woods Hole Oceangraphic
Institution, Woods Hole, MA

14C, decommissioned

Pelletron (3.0 MV) NSF AMS facility, University of Arizona,
Tucson, AZ

14C, 10Be, 26Al, status unclear

FN Tandem (10 MV) PRIME Laboratory, Purdue University,
University, West Lafayette, IN

14C, 10Be, 26Al, 36Cl, 41Ca, 129I

FN Tandem (10 MV) Center for AMS, LLNL, Livermore, CA 14C, 10Be, 26Al, 36Cl, 41Ca,59Ni,
63Ni, 129I, actinides

FN Tandem (10 MV) Physics Department, University of Notre
Dame, Notre Dame, IN

10Be, 26Al, 36Cl, 41Ca

ATLAS (8 MeV=A) ECRþ Linac, Physics Division, Argonne
National Laboratory, Argonne, IL

39Ar, 146Sm

FIG. 23. World map with the global distribution of AMS machines. The size of the symbols indicates the number of machines in one
particular location. The large symbols are transparent so as to allow smaller symbols to be visible if they overlap with the larger ones. For
details on the various AMS facilities see Table II. Courtesy of Christof Vockenhuber of ETH Zuerich.
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III. WIDE-RANGING RESEARCH AREAS OF AMS

A. Archaeology

1. Radiocarbon dating

Archaeology is at the crossroads of science and humanities
(Renfrew and Bahn, 2020) and benefited significantly from the
development of radiocarbon dating (Taylor and Bar-Josef,
2014). To determine the absolute age of an object, measure
both 14C and the radiogenic decay product 14N. However,
because of the omnipresence of 14N, it is virtually impossible to
detect minute traces of radiogenic 14N, even though an attempt
was once discussed (Szabo et al., 1997). Since it is not possible
to measure the radiogenic 14N “daughter” content in a sample,
the initial 14C content as a function of time needs to be known
(calibration curve) to determine an absolute age from the
measured 14C content. Cosmic-ray-produced 14C is the main
natural source in the atmosphere, and exchanges through the
CO2 cycle with the biosphere and the hydrosphere; cf. Fig. 2.
Extensive measurements of 14C in archives of known age (tree
rings, varved sediments, speleothems, etc.) have established a
continuous record of 14Cover the past∼55 000 yr.With the help
of continuously updated 14C calibration curves, an absolute age
of a sample can be calculated from the measured 14C content
(Heaton et al., 2020; Hogg et al., 2020; Reimer et al., 2020),
and online software can be used to calibrate the radiocarbon
measurements. Since 14C in the atmosphere was not constant
over time, the resulting fluctuating calibration curve often
limits the precision of the absolute age (Guilderson, Reimer,
and Brown, 2005). Since that time, considerable improvements
on both 14C AMS measurement techniques and calibration
procedures happened. For instance, the discovery of the
so-called Miyake excursions [see Sec. III.C.7 in Miyake et al.
(2012)] and extended single-year tree-ring calibrations
(Wacker et al., 2020) allowed in some cases natural
(Oppenheimer et al., 2017; Hakozaki et al., 2018) and
historical events (Wacker et al., 2014; Kuitems et al., 2020,
2022) to be dated to a single year. In addition, if reliable
stratigraphic information is available, a Bayesian statistical
analysis of radiocarbon dates can help considerably improve
the precision (Bronk Ramsey, 2009). The enormous reduction
in sample size and in measuring time using AMS has led
to countless research possibilities of radiocarbon dating in
archaeology (Marom et al., 2013) and other fields. In fact, 14C
measurements compose ∼90% of all AMS measurements
worldwide. A recent comprehensive review on radiocarbon
dating was published by Hajdas et al. (2021). Here wemention
a few highlights from archaeological research.

2. The 5000-year-old Tyrolean iceman

In 1991 a well-preserved human body, quickly nicknamed
Ötzi, was accidentally discovered in a small ice patch at a
high-altitude pass [3200 m above sea level (a.s.l.)] in the
Ötztal Alps at the Austrian-Italian border (Fig. 24). A
surprisingly old age of between 5100 and 5300 yr was
established for the body from 14C measurements in bone
and tissue (Hedges et al., 1992; Bonani et al., 1994). Further
14C measurements on equipment and botanical remains
retrieved from the finding site confirmed the old age of the

“iceman Ötzi” (Kutschera et al., 2014). This unique find is on
display in the South Tyrol Museum of Archaeology in
Bolzano, Italy, and has been the subject of many interesting
investigations, including ones about the origin of the iceman
through isotope measurements (Müller et al., 2003) and
whole-genome sequencing (Keller et al., 2012). In a way,
the discovery of the iceman initiated the new field of glacial
archeology since the receding glaciers are exposing many
objects of interest to archeology and geophysics.

3. Rock paintings in the Chauvet Cave

The Chauvet Cave in France harbors arguably the most
beautiful artwork (rock paintings) from early modern humans
(Fig. 25). Two distinct human occupations from 37 000 to
33 500 and from 31 000 to 28 000 yr ago were determined from
radiocarbon dating (Quiles et al., 2016). The rock paintings
were fortuitously preserved by several rock slides, the last one
sealing off the cave entrance around 21 000 yr ago.2 The ages of
the rock slides were determined by surface exposure dating of
rocks with 36Cl (Sadier et al., 2012). These measurements were
also performed with AMS and depend on the accumulation
of in situ–produced 36Cl in calcium by cosmic-ray secondaries
(Stone et al., 1996). The pioneering development of this
powerful method was described by Lal (1988).

4. Bronze Age eruption of Santorini

During the late Bronze Age in the Eastern Mediterranean
some 3500 yr ago, the Greek island of Santorini (ancient Thera)

FIG. 24. The partly freed body of the Iceman as watched by two
well-known mountain climbers from South Tyrol, Hans Kammer-
lander (left) and Reinhold Messner (right), on September 21,
1993. Kammerlander holds part of a wooden structure later
identified as a carrying support of Oetzi. In the upper right corner
the bow can be seen, its lower part stuck in the ice and its upper
end leaning against the rocks. Just below the tip of the ski pole
held by Messner one can see the smashed remains of a container
made of bark from a birch tree, probably used to carry equipment
for making a fire. Details of the equipment and their age
determination with 14C AMS measurements were given by
Kutschera et al. (2014). The photograph is courtesy of K. Fritz.
From Kutschera and Müller, 2003.

2The paintings can be viewed at http://bradshawfoundation.com/
chauvet/.
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experienced a cataclysmic volcanic eruption. Sought after by
archaeologists as a time beacon, the exact time of the eruption
has not been determined (Kutschera, 2020). Considerable effort
has recently been spent by several groups to solve this problem
with radiocarbon dating and dendrochronology (Pearson et al.,
2018, 2020; Friedrich et al., 2020; Manning et al., 2020).
However, a plateau in the 14C calibration curve around the time
of the eruption and the unreliable structure of annual rings in
olive trees (Ehrlich, Regev, and Boaretto, 2021) leads to a large
uncertainty of about 100 yr for the eruption date. This includes
a possible eruption in the late 17th century BCE up to 100 yr
later. The latter date is favored by some archaeologists (Bietak,
2014). It may eventually be possible to solve this issue with
40Ar=39Ar dating of suitable minerals ejected in the eruption
(Kutschera, 2020). This method has been used to verify the date
of the Mt. Vesuvius eruption, which is known to have happened
in 79 CE (Renne et al., 1997).

5. Appearance of modern humans in the Americas

The earliest indications of the presence of modern humans
in South and North America stem from around 17 500 yr ago,
based on genetic and archaeological data (Waters, 2019).
Progress in genomic analysis (Skoglund and Reich, 2016)
revealed a complex heritage of early man, with the main influx
from Eurasia and Northern Asia via the Bering Strait. This
primary influx was migrating through ice-free corridors to the
south, split up into branches of northern Native Americans and
southern Native Americans, eventually peopling the respec-
tive subcontinents. Recently extensive 14C AMS measure-
ments assigned the appearance of the so-called Clovis culture
in North America to a narrow time range from ∼13; 050 to
∼12; 750 cal. B:P: (Waters, Stafford, and Carlson, 2020).
However, Clovis is certainly not the last word. For example,
Bennett et al. (2021) showed clear evidence of human
footprints in White Sands, NM, about 21 000 to 23 000 yr
ago. This points to other hints in the archaeological record of
pre-Clovis cultures. Further, the combination of genetic and
archaeological data promises to be a powerful tool in
unraveling the history of early humans in the Americas.

6. The age of Peking man

Dating beyond ∼50 000 yr, which is the limit of 14C dating,
requires different methods. A powerful tool based on AMS
measurements is burial dating using cosmogenic radionu-
clides (Granger and Muzikar, 2001; Balco and Shuster, 2009).
This is based on using two isotopes with different half-lives
produced in situ by cosmic-ray interaction in suitable min-
erals. A common pair is 10Be (t1=2 ¼ 1.39 × 106 yr) and 26Al
(0.718 × 106 yr), produced in quartz grains (SiO2) on an
exposed rock surface with a production ratio of 26Al=10Be ∼ 6
(Nishiizumi et al., 1989). This ratio is relatively independent
of latitude and altitude of the exposed rock. The average ratio
was recently determined to be 26Al=10Be ¼ 6.75 (Halsted,
Bierman, and Balco, 2021). Once the exposed material is
buried and shielded from further cosmic-ray exposure,
the 26Al=10Be ratio decays with an effective half-life of
1.5 × 106 yr. This method was used to determine the age
of the sediment layers in the cave where the remains of the
Peking man were found (Shen et al., 2009). The result ð0.77�
0.08Þ × 106 yr was substantially older than previously
assumed. It indicated that early hominids were present at this
site in northern China during a relatively mild glacial period
around the marine isotope stage (MIS) 18 (Shen et al., 2009).

7. The promise of 41Ca dating

The half-life of 41Ca is close to 100 000 yr: t1=2 ¼ ð99.4�
1.5Þ × 103 yr (Jörg et al., 2012). Since calcium is a major
component of bones, it was speculated early on that a dating
method based on 41Ca would be desirable for archaeology
(Yamaguchi, 1963). However, low 41Ca=40Ca ratios around
10−14 to 10−15 estimated from 40Caðn; γÞ41Ca reactions made a
detection of 41Ca in bones at that time unfeasible (Yamaguchi,
1963). When AMS came along, 41Ca dating was again
discussed (Raisbeck and Yiou, 1979). Raisbeck and Yiou
mentioned there that 41Ca dating of bones might cover an age
range from 50 000 to 106 yr ago, considerably extending the
14Cmethod. An important step in the actual development of an
AMS detection of 41Ca at natural abundances was proposed by
Raisbeck et al. (1981) in using 41CaH3

− ions to suppress the
interference of the stable isobar 41K. The first AMS meas-
urement of 41Ca in contemporary bovine bones, including a
41Ca preenrichment step, was performed at the ATLAS facility
at Argonne (Henning et al., 1987). Direct 41Ca measurements
on a 2740-year-old Homo sapiens bone were later performed
at the same facility (Kutschera et al., 1989) and in modern
bones at the tandem accelerator of the University of
Pennsylvania (Middleton et al., 1989). The latter showed a
considerable scatter of the results for different localities on
Earth, indicating a nonuniform 41Ca distribution.
In contrast to 14C dating, the major problem for 41Ca dating

is the lack of a universal calibration curve. This is due to the
fact that 41Ca does not form a gas in the atmosphere like
14CO2, which gets well mixed within the troposphere around
the world. Without knowing the initial 41Ca=40Ca ratio as a
function of time, one would depend on absolute dating, as
once proposed for 14C (Szabo et al., 1997). This means
that one has to measure both 41Ca and its radiogenic decay

FIG. 25. Details regarding the well-preserved rock art paintings
of the Chauvet Cave in France, which were produced by
prehistoric artists some 30 000 yr ago (Quiles et al., 2016).
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product 41K�. With the known half-life of 41Ca and a measured
41Ca=41K� ratio one can then calculate the age of the object,
regardless of the initial 41Ca=40Ca ratio. The challenge is to
measure the expected minute radiogenic 41K� component on
top of 41K from ∼50 ppm of potassium in bone apatite
(Combes, Cazalbou, and Rey, 2016). However, developments
in high-precision potassium isotope measurements with ther-
mal ionization mass spectrometry (TIMS) (Wielandt and
Bizzarro, 2011) may eventually make this possible. It may
also help that 41Ca decays by pure electron capture to 41K,
resulting in a small 41K� recoil energy of ∼2.2 eV. 41K� should
therefore be confined within the small apatite crystals (Weiner
and Price, 1986). This may allow a chemical separation of the
small bone apatite crystals from the rest of the bone matrix,
and thus reduce the interference of environmental 41K with the
radiogenic 41K�. In addition to the difficult measurement of a
41K�=41Ca ratio, it has to be guaranteed that the bones to be
dated are shielded from the buildup of 41Ca through environ-
mental neutrons via the 40Caðn; γÞ41Ca reaction. Bones buried
in caves may provide such a condition. Currently a reliable
dating method with 41Ca is still a dream to be fulfilled in
the future. On the other hand, in analogy with 14C a local
calibration of the 41Ca=Ca ratio might be useful for special
cases, as shown with teeth samples from Hiroshima survivors
(Rühm et al., 2010; Wallner et al., 2010).

B. Biological research

1. Tracing long-lived radioisotopes in the human body

AMS allows one to trace long-lived radioisotopes at con-
centrations that produce no significant radiation hazards to

biological systems. Considering that humans experience at
least 10 000 decays=s from natural radioisotopes in their body
(14C,40K, and 210Pb), AMS-traceable amounts of radioisotopes
that are far below this level can be administered to humans. In
thisway, biokinetics researchwith 26Al administered to humans
has been performed (King et al., 1997; Kislinger et al., 1997).
In another application of 26Al, the long-time Al retention in the
human body was studied (Newton and Talbot, 2012). 41Ca was
used to study the metabolism of Ca in bones in connection with
osteoporosis (Johnson et al., 1994; Freeman et al., 2000; Denk
et al., 2006). Research on drug metabolism with 14C-labeled
compounds in animals started at Lawrence Livermore
National Laboratory (Turteltaub et al., 1990). It developed
into amethod called humanmicrodosing (Garner, 2010),which
considerably speeds up the development of new drugs. The
growing demand by the pharmaceutical industry led to the
development of small dedicated tandem facilities for biological
research (Schulze-König et al., 2010).

2. 14C bomb peak and cell dynamics in humans

Arnold and Libby (1949) and Libby, Anderson, and Arnold
(1949) originally assumed that 14C in the biosphere is constant
over all times, and can therefore be assessed by measuring it in
modern wood. When de Vries (1958) discovered that 14C was
not constant at all times, the consequence was the necessity of
a radiocarbon calibration for absolute age determinations. The
calibration curve is being refined from time to time; the latest
version is from 2020 (Reimer et al., 2020). A dramatic man-
made increase of 14C on top of the natural 14C level occurred
during the atmospheric nuclear weapons testing period, which
is depicted in Fig. 26; see also Fig. 3 and Levin et al. (2022).

FIG. 26. (a) Deviation of the atmospheric 14C content (Δ14C in per mill) relative to a constant reference value (Δ14C ¼ 0) and displays
Δ14C for the last 4000 yr. (b) Annual tree rings from a local pine tree. The 14C content verified the bomb peak. Adapted from Spalding
et al., 2005. (c) Depiction of the sudden increase between 1955 and 1963 due to atmospheric nuclear weapons testing (cf. Fig. 3) and the
gradual decrease after the Nuclear Test Ban Treaty of 1963. The latter is determined by the distribution of 14C due to the CO2 cycle. The
slightly negativeΔ14C values before the rise of the bomb peak are due to the dilution of the natural 14CO2 content with 14C-free CO2 from
fossil fuel burning, which is known as the Suess effect (Suess, 1955).
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The 14C bomb peak is a distinct signal in the second half
of the 20th century, providing a rapidly running 14C clock,
where the contribution due to the decay of 14C is negligible
(∼6 per mill in 50 yr). This provides a unique isotope signal

to study the dynamics of systems that participate in the CO2

cycle, in particular, the entire biosphere. The ensuing appli-
cations were fittingly called “the mushroom cloud’s silver
lining” (Grimm, 2008). Some of the most interesting appli-
cations are pursued at the Department of Cell and Molecular
Biology of the Karolinska Institute in Stockholm. AMS
measurements of 14C in DNA from humans who lived through
the time of the 14C bomb peak allows one to retrospectively
determine the birth date of cells from different parts of the
brain (Spalding et al., 2005, 2013; Bhardwaj et al., 2006;
Bergmann et al., 2012). The principle of the method is
depicted in Fig. 27.
Particularly interesting results were obtained by studying

neuronal and non-neuronal cells from the hippocampus of 57
individuals (Spalding et al., 2013). The hippocampus is part of
the brain that is involved in memory formation, organization,
and storage. The results are displayed in Fig. 28. Other studies
of the Stockholm group investigated the renewal of heart
muscle cells (Bergmann et al., 2009), and also gained insight
into the dynamics of fat cells (Spalding et al., 2017).

3. 14C bomb peak in forensic science

The 14C bomb peak can play an important role in uncov-
ering the questions in a variety of fields, such as for the
authenticity of ancient and modern pieces of art, the time of

FIG. 27. Visualization of how the birth date of different cells in
an individual of a known life span can be determined retrospec-
tively by comparing the measured 14C signal from DNA extracts
with the 14C bomb peak calibration curve. Based on work by
Spalding et al. (2005). Adapted from Kutschera, 2022.

FIG. 28. Evidence for neurogenesis in the human hippocampus. (a) Δ14C values of (b) neuronal and (c) non-neuronal cells from the
hippocampus plotted for the birth dates of 57 individuals. Deviations from the 14C bomb curve indicate the formation of new cells after
birth. The offset between the atmospheric bomb curve and DNA measurements is indicative of the magnitude of cell turnover. The
smaller offset of neurons indicates that their turnover is smaller than that of non-neurons. Based on work by Spalding et al. (2013).
Adapted from Kutschera, 2022.
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death or birth of humans, and the preservation of endangered
animals. For example, for forgery in art the 14C content of a
painting supposedly produced around 1914 by the French
artist Fernand Léger (1881–1955) fell in to the early rise of the
bomb peak, clearly indicating that it originated from after
the death of Léger (Caforio et al., 2014). In a similar
investigation, Beck et al. (2022) discovered forgeries of
Impressionist and Pointillist paintings. In a court case about
life insurance for two elderly women who were found dead in
their apartment in around 1989, the 14C content of short-lived
material (hair, lipids, etc.) allowed the determination of the
time of death, and within a 1σ uncertainty, one of the two
women died one year earlier (Wild et al., 2000). The third
example concerns African elephants and efforts to protect
them against poaching for the ivory trade since 1989 by
the international Convention on International Trade in
Endangered Species of Wild Fauna and Flora agreement.
This did not stop the poaching, and 14C bomb peak signals
measured in ivory seized from illegal trade between 2009 and
2014 showed less than three years of lag between the killing
and the seizure (Cerling et al., 2016). On the other hand, the
age of several elephant tusks originating from legal hunting of
elephants in the 1960s and 1970s was clearly confirmed by
14C bomb peak dating (Wild et al., 2019).

C. Atmospheric science

Besides being the target for cosmic-ray-produced radio-
isotopes (Fig. 2), it is well known that the atmosphere on
Earth is crucial for the development of life as we know it.
One may thus argue that it is the most precious component of
our planet, and we should make sure that we keep it this way.
Although the atmosphere is only a thin layer of matter on the
surface of Earth, its influence on temperature and climate is
profound. It is also a large chemical reactor. The main gases
of the atmosphere are nitrogen (78%), oxygen (21%), and
argon (0.93%). Water vapor is highly variable (0% to 4%).
The rest are trace gases (Meinshausen et al., 2017), some of
which, such as CO2 (0.042%) and CH4 (0.000 19%), hold
considerable importance for the temperature on the ground.
Other trace gases of some importance are H2 (0.000 05%),
NO2 (0.000 04%), and O3 (0.000 03%). In addition, aerosols
contribute to the overall complexity of the atmosphere
(Bzdeka and Reida, 2017), for instance, through their
influence on cloud formation (Feketeová et al., 2019), and
have a considerable influence on the overall radiation budget
(IPCC, 2021).
Here we address AMS measurements of 14CO, 14CO2, and

14CH4, allowing one to consider some of the subtleties of
atmospheric chemistry.

1. Carbon monoxide (CO) and the hydroxyl radical OH

CO has a lifetime of two to three months in the atmosphere
(Jöckel, Lawrence, and Brenninkmeijer, 1999). As indicated
in Fig. 3, freshly produced 14C atoms first oxidize to 14CO and
then oxidize to 14CO2. The second step proceeds primarily
through a reaction with the hydroxyl radical OH according to
14COþ OH → 14CO2 þ H. Although the OH concentration at
any given time is extremely low in the atmosphere (∼10−13),

the reactive power of OH dominates this oxidation step rather
than reactions with the abundant O2 (21%). In fact, the
mean lifetime of freshly produced OH [for instance, through
O3 þ hν → O2 þ Oð1DÞ; Oð1DÞ þ H2O → 2OH] is only
about 1 s before it is destroyed through chemical reactions.
Because of this oxidizing power removing many atmospheric
trace gases, the hydroxyl radical has been called the detergent
of the atmosphere (Crutzen, 1997). The general importance of
monitoring OH in different regions of the world was described
by Lelieveld et al. (2006) and Brenninkmeijer, Gromov, and
Jöckel (2022).
For example, for AMS measurements of 14CO the seasonal

behavior of the OH concentration was observed through the
measurement of 14CO and CO concentration in air from the
high-altitude observatory on Mt. Sonnblick (3106 m a.s.l.)
in the Austrian Alps (Rom et al., 2000). Figure 29 displays
some of the characteristics of measurements of 14CO and
CO concentrations in air at this site.

FIG. 29. Two-year record of 14CO and CO concentration
measurements in air from the observatory of Mt. Sonnblick
(3106 m a.s.l.). The lower values during the summer are due to
the depletion by reactions with increased OH concentrations. The
unusually low values of both 14CO and CO (marked A and B)
during winter are due to the transport of air from low latitudes to
Mt. Sonnblick, as verified by four-day backward trajectory
calculations (Rom et al., 2000). The unusually high CO value
(marked C) is due to a contamination of the air by fossil fuel
combustion from an emergency diesel engine running that day.
Since this did not contribute any 14C, the corresponding 14CO2

value of the contaminated air remains unaffected. From Rom
et al., 2000.
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2. The CARIBIC project: Monitoring the atmosphere on
commercial airline flights

The idea to monitor trace gases and aerosols with a special
instrument package on a commercial airline flight was born in
the late 1990s (Brenninkmeijer et al., 1999). In the ensuing
years a wealth of data were collected (Brenninkmeijer et al.,
2007). These data allowed a direct determination of the
production of radiocarbon at altitude through the measure-
ment of 14CO and 14CO2 (Bronk Ramsey et al., 2007). Long-
time collection on Civil Aircraft for the Regular Investigation
of the Atmosphere Based on an Instrument Container
(CARIBIC) flights made it possible to model the global
distribution of such important greenhouse gases as CH4

(Zimmermann et al., 2020).

3. The measurement of 14CO2 as a sensitive tracer for
anthropogenic activities

The reduction of the 14C concentrations measured in
modern wood was the first indication that 14C-free CO2 from
fossil fuel burning affected the natural 14C content in the
atmosphere (Suess, 1955). This effect was offset by the
dramatic increase of atmospheric 14C by the nuclear weapons
testing period of 1955 to 1963 (Figs. 3 and 26). After the
ban of atmospheric nuclear weapons testing in 1963, the
excess of 14C in the atmosphere decreased gradually owing
to the CO2 cycle but was also affected by the steadily
increasing contribution of 14C-free CO2 from fossil fuel
burning (Levin et al., 2010). Extrapolating well into the
21st century, the 14C content of the atmosphere will eventually
fall well below the preindustrial natural level (Graven, 2015).
Figure 30 shows this trend for different representative con-
centration pathways of greenhouse gases (Van Vuuren
et al., 2011).

4. Atmospheric methane and 14CH4 measurements

Methane is being monitored worldwide within the
Advanced Global Atmospheric Gases Experiment (Saunois
et al., 2020). Methane is the second most important green-
house gas in the atmosphere. Although the 2022 atmospheric
concentration of CH4 (∼1.9 ppm) is still much lower than that
of CO2 (∼420 ppm), the global warming potential per
molecule is ∼25 times larger, and the relative yearly increase
is also larger. Therefore, a detailed understanding of different
contributions to the rapidly increasing CH4 concentration is of
great interest. Radiocarbon measurements of atmospheric
methane were performed early on with AMS (Klouda et al.,
1986), and considerable effort has been made in recent years
to understand biogenic and fossil fuel CH4 emissions through
measurements of δ13C (Nisbet et al., 2016; Varga et al., 2021)
and 14C AMS measurements in methane (Hmiel et al., 2020).
In 14CH4 studies, contributions of 14CH4 emissions from
nuclear power plants must also be considered (Zazzeri et al.,
2017), and the distribution of ancient methane to surface
waters is another aspect to be considered in the complexity of
methane cycles (Sparrow et al., 2018). These studies are
important as input for climate modeling (Meinshausen et al.,
2017; Nicholls et al., 2021). Efficient sampling of atmospheric
methane is also essential for 14CH4 measurements, and new
sampling methods are being developed (Zazzeri, Xu, and
Graven, 2021).

5. Solar energetic particle events

In 2012, unusually strong excursions of 14C were found in
annual tree-ring measurements of Japanese cedar trees for the
time period of 774 to 775 CE (Miyake et al., 2012). Similar
excursions were also found for the time period of 993 to
994 CE (Miyake, Masuda, and Nakamura, 2013); see Fig. 31.
It turned out that these excursions occurred globally (Jull

et al., 2014; Büntgen et al., 2018), and additional excursions,
sometimes called Miyake events, were found to have occurred
at 660 BCE (Park et al., 2017), 5259 and 7176 BCE (Brehm
et al., 2022), and 5410 BCE (Miyake et al., 2021). However,
the rapid excursion happening in 3372–3371 BCE (Wang
et al., 2017) could not be confirmed by two additional

FIG. 30. Model prediction for the development of the 14C
content in the atmosphere from 1940 to 2100 expressed as the
deviation of 14CO2 from the natural 14CO2 level (Δ14CO2 ¼ 0).
The picture indicates the depression of 14C as a function of the so-
called representative concentration pathways (RCPs). The num-
bers following RCP in the legend depict the radiation forcing in
W=m2, depending on different scenarios to reduce the emission
of greenhouse gases (Van Vuuren et al., 2011). Adapted from
Graven, 2015.

FIG. 31. Rapid 14C variations observed in tree rings occurring
in 774 CE and 993 CE. Adapted from Miyake, Masuda, and
Nakamura, 2013.
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measurements (Jull et al., 2021). In addition to 14C excursions
in tree rings, the 774 and 993 CE events showed up in the
record of 10Be and 36Cl in Antarctic and Greenland ice cores
(Mekhaldi et al., 2015). The 7176 BCE excursion of 14C
(Brehm et al., 2022) were clearly observed in the 10Be and 36Cl
record of different Greenland ice cores (Paleari et al., 2022).
Cosmogenic radionuclides such as 14C, 10Be, and 36Cl are

produced by cosmic-ray interactions in the atmosphere, but no
evidence for excessive production linked to a known super-
nova event has been found (Dee et al., 2017), with the possible
exception of the Crab Nebula supernova SN1054 (Terrasi
et al., 2020). Therefore, the observed excursions are consid-
ered to be produced by solar energetic particle (proton) events
(Usoskin et al., 2013; Mekhaldi et al., 2015; Park et al., 2017;
Sukhodolov et al., 2017; Uusitalo et al., 2018; Jull et al.,
2020; Sakurai et al., 2020). Such a “solar storm” event today
would cause a massive disruption of complex electronic
systems, from mobile phones to satellites to the Internet,
on which we rely so much today.
The 14C excursions also provide fixed points in the 14C

calibration curve, allow one to determine the age of historical
buildings with unprecedented precision (Wacker et al., 2014;
Kuitems et al., 2020), and enable one to fix the much-debated
arrival of the first Europeans to the Americas to 1021 CE
(Kuitems et al., 2022).

D. Oceanographic and hydrospheric research

1. Global ocean currents

Earth is the only planet in the Solar System that carries a
large amount of liquid water, and probably has during most of
its existence. Since the oceans cover 2=3 of the surface of
Earth, with a mean depth of 3800 m, they have an enormous
heat capacity. The oceans are also a grand dynamic system
that is depicted in a simplified manner in Fig. 32 (Broecker,
1991). The figure illustrates the distribution of heat around the

globe, with considerable influence on the global and regional
climate. The details regarding ocean currents are much more
complex; see Rahmstorf (2002).
AMS measurements of 14C in ocean water instead of

beta counting reduced the sample size by a factor of about
500 (250–0.5 l), and within the World Ocean Circulation
Experiment tens of thousands of 14C measurements were
performed (McNichol et al., 2000). These measurements
deliver important information to the ongoing Global Ocean
Data Analysis Project (Olsen et al., 2019, 2020). This then
also allows one to estimate the uptake of anthropogenic CO2

in the ocean (Gruber et al., 2019), essential information for
estimating the human impact on global warming. Recently
the Southern Ocean has gained considerable importance for
understanding the overall dynamics of global ocean currents,
and a project called Southern Ocean Carbon and Climate
Observations and Modeling has been launched.3 In addition,
a variety of anthropogenic radionuclides of medium-mass
actinide isotopes are being developed as versatile oceanic
tracers (Hain et al., 2022); see also Sec. III.G.
In addition to a chemical analysis of the oceans, physical

aspects of the oceans are being studied by the Argo Project
(2021), an international program that uses profiling floats to
measure temperature, salinity, currents, and, recently, bio-
optical properties (Fig. 33). Of special interest is to quantify
the heat content of the oceans.

2. Groundwater dating

Groundwater is the most important resource of fresh water
on Earth. Although it constitutes only ∼0.8% of all water on
Earth, it is 100 times more abundant than fresh water from
lakes and rivers. Understanding the groundwater systems is
therefore of great importance, particularly in arid areas
(Ferguson et al., 2020). Depending on the study of young
or old groundwater systems, multiple isotope tracers with
different half-lives can be used: 14C bomb peak (the last 60 yr),
85Kr (t1=2 ¼ 10.8 yr), 3H (12.3 yr), 39Ar (269 yr), 14C
(5700 yr), 81Kr (2.3 × 105 yr), 36Cl (3.0 × 105 yr), and 129I
(1.6 × 107 yr). Here the noble-gas radionuclides are of par-
ticular interest since they do not participate in chemical
reactions. An early AMS study with 81Kr in the Great
Artesian Basin in Australia revealed groundwater ages in
the range from 200 000 to 400 000 yr (Collon et al., 2000).
The Nubian aquifer, an even older groundwater system in
Africa, was also explored with 81Kr, albeit using a different
technique (Sturchio et al., 2004). As discussed in Sec. II.G,
the laser-based ATTA (Chen et al., 1999) developed into a
powerful analytical tool to study noble-gas radionuclides in
geoscience (Lu et al., 2014), including groundwater studies
with 39Ar (Ritterbusch et al., 2014). A particularly detailed
isotope study was recently performed in the San Joaquin
Valley in California, an agricultural region that is heavily
reliant on groundwater (Seltzer et al., 2021). AMS measure-
ments of 14C in groundwater dissolved inorganic carbon
combined with other isotope tracers (3H, 39Ar, and 85Kr)
revealed a growing input of anthropogenic carbonate from soil

FIG. 32. Great ocean conveyor as conceived originally by
Broecker (1991). It is a simplified picture of the main ocean
currents transporting heat around the globe. The warm and
shallow currents are indicated in red, and the cold an salty deep
current are marked in blue. Illustration by Joe Le Monnier,
Natural History Magazine. Adapted from Kutschera, 2013. 3See http://soccom.princeton.edu/content/overview.
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amendments. This affects the estimate of groundwater resi-
dence times significantly (Seltzer et al., 2021).
Groundwater is the major resource of fresh water for

billions of people (Giordano, 2009), and isotope tracer studies
with AMS (14C) and ATTA (39Ar, 81Kr, and 85Kr) will continue
to contribute significantly to a better understanding of this
vitally important resource for humans on Earth.

E. Cryospheric research

Polar ice caps and glaciers contain about 1.7% of the
surface water on Earth. However, during the last ice age the
amount of landlocked ice approximately doubled, reducing
sea levels by ∼120 m. This exposed landmasses at shallow
parts of the oceans. An excellent example is the Bering Strait
(∼50 m depth), which then formed a landbridge between Asia
and North America.

1. Polar ice sheets

The history of ice ages has been explored through extensive
ice core research in both Greenland and Antarctica, with the
latter going back 800 000 yr (EPICA Community Members,
2004). Stable isotope ratios of 2H=1HðδDÞ and 18O=16Oðδ18OÞ
in ice can be used as proxies for temperature variations and
revealed eight glacial cycles between cold (glacial) and warm
(interglacial) periods (Fig. 34). An important contribution to
the long-standing debate about the synchronization of records
from different ice cores was presented on the basis of

AMS measurements of cosmogenic 10Be produced in the
atmosphere that has been incorporated into ice cores
(Raisbeck et al., 2017). An interesting application of 81Kr
measurements with ATTA identified 120 000-year-old ice in
the Taylor Glacier in Antarctica (Buizert et al., 2014).

2. Glaciers

The waxing and waning of alpine glaciers are sensitive
proxies for temperature and climate changes during the
Holocene, the relatively stable and warm period after the
end of the last ice age 11 700 yr ago (Kutschera et al., 2000).
The dramatic increase of atmospheric CO2 recorded since
1956 on Mauna Loa in Hawaii (Keeling, 1998, 2008; Nisbert,
2007) is undoubtedly due to human activity and is warming
the surface of the planet. While this led to a worldwide melting
of ice during the 20th century (Thompson et al., 2009), alpine
glaciers moved considerably during the Holocene due to
natural causes, with some distinct differences evident between
the Northern and Southern Hemispheres (Kutschera, 2020). In
these studies AMS measurements of 14C in recently exposed
organic matter (such as trees and peat) and 10Be and 26Al
surface exposure dating of moraines and exposed bedrock
helped to piece together the history of glacier movement
during the last 10 000 yr; see Schaefer et al. (2009) and Kelly
et al. (2015). The overall temperature trend during the
Holocene seems to follow the Milanković theory of solar
insulation variation on Earth (Milanković, 1941; Berger and

FIG. 33. Distribution of almost 4000 profiling floats across the world oceans within the Argo Project. The colors of the dots indicate the
country that released the floats. Continents are marked in bright green. Adapted from the Argo Project, 2021.
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Loutre, 1991), with a cooling trend in the Northern
Hemisphere in the second half of the Holocene, and the
opposite in the Southern Hemisphers (Putnam et al., 2012).

F. Lithospheric research

1. Surface exposure dating and geomorphology

Both solar and Galactic cosmic rays first meet the atmos-
phere when they encounter Earth. They produce a variety of
radioisotopes by nuclear reactions with nuclei of the atmos-
phere (Lal and Peters, 1967; Beer, McCracken, and von
Steiger, 2012; Poluianov et al., 2016). However, they also
produce secondary particles in these reactions such as neu-
trons and muons. Although they are attenuated in their
passage through the atmosphere, a significant amount arrives
at the surface of Earth and produces radioisotopes in situ in
terrestrial rocks (Lal, 1988; Gosse and Phillips, 2001; Dunai,
2010; Schaefer et al., 2022). The abundant mineral quartz
(SiO2) is a particularly useful target to produce 10Be and 26Al.
In an early experiment with AMS measurements of 10Be and
26Al in quartz, the production rate for these radioisotopes was
determined from glacially polished rocks of a known age
(Nishiizumi, Kohl, Arnold et al., 1991).

As a result of differing approaches to production-rate
estimates, a large effort was devoted to better defining
these values in a joint U.S.–European Union program
known as CRONUS. This effort involved a large number
of scientists from geology, geophysics, and geochemistry.
A series of papers resulted (Phillips et al., 2016a, 2016b)
that included detailed studies at specific locations, such
as the Lake Bonneville shorelines near Salt Lake City,
UT (Lifton et al., 2015). Several intercomparison materials
were also made for distribution and cross collaboration
(Blard et al., 2015; Jull, Scott, and Bierman, 2015;
Schaefer et al., 2016). A “CRONUS calculator” originally
devised by Balco et al. (2008) and extended by Marrero
et al. (2016) was also revised as a result of these efforts.4

These improvements have been applied to a wide range of
geomorphological studies, such as the incision rate of rivers
(Burbank et al., 1996) and the long-standing question of
denudation rates in the Himalayas (Lupker et al., 2012), as
well as the age of moraines in glacial studies; see Sec. III.E.2
as well as Schaefer et al. (2009), Kelly et al. (2015), and
Kutschera (2022). The approach has also been used in
archaeological studies through the method of burial dating
of sediments (Granger and Muzikar, 2001) to determine the
age of the Peking man, who was mentioned in Sec. III.A.6
(Shen et al., 2009). Shen et al. (2020) used cosmogenic
nuclides to demonstrate evidence for early homonids
2.4 × 106 yr ago at the Xihoudu site in China. Similar studies
helped define the first evidence of humans in Africa
ð1.8 − 2.1Þ × 106 yr ago (Gibbon et al., 2014).

2. Volcanology and sedimentology

10Be is produced not only in situ on the surface of Earth,
as described in Sec. III.F.1, but also in the atmosphere (see
Fig. 2), where it is called meteoric 10Be and also used for
investigations in the lithosphere. One such investigation
dealt with the question of subduction in island-arc volcanos
(Brown et al., 1982). An intensive study of meteoric 10Be in
a 500 000-year-old core from the large loess plateau of
China has been used as a proxy for rainfall, and thus has
revealed details about the history of East Asian monsoon
events (Beck et al., 2018). The same group also used 10Be to
look at geomagnetic effects beyond the Brunhes-Matuyama
geomagnetic reversal, which should produce the large peak
expected when Earth’s magnetic field collapses and
reverses. There is an offset in the 10Be record relative to
the magnetic record in the loess due to later “overprinting”
of the geomagnetic signal in the sediment (Zhou et al.,
2014).

G. Anthropogenic radionuclides

Anthropogenic radionuclides, like 236U and 239;240Pu as well
as longer-lived fission products (such as 129I, 99Tc, and
135;137Cs), have been omnipresent in the environment since
humankind started nuclear activity. These nuclides have been
locally distributed but have also spread across the globe as

FIG. 34. Comparison of EPICA Dome C data with other paleo-
climatic records (EPICACommunityMembers, 2004). (a)Record of
the insolation at high northern and southern latitudes (Berger and
Loutre, 1991). (b) Temperature record as measured with the δD
signal in the EPICA Dome C (blue curve) and the Vostok ice cores
(red curve). The numbers refer to the marine isotope stage (MIS),
where odd numbers were originally assigned to warm periods
and even ones were assigned to cold periods (Emiliani, 1955;
Shackleton, 1987). However, decimal numbers later became
common to distinguish details of various subperiods (Jouzel et al.,
2007). (c)Marine δ18O signals from two different deep-sea sediment
cores (solid blue line and red dashed line) that reflect both temper-
ature and icemass changes. (d) The dust signal, which is particularly
large during cold periods. Adapted from Kutschera, 2013.

4See http://hess.ess.washington.edu.
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fallout from the atmospheric weapons tests during the 1950s
and 1960s (see also the discussion of the 14C bomb peak in
Sec. III.B.2), from releases from nuclear reprocessing facili-
ties (Sellafield and Cap de la Hague), and via reactor accidents
(Chernobyl and Fukushima) and other nuclear incidents.
Depending on their source, the actinide isotope ratios as well
as their absolute atom concentrations can be used as sensitive
fingerprints in various applications. Owing to their isobar-free
detection, AMS of Pu was suggested already in the early days
of AMS (Litherland, 1980), but AMS measurements of
actinides, and of 236U and plutonium isotopes, in particular,
were pioneered at the IsoTrace facility (Zhao, Nadeau,
Garwan et al., 1994; Zhao, Nadeau, Kilius, and Litherland,
1994) and later further developed by Fifield et al. (1996),
Fifield (1999, 2008), and Fifield, Synal, and Suter (2004) at
ANU. Other mass-spectrometric methods such as inductively
coupled plasma mass spectrometry (ICPMS) and TIMS have
also used been used for Pu measurements for many years
(Ketterer and Szechenyi, 2008), but AMS provides the highest
abundance sensitivity [note also that RIMS claims a high
detection efficiency (Trappitsch et al., 2019) but thus far has
not shown this for routine measurements].
Recent major advances of AMS in detection sensitivity

(Vockenhuber et al., 2013; Hotchkis et al., 2019) and
measurement background (Chamizo et al., 2022; Hain et al.,
2022) have opened new possibilities for the analysis of a
number of long-lived radionuclides; see also Sec. IV.B for a
discussion of the recent detection of interstellar 244Pu. This
has led to a boost in new applications in recent years.
For example, actinides (231Pa, 233;236U, 237Np, and Pu) and
fission products (90Sr, 99Tc, 129I, and 135;137Cs) were measured
by AMS as (1) tracers in oceanography (Casacuberta et al.,
2014; Chamizo et al., 2022; Hain et al., 2022), (2) tracers in
soil erosion and sediment movement studies (Lal et al., 2017;
Froehlich et al., 2019), (3) tracers in environmental monitor-
ing programs (for instance, for tracing discharges from
plutonium-processing and fuel reprocessing plants, and
also for tracing leaking nuclear reactors and to ensure
that radioactive waste is not migrating from safe storage
facilities) (Christl, Casacuberta et al., 2015; Tims et al., 2016;
Medley et al., 2019), (4) nuclear forensic studies to identify
the source of nuclear material (Lachner et al., 2015),
(5) health physics studies to estimate human exposure to
radioactivity, and (6) uranium exploration to find new ore
deposits.
More information on recent research programs with a focus

on actinides was gathered at the following facilities: ETH
Zurich (Vockenhuber et al., 2013; Christl et al., 2014, 2015;
Christl, Casacuberta et al., 2015); VERA at the University of
Vienna (Steier et al., 2008; Sakaguchi et al., 2014; Lachner
et al., 2015; Hain et al., 2020, 2022); Centro Nacional de
Aceleradores (CAN), Seville (Chamizo et al., 2022);
Australian Nuclear Science and Technology Organisation
(ANSTO), Sydney (Child and Hotchkis, 2013; Hotchkis et al.,
2019); ANU (Canberra) (Everett et al., 2008; Fifield, 2008;
Fifield et al., 2010; Tims et al., 2016; Lal et al., 2017;
Froehlich et al., 2019); LLNL, Livermore (Brown et al.,
2004); and the Lalonde Laboratory, Ottawa (formerly
IsoTrace, Toronto) (Cornett et al., 2015).

IV. NUCLEAR PHYSICS AND ASTROPHYSICS

A. Nuclear physics

Modern accelerator mass spectrometry is a technique that
was conceived by nuclear physicists and was born in nuclear
physics laboratories (Bennett et al., 1977; Muller, 1977;
Nelson, Korteling, and Stott, 1977). As previously noted,
the first experiment using an accelerator as a spectrometer was
that of Alvarez and Cornog (1939a), who discovered 3He as a
stable isotope in natural helium (atmospheric and well
helium). It is only natural that, together with the conceptual
development of dating by atom counting, which captured the
mind of these physicists, research soon bifurcated back to
nuclear physics. The unique sensitivity and discrimination
power of AMS and the counting of unambiguously identified
single ions open the road to the search for rare species or
processes and for the counting of specific reaction products
often hard or impossible to detect otherwise. The leading
principle here is the same that drove the interest to dating,
namely, the far more efficient counting of atoms than counting
of decays when the half-life is long relative to a measurement
time. The small mass required for a sample is another major
consideration. We devote this section to research in various
subfields of nuclear physics, where AMS has made a con-
tribution. We first review the determinations of half-lives of
long-lived radionuclides, and the search of superheavy ele-
ments in nature. After a short background in nuclear astro-
physics, we review the measurements of reaction cross
sections that are of interest in nuclear astrophysics
(Sec. IV.B). The large expansion of AMS toward nuclear
astrophysics that started in the late 1990s now provides a
technique that is well accepted in this field and in fact follows
the development and vibrant activity in nuclear astrophysics in
recent years.

1. Half-life of long-lived radionuclides

The basis for measuring half-lives is the radioactive
decay law

dNt=dt ¼ −λNt → Nt ¼ N0e−λt; ð2Þ

where Nt is the number of radioactive atoms at time t, dNt=dt
is the decay rate at time t, N0 is the initial number of
radioactive atoms at time 0, and λ is the decay constant
related to the half-life t1=2 through λ ¼ ln 2=t1=2. While short
half-lives can be determined from the exponential decay
curve, for long half-lives both dNt=dt and Nt must be
measured. For long half-lives a sufficient number of radio-
active atoms Nt is required to allow a precise measurement of
the decay rate. But this is often difficult to achieve.
Although the half-life of 14C is now well established as

5700� 30 yr (Kutschera, 2013), it has always been difficult
to explain why it is so long (Brookhaven National Laboratory
Nuclear Data Center, 2018; Kutschera, 2019). The decay of
14C to 14N is a so-called Gamow-Teller β transition (Gamow
and Teller, 1936), and with a normal transition strength the
half-life would be only a few days. The extraordinary
hindrance apparently comes from subtle details in the
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structure of the nuclear states of 14C and 14N mediating the β
transition (Maris et al., 2011). The long half-life may thus be
called a gift of nature to archaeology.
One of the earliest uses of AMS was the half-life measure-

ment of the cosmogenic radionuclide 32Si. In this case, Nt was
determined through 32Si=28Si ratio measurements in artificially
produced 32Si material (Elmore, Anantaraman et al., 1980;
Kutschera et al., 1980). These measurements resulted in a
considerably shorter half-life than determined from geophysi-
cal measurements (DeMaster, 1980). Several more half-life
measurements followed; they are summarized in Fig. 35
(Fifield and Morgenstern, 2009). Since most of the individual
measurements disagree outside their respective uncertainties, a
reliable half-life value of 32Si has yet to be established. A new
approach was initiated with the SINCHRON project, which
utilized a large amount of 32Si (some 1016 atoms) that had been
produced and extracted from proton-irradiated disks at the Paul
Scherrer Institute (Veicht et al., 2021); an effort to redetermine
the half-life is under way (Schlomberg et al., 2022). The
relatively short half-life of 32Si makes it useful for dating recent
glacier ice through AMS measurement of cosmogenic 32Si
deposited with snow precipitation (Morgenstern et al., 2010).
The half-lives of several radionuclides that are used in AMS

applications have recently been remeasured. These include
10Be, t1=2 ¼ ð1.387� 0.012Þ × 106 yr, which is the weighted
mean used by Chmeleff et al. (2010) and Korschinek et al.
(2010); 41Ca, ð9.94� 0.15Þ × 104 yr (Jörg et al., 2012); 44Ti,
58.9� 0.3 yr (Ahmad et al., 2006); 60Fe, ð2.61� 0.04Þ ×
106 yr (Rugel et al., 2009; Wallner, Bichler et al., 2015); 129I,
ð16.4� 0.12Þ × 106 yr (García-Toraño et al., 2018); and
182Hf, ð8.90� 0.09Þ × 106 yr (Vockenhuber et al., 2004).
Among these, 60Fe became of particular interest since an
excess of this radionuclide found in deep-sea manganese
crusts indicated an extraterrestrial origin, possibly from a
supernova a few million years ago (Knie et al., 1999, 2004;
Wallner et al., 2016a, 2021); see Sec. IV.B.3.
Half-life values are a fundamental nuclear physics quantity

for dating applications where the decay in combination with

its half-life value is used (note that the situation is different for
14C, where an absolute time calibration independent of the
half-life value has been established). The half-life is often also
directly related to the isotope ratio of AMS standards, because
the absolute number of the radionuclide in a sample can
be deduced from its activity and the half-life value. Proper
AMS standards are then diluted down to smaller AMS
concentrations. New state-of-the-art AMS systems can pro-
duce highly precise data; for instance, 10Be=9Be ratios can be
measured to better than 1%. But some 10Be standards were
found to differ by more than 13%. Therefore, the standards
and, consequently, half-life values also need to be accurately
known. In recent years it has become an important premise to
have a reliable and well-known standard material or to arrive
at a consensus value that suffices for the needs of the AMS
community. For example, the most recent 10Be half-life
measurements were based on precise elastic recoil detection
(Korschinek et al., 2010) and ICPMS measurements
(Chmeleff et al., 2010) and agreed to better than 1% with
each other.

2. Search for superheavy nuclei by AMS

The search for new elements (natural or artificially pro-
duced) has been a driving force in chemistry and physics; see
Fig. 36 for the current periodic table of elements. The first
(and the lightest) element artificially produced whose isotopes
are all radioactive was technetium (Z ¼ 43), which was
positively identified by Perrier and Segrè (1937, 1947).
Element 43 (Tc) was produced at the Berkeley cyclotron
by bombarding molybdenum with deuterons, a technique that
successively led to the discovery in the following years of the
heavier elements beyond naturally occurring thorium and
uranium in the actinide series; see Seaborg (1968, 1995) for
examinations of the production of transuranic elements using
different methods.
The possible existence of an “island of stability” for

still heavier nuclides possibly around Z ¼ 114 (Nilsson,
Thompson, and Tsang, 1969) was suggested and the term
superheavy nuclei adopted in the late 1950s (Werner and
Wheeler, 1958). The theoretical reasoning behind these ideas
was connected to the study of the fission barrier of heavy
nuclides (Swiatecki, 1956; Myers and Swiatecki, 1966; Nix,
1972) and an extension of “magic nuclei” in the frame of the
shell model (Meldner, 1966, 1969). The artificial production
of superheavy nuclei by a bombardment of actinides, notably
with the lighter projectile 48Ca (Oganessian et al., 2012) at the
Flerov Laboratory of Nuclear Reactions (Dubna), continues to
be intensely pursued. The effort led to the identification of
short-lived nuclides up to Z ¼ 118 (noble-gas element oga-
nesson) that decay by alpha emission and spontaneous fission;
see Giuliani et al. (2019) for a review. The search for long-
lived superheavy elements, possibly present in nature, started
shortly after the hypothesis of an island of stability was
suggested. This species could be produced using the rapid (r)
neutron-capture process, as is the case in our present under-
standing of naturally occurring thorium and uranium; limi-
tations to how heavy this process could be were, however,
formulated (Viola, 1969). Early broad-range searches for
superheavy elements were made in ores and natural materials

FIG. 35. Chronology of 32Si half-life measurements. The solid
line represents a mean value of 144 yr, with the calculations
not including the ice and sediment values. The dashed line
indicates a 1σ uncertainty of �11 yr. Adapted from Fifield and
Morgenstern, 2009.
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via dielectric track detectors (fission tracks) by Flerov, Druin,
and Pleve (1970) or neutron counting from spontaneous
fission (Grimm, Herrmann, and Schüssler, 1971; Cheifetz
et al., 1972). To anticipate a long and interesting science
venture, we state that no superheavy species have been
identified or confirmed to date in terrestrial matter, including
searches using AMS that we later review.
The realization of the ultrahigh sensitivity and discrimina-

tion power of AMS in 1977 led to experiments searching
for traces of new species of masses in the range A > 300 in
terrestrial matter. Schwarzschild, Thieberger, and Cumming
(1977) are to our knowledge the first to report such a search in
a sample of monazite, a phosphate mineral rich in rare-earth
elements and thorium. The search showed no evidence for
nuclides in the range 345 ≤ A ≤ 355, with an abundance
sensitivity of the order of 1 × 10−10. Another early search for a
long-lived Z ¼ 110 nuclide was motivated by the estimate
by Schramm and Fowler (1971) that a superheavy chemical
homolog of platinum could be produced in a ratio 0.02:0.06 to
the abundance of 195Pt by multiple neutron capture. A search
at the University of Pennsylvania (Stephens, Klein, and
Zurmühle, 1980) set a limit of 1 × 10−11 for the abundance
of a superheavy 294110 nuclide in a placer of platinum with a
half-life larger than ≈2 × 108 yr.
The modern era of searches for superheavy elements by

AMS benefited from technical advances at the Maier-Leibnitz
Laboratory [Technical University of Munich (TUM)]
(Lachner et al., 2008) and the VERA Laboratory of the

University of Vienna (Dellinger et al., 2010; Dellinger,
Forstner et al., 2011; Dellinger, Kutschera et al., 2011).
Some of these searches were motivated in part by a series of

papers by Marinov et al. (2007, 2009, 2010, 2011), where
evidence of long-lived neutron-deficient isotopes of elements
Au and Th (and long-lived 261;265Rg isotopes in Au) was
presented with abundances in the range 10−11 − 10−10, which
were based on inductively coupled plasma sector field mass
spectrometry measurements and interpreted as isomeric super-
deformed nuclear states. These claims were not confirmed by
AMS searches performed with much higher sensitivities at
both the TUM and VERA laboratories; see the previous
discussion. The TUM setup based on a large high-voltage
14 MeV MP tandem accelerator is illustrated in Fig. 37(a).
Negative ions analyzed by an injection magnet and an

electrostatic analyzer are accelerated to a terminal voltage
between 8 and 11 MV. Stripping in the high-voltage terminal
by a thin C foil results in the dissociation of all molecular ions
and production of positive ions distributed over a number of
charge states. These ions are analyzed in atomic-mass-to-
charge (A=q) ratio in the range 292 ≤ A ≤ 310 using a
succession of magnets and Wien velocity filters and finally
identified by a time-of-flight–multiple ΔE-Si detector tele-
scope (Ludwig et al., 2012). With no finding of positive
evidence, the measurements reached limits of abundance
sensitivity ranging from 10−12 to 10−16, depending on the
sample used and the mass detected. Figure 37(b) shows an
example of ion identification for a setting corresponding to a

FIG. 36. The periodic table of elements as established recently following the confirmation of discovery of elements up to the noble-gas
oganesson (Z ¼ 118) and of their names and symbols adopted by the International Union of Pure and Applied Chemistry. The bold red
frames denote elements with no stable isotopes and their longest lived isotope (in parentheses). Adapted from Los Alamos National
Laboratory, 2017.
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hypothetical 310X11þ ion, illustrating the discrimination power
of the setup between ions having nearby A=q values: zero
counts and no background are established, corresponding
to an abundance limit of 1.4 × 10−15 relative to the raw Pt
material used as the sample in the ion source. Based on a lower
voltage accelerator with a 3 MV terminal, and consequently
different measurement systematics, experiments at the VERA
Laboratory (described earlier) led to nondetection of eka-Pt,
eka-Pb, and eka-Bi (Dellinger, Forstner et al., 2011) isotopes,
as well as to long-lived isotopes of roentgenium (Dellinger,
Kutschera et al., 2011) in natural gold with abundance limits
in the range 10−13 − 10−16 relative to their respective stable
chemical homologs. See the review of AMS searches for
superheavy elements in terrestrial matter by Korschinek and
Kutschera (2015) for further details.

B. Astrophysics

1. Background in nuclear astrophysics

Nuclear astrophysics is the microscopic constituent of
astrophysics and deals with the nuclear reactions occurring
at femtometric distances in the interior of objects of astro-
nomical size. The field aims to understand the formation of the
elements present in nature and their distribution across the
chart of nuclides. The realization that natural elements were
formed in the interior of stars dates from not earlier than

100 yr ago. Sir Arthur S. Eddington stated, in a presidential
address to the Royal Society of London (Eddington, 1920)
[see also Eddington (1926)], “A star is drawing on some vast
reservoir of energy by means unknown to us. This reservoir
can scarcely be other than the subatomic energy which, it is
known, exists abundantly in all matter.”He thus first identified
nuclear reactions as the source of energy balancing the star’s
own gravity. It was then a short step forward to the concept of
nucleosynthesis and to the conjecture that helium together
with energy is produced out of four protons in our Sun
(Eddington, 1926). The fusion of protons into helium occurred
already in the primordial Universe, but nuclear astrophysics’
main focus is the synthesis of heavier elements, while the
former is classified as big-bang nucleosynthesis, the era
predating star formation. In 1948, Alpher, Bethe, and
Gamow (1948) presented a vast model of nucleosynthesis
where fusion processes producing elements up to iron
along a star’s evolution were outlined. Neutrons were first
mentioned as major players in the synthesis of heavy
elements, even though the origin of neutrons was attributed
to fission of shorter-lived actinides. The main origin of
neutrons responsible for the nucleosynthetic processes during
the nuclear burning phases of a star is now attributed to ðα; nÞ
reactions, but fission and the accompanying neutrons are now
considered an important recycling path of nucleosynthesis
following explosive events; see Arnould and Goriely (2020).

FIG. 37. (a) AMS setup used at the Maier-Leibnitz Laboratory [Technical University of Munich (TUM)] for the search for superheavy
elements in natural materials. (b) Identification spectrum of ions for an accelerator setting corresponding to hypothetical 310X11þ ions.
The rectangular contour shows the expected location of events, based on calibration of the residual energy measured by the Si detector
and the ion time of flight through the detector system shown in (a). Adapted from Ludwig et al., 2012.
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A culmination of decades of experimental work initiated by
Clarke (1889) in the late 19th century, the review by Suess
and Urey (1956) on the relative abundance of the natural
elements, provided the empirical ground for nucleosynthesis
models (Fig. 38).
The noteworthy works by Cameron (1957) and Burbidge,

Burbidge, Fowler, and Hoyle (B2FH) (Burbidge et al., 1957)
followed, beginning the era of modern nuclear astrophysics.
The classification of nuclides based on their nucleosynthetic
production modes, the basic models, and the terminology
introduced in these papers has been a part of the field since
then. Without entering into the depth of the subject, which is
beyond the scope of this review, one can divide the nuclear
reactions that govern stellar nucleosynthesis into two broad
categories of charged-particle and neutron-capture reactions.
The former lead, by means of exothermic fusion of nuclei up
to the region of iron, to maintaining a star in hydrodynamical
equilibrium. The latter, unhindered by Coulomb repulsion,

are responsible for the synthesis of the majority of heavy
elements; see also the Fig. 38 caption. Explosive events
(novae, supernovae, and star mergers) are the site of more
exotic reactions (such as neutrino-wind driven reactions).
A major impact of accelerator mass spectrometry on nuclear
astrophysics was in providing measurements of cross sections
of important reactions involving long-lived nuclides and in the
search of fresh nucleosynthetic products deposited in minute
amounts in terrestrial (and lunar) archives. We next review
these recent activities. The future return to Earth and study of
Solar System material collected in space missions or sampled
from asteroids (Tsuda et al., 2019) and Mars (Muirhead,
Nicholas, and Umland, 2020) will likely further benefit from
the sensitive analytical capabilities of AMS.

2. Reaction cross sections measured with AMS

The knowledge of nuclear reaction cross sections has
always been a prime goal of experimental nuclear physics
and has provided a basis for theoretical models of nuclear
structure and reaction mechanisms. This information is of
prime importance in nuclear astrophysics for the quantitative
validation of nucleosynthesis models. These models are
eventually confronted with the elemental and isotopic dis-
tribution measured in the Solar System using different
analytical techniques and astronomical observations.
Nuclear cross sections are typically measured either on line

using the prompt yield of the reaction products (for instance,
scattered projectilelike or targetlike particles) or off line using
the activation method. The latter method consists in measuring
the yield of products left out in the reaction site. The classical
activation method consists therefore in detecting a radioactive
reaction product via its characteristic decay. Accelerator mass
spectrometry had a profound impact by complementing the
method by enabling atom counting of the reaction product.
The ultrahigh sensitivity and discrimination power of AMS
enables unambiguous identification of the product. It thus
enlarged the scope of the activation method to unstable
nuclides with long half-lives whose decay is practically too
slow to be measurable in an experiment time or with hard-to-
detect decay modes. We note here that due to the minute size
of nuclear cross sections (of the order of 1 b ¼ 10−24 cm2,
and mostly much lower) the activation method by atom
counting is practical only when a reaction product does
not exist as a natural stable isotope, because the reaction
product would typically be overwhelmed by the presence of
chemical impurities.
Wallner (2010) and, more recently, Gyürky et al. (2019)

and Chávez et al. (2022) reviewed compilations of cross
sections measured by AMS in different laboratories, mostly
indeed related to open questions in nuclear astrophysics.
To follow, we divide the reactions studied via AMS into
two categories: neutron-capture reactions and reactions
involving charged particles. Since AMS typically measures
an isotopic ratio between a rare and an abundant isotope, the
measurement of a neutron-capture reaction cross section is
particularly direct, as the target and product nuclides are by
definition isotopes of the same element. The cross section σnγ
of a target nucleus AZ is determined from the AMS-measured
isotopic ratio r ¼ NðAþ1ZÞ=NðAZÞ by

FIG. 38. Schematic curve of atomic abundances relative to that
of Si as a function of atomic weight based on the data of Suess
and Urey (1956), as presented by Burbidge et al. (1957) in the
B2FH review. The curve and the B2FH review where the major
nucleosynthesis processes are identified had a major impact on
the development of nuclear astrophysics. Processes denoted
by H−, He burning, and α refer mainly to exothermic fusion
reactions up to the iron group; s and r refer, respectively, to the
slow process occurring at low neutron densities in steady-state
stellar conditions and rapid neutron-capture processes where
extremely high neutron densities are produced in explosive stellar
events. P refers to the rare p-process stable nuclides (35 in
number) that are produced via nuclear reactions other than
neutron capture, such as photonuclear and charged-particle
reactions. Adapted from Burbidge et al., 1957.
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r ¼ σnγΦt; ð3Þ

where Φt is the time-integrated neutron flux and σnγ is the
capture cross section averaged over the energy distribution of
the neutrons, which is rarely monoenergetic. The first reaction
of this kind to be studied was the 62Niðn; γÞ63Ni reaction
(Nassar et al., 2004, 2005), leading to long-lived 63Ni with a
half-life of 101 yr (β− decay and no γ rays) and thus
displaying the superiority of AMS atom counting over decay
counting (Fig. 39). An interesting result from the AMS-based
measurement of the 62Niðn; γÞ63Ni reaction was the observa-
tion that this single measured cross section, notably different
from that assumed thus far from theoretical calculations,
impacts the evolution of elemental production throughout
the entire weak s-process range as calculated using stellar
evolution codes (Nassar et al., 2005; Dillmann et al., 2010).
The nuclear astrophysics interest in the reaction belongs

to a detailed study of the slow-capture s process (Figs. 38
and 40). Roughly half of the heavy elements are made through
the s process, which synthesizes them by successive neutron
captures competing on timescales similar to those of β− decay.
The process brings back a newly produced radioactive nuclide
toward stable nuclides and consequently evolves along or
close to the valley of stability. The process occurs in two
phases of stellar evolution, namely, that of relatively low-mass
stars having reached the status of red giants (the main s
process), providing nuclides with 90 ≤ A ≤ 209, and in the
weak s process 60 ≤ A ≤ 90 occurring in the core of mas-
sive stars.

Charged-particle-induced reactions investigated by activa-
tion differ from neutron-induced reactions in that a different
element is produced by the activation. This requires a
chemical treatment involving a carrier of the new element
(of natural composition or an enriched stable isotope) and
usually chemical separation from the target material. The first
nuclear reaction studied by activation and AMS, in the early
days of AMS, was in fact a charged-particle-induced reaction,
the 26Mgðp; nÞ26Al reaction (Paul et al., 1980) (see Fig. 41),

FIG. 39. AMS detection of 63Ni produced by the neutron-
capture reaction 62Niðn; γÞ63Ni. The neutron activation of an
isotopically enriched 62Ni target was performed at Forschungs-
Zentrum Karlsruhe with a quasi-Maxwellian neutron energy
distribution (kT ¼ 25 keV) to study the s-process evolution in
massive stars. The 63Ni ions, after separation of most of the stable
isobaric 63Cu in a gas-filled spectrograph, are identified in the
figure by the energy losses ΔE2 and ΔE3 measured on two
successive anodes of a focal-plane ionization chamber. Adapted
from Nassar et al., 2005.

FIG. 40. Schematic representation of the s-process evolution
starting from a 56Fe seed preexisting in a star. The process
of successive neutron captures synthesizes about half of the
heavy elements in nature. Inset: reproduced distribution of
natural elements shown in Fig. 38 sorted by mass number. From
Käppeler et al., 2011.

FIG. 41. Detection of 26Al produced by the charged-particle
reaction 26Mgðp; nÞ26gAl and leading to the long-lived ground
state 26gAl (t1=2 ¼ 7.2 × 105 yr). The reaction was studied at
Argonne National Laboratory in the early years of AMS as the
inverse of the destruction reaction of the important 26Al radio-
nuclide. Adapted from Paul et al., 1980.
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which benefited from the fact that 26Mg does not form stable
negative ions. This reaction involved the important 26Al
radionuclide, which was later detected as a live radioactivity
in the Galactic interstellar medium (Diehl et al., 2006a, 2006b,
2021; Diehl, Martin et al., 2021).
The study of the reaction was then motivated by the

freshly discovered isotopic anomaly of 26Mg abundance
in meteoritic inclusions, which was attributed to the pres-
ence in the early Solar System of live 26Al decaying in situ to
26Mg (Lee, Papanastassiou, and Wasserburg, 1976a, 1976b).
An important feature of the method is that the measure-
ment by AMS of the isotopic ratio, for instance, in the
particular case above r26 ¼ 26Al=27Al between the reaction
product (26Al) and the chemical carrier (Al), allows one
to determine the total number N26 of 26Al atoms produced
in the reaction. This is done via the equation N26 ¼
r26 × N27, regardless of the chemical efficiency of the
chemical recovery, based on the known amount of carrier
27Al added.
Complementing existing reviews and compilations (Chávez

et al., 2022), Table III lists a number of recent measurements
of cross sections by AMS, dedicated mostly to various topics
of nuclear astrophysics.

3. Traces of accreted interstellar matter

a. Extraterrestrial particles

Earth is continuously bombarded by extraterrestrial matter.
Approximately 30 000� 20 000 tons of cosmic dust reach
Earth every year (Love and Brownlee, 1994), almost exclu-
sively originating from sources within the Solar System. The
majority of influx consists of small objects, such as micro-
meteorites with a diameter of less than a micrometer. Larger
objects such as meteorites or asteroids contribute to less than
1% to the total influx; see Sec. IV.C.
Particles of extrasolar origin, i.e., originating from the

interstellar medium, such as cosmic rays and interstellar dust
particles, have to overcome the solar wind pressure and the
magnetic field of the heliosphere in order to penetrate the
Solar System (Chaikin et al., 2022). The first type, Galactic
cosmic-ray particles, is predominantly responsible for the
production of cosmogenic nuclides both in space (meteorites,
lunar surface, etc.) and on Earth. Only a small fraction,
though, will survive and arrive at Earth’s surface. Single atoms
from interstellar space (in contrast to the highly energetic
cosmic rays) are deflected away from the Solar System by the
magnetic field of the heliosphere.

TABLE III. Measurements of nuclear reaction cross sections performed since about 2015 via activation and AMS analysis. We refer for earlier
works to previous reviews and publications (Gyürky et al., 2019; Chávez et al., 2022). ANL, Argonne National Laboratory, USA; ANU,
Australian National University, Australia; CIAE, China Institute of Atomic Energy, China; FNAL, Fermi National Accelerator Laboratory,
USA; HZDR, Helmholtz-Zentrum Dresden-Rossendorf, Germany; ININ, Instituto Nacional de Investigaciones Nucleares, Mexico; IFUNAM,
Instituto de Física, Universidad Nacional Autónoma deMéxico, Mexico; KIT, Karlsruhe Institute of Technology, Germany; LEMA, Laboratorio
de Espectrometría de Masas con Aceleradores; IPN, Institut de Physique Nucléaire, France; MALT, MicroAnalysis Laboratory, Tandem
accelerator, Japan; ND, University of Notre Dame, USA; PRIME, Purdue Rare Isotope Measurement Laboratory, USA; RCNP, Research Center
for Nuclear Physics, Osaka University, Japan; SARAF-LiLiT, Soreq Applied Research Accelerator Facility-Liquid-Lithium Target, Israel;
Tohoku U, Tohoku University, Sendai, Japan; TUM, Technical University of Munich, Germany; VERA, Vienna Environmental Research
Accelerator, Austria.

Reaction Irradiation facility Incident energy AMS facility Reference

9Beðn; γÞ10Be KIT kT ¼ 25 and 473 keV VERA Wallner et al. (2019)
9Beðn; γÞ10Be ININ Thermal LEMA Marin-Lambarri et al.

(2020)
13Cðn; yÞ14C KIT kT ¼ 25, 123 and 182 keV VERA Wallner et al. (2016b)
14Nðn; pÞ14C KIT kT ¼ 25, 123 and 182 keV VERA Wallner et al. (2016b)
28Siðd; αÞ26Al IFUNAM 3.4–4.8 MeV LEMA Reza et al. (2020)
33Sðα; pÞ36Cl ND 3–6 MeV ND, PRIME Anderson et al. (2017)
34Sð3He; pÞ36Cl ND 3.3–7.1 ND Anderson et al. (2020)
35Clðn; γÞ36Cl KIT, SARAF-LiLiT kT ¼ 40.5 keV ANU, HZD, VERA Pavetich et al. (2019b)
36;38Arðn; γÞ37;39Ar SARAF-LiLiT kT ¼ 47 keV ANL Tessler et al. (2018)
54Feðn; γÞ55Fe KIT kT ¼ 25 and 450 keV VERA Wallner et al. (2017)
58Niðn; γÞ59Ni KIT kT ¼ 25 keV TUM Ludwig et al. (2017)
60Niðn; 2nÞ59Ni CIAE 14 MeV CIEA He et al. (2015)
natCu, 89Y,

139Tbðp; xÞ10Be,
26Al

FNAL, RCNP 120 GeV, 392 MeV MALT Sekimoto et al. (2015)

92Zrðn; γÞ93Zr SARAF-LiLiT kT ¼ 40 keV ANU Pavetich et al. (2019a,
2022)

93Nbðn; 2nÞ92Nb CIAE 14.6 MeV CIAE He et al. (2018)
147Smðγ; nÞ146Sm Tohoku U 10–50 MeV ANL Nusair et al. (2016)
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Interstellar dust particles are the second type of interstellar
traces. The space missions of Ulysses, Galileo, and Cassini
have observed such dust particles at orbits between 0.4 and 5
astronomical units (AU) with average diameters of 0.5 to
0.6 μm (Altobelli et al., 2016). These particles were identified
through their characteristic high velocities (above the escape
velocity of the Solar System) and peculiar trajectories.
Interstellar dust can therefore also be found in Earth’s orbit.
A characteristic feature for identifying an interstellar origin

for dust particles is the presence of some longer-lived radio-
nuclides. If attached to cosmic dust particles, such nuclides
may be able to enter the Solar System and can become
deposited on lunar or planetary surfaces, or they may become
incorporated into terrestrial archives.

b. Radionuclides as cosmic radioactive clocks

Nucleosynthesis in stars generates fresh nuclides that enrich
the interstellar medium through stellar winds and stellar
explosions. This includes stable nuclides and radionuclides.
The presence of long-lived radionuclides contains time
information as they decay and act as radioactive clocks.
Prominent examples of such radionuclides with half-lives
of the order of a million years are 26Al and 60Fe. Both nuclides
are present in the interstellar medium and were observed by
satellites through their characteristic γ rays associated with
their decay. In addition, the early Solar System contained a
number of radionuclides (here called short-lived radionuclides
since their lifetimes are short compared to the age of the Solar
System). Their presence at the birth of the Solar System was
deduced from overabundances of their stable decay products
when compared to the average terrestrial abundance ratios.
Examples include the radionuclides 26Al, 36Cl, 41Ca, 53Mn,
60Fe, and 182Hf, as well as the actinides 244Pu and 247Cm; see
Huss et al. (2009), Lugaro et al. (2014), and Coté et al. (2021).

c. Primordial radionuclides

Radionuclides with half-lives longer than 108 yr can still be
naturally present today. A significant fraction has survived
decay since the Solar System formed some 4.6 Gyr ago; these
are the so-called primordial radionuclides: examples are 235U
and 238U, 232Th, and also 40K with half-lives between 0.704
and 14 Gyr (109 yr). An interesting candidate is 244Pu with a
half-life of ð81.3� 0.3Þ × 106 yr (Nesaraja, 2017). Decay
would have reduced its original abundance by ∼17 orders of
magnitude. Hoffman et al. (1971) searched for the presence of
primordial 244Pu in a terrestrial mineral (Precambrian bast-
naesite), which could potentially have enriched the Pu con-
centration by several orders of magnitude compared to its
average terrestrial value today. Using thermal ionization mass
spectrometry, they found an indication of 244Pu’s present
existence in nature with 242 244Pu atoms identified corre-
sponding to a concentration of 1.0 × 10−18 g 244Pu=g. Note
also the upper limit set by Fields et al. (1966) of the average
terrestrial 244Pu concentration of 3 × 10−22 g 244Pu=g. Some
30 years later, the Munich AMS group repeated this meas-
urement, however, applying AMS, and thus with the advan-
tage of suppressing any molecular interference. In contrast to

Hoffman et al. (1971), they did not observe any 244Pu, which
relates to an upper limit for the abundance of 244Pu in their
bastnaesite sample of 1.5 × 10−19 g 244Pu=g (Lachner et al.,
2012) Recently another measurement at ETH Zurich, taking
advantage of the significantly improved overall detection
efficiency of actinides (Wu et al., 2022), also did not find
any indication for primordial 244Pu, confirming the upper limit
given by Lachner et al. (2012). Thus, the direct detection of
primordial 244Pu on Earth remains an open issue.

d. Search for interstellar signatures in terrestrial and lunar archives

The interstellar medium (ISM) continuously receives injec-
tions of freshly produced nuclides from dying stars and,
consequently, the interplay of production and decay will alter
the concentrations of radionuclides over time and space. The
Solar System is ploughing through the ISM and may collect
such particles.
Dedicated searches for interstellar radionuclides were con-

ducted on lunar material (for instance, the Apollo 11 bulk
sample material) by Fields et al. (1970) using mass spec-
trometry. They searched for the possible presence of 244Pu
or 247Cm (half-life ¼ 1.57 × 107 yr). Both nuclides would be
extinct or nearly extinct as primordial nuclides (see previous
discussion), but if present they could act as indicators of “an
infusion from a supernova that occurred quite close to the
Solar System within the last billion years.” They used a special
mass spectrometer that could determine neighboring isotopes
of widely disparate abundances. Finding no indication of these
actinides, they concluded that the absence of 244Pu and 247Cm
in lunar material precludes nearby supernova explosions
within the last eon or two. However, this conclusion is valid
only if the heavy r-process nuclides (including all actinides)
are produced mainly by supernovae. This assumption was
valid at that time, but more recent research (Cowan et al.,
2021) favors compact-object mergers such as neutron-star
mergers) as a dominant source for the heavy r-process
nucleosynthesis (see later discussion).
Alvarez et al. (1980) conducted a similar search for

supernova-produced 244Pu, but on terrestrial material, about
10 yr after the first measurements on lunar samples. In their
paper, they demonstrated an extraterrestrial cause for the
Cretaceous-Paleogen (K-Pg) (previously called Cretaceous-
Tertiary) mass extinction 6.6 × 107 yr ago by measuring an
enhanced concentration of Ir- and Pt-group elements in the
material from the K-Pg boundary layer. Besides other con-
vincing arguments for an asteroid impact, they also tested the
hypothesis that the K-Pg extinction could have been the result
of a nearby supernova, although such an event (requiring an
extremely short distance of ∼0.1 pc for a supernova) would
have been unlikely. They measured the 244Pu content by
neutron activation analysis and concluded, since no 244Pu was
detected (with a detection limit <10% compared to the
expected signal when scaled with the Ir concentration in
the layers associated with the K-Pg event), that the cause for
the mass extinction was not due to a nearby supernova. Their
conclusion again relied on the assumption that actinides are
produced in supernovae.

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-41



Soon after the advent of AMS, its potential for identifying
spurious traces of extraterrestrial radionuclides was recog-
nized. For example, right after the work by Alvarez et al.
(1980) (see previous discussion), Litherland et al. (1981)
pointed out that the detection of 244Pu or 129I at the K-Pg
boundary could help to distinguish between the asteroid
theory and the supernova theory for the mass extinctions.
AMS would now offer a sensitivity for 244Pu detection much
greater than any other previous technique. However, this
project was not continued during the early days of AMS,
because the many other new developments changed priorities
(Litherland, 2021). Therefore, it took another 15 yr until the
detection of live interstellar radionuclides continued with a
successful revival this time with AMS.
Ellis, Fields, and Schramm (1996) suggested searching for

a number of radionuclides in terrestrial archives where isotope
anomalies could signify a recent nearby supernova explosion,
i.e., for the past few half-lives of a specific radionuclide. Their
work was inspired by the Alvarez search (Alvarez et al., 1980)
and by the AMS discovery of 10Be isotope anomalies about
3.5 × 104 and 6 × 104 yr ago in ice cores (Raisbeck et al.,
1987, 1992; Beer et al., 1992) and deep-sea sediments
(McHargue, Damon, and Donahue, 1995). The 10Be data
had triggered discussions that one or more nearby supernova
explosions could be the cause for these anomalies (Raisbeck
et al., 1992).
A number of radionuclides were proposed by Ellis, Fields,

and Schramm (1996) as potential candidates that may reflect
nearby supernova explosions by isotope anomalies in the
terrestrial geological record, either through their direct dep-
osition or indirectly by leading to an enhanced cosmic-ray
production in Earth’s atmosphere, such as 10Be. Independent
of Ellis, Fields, and Schramm (1996), at the same time the
Munich group also suggested utilizing 60Fe as an indicator of
nearby supernovae (Korschinek et al., 1996).
The most promising nuclides as direct messengers from

the interstellar medium turned out to be 26Al, 53Mn, 60Fe, and
244Pu. This is for two reasons: First, AMS can measure them
with high sensitivity or as nearly background free. Second, the
nuclides 60Fe and 244Pu do not exist naturally on Earth (except
for the recent production of 244Pu during atmospheric nuclear
weapons tests), thus any signal in the terrestrial record points
to extraterrestrial sources. Other isotopes of considerable
interest are 129I, 182Hf, and 247Cm, but these still suffer from
interference from anthropogenic background or require
measurement or chemical separation developments. Finally,
enhancements in 10Be or 14C are not of unique origin and it is
difficult to directly associate them with a supernova (SN).
Recently a number of short-term variations in the 14C tree-ring
record were detected (Miyake et al., 2012, 2021; Miyake,
Masuda, and Nakamura, 2013), sometimes accompanied with
measurable 10Be and 36Cl excursions in ice cores (Paleari
et al., 2022). These enhancements, however, are the results of
solar energetic particle events; see Sec. III.C.5.
The expected range of deposition rates of these extrater-

restrial radionuclides into geological archives is from a few
atoms to 10 000 atoms=cm2 1000 yr. Presently only AMS is
sensitive enough to detect such minute signatures. In particu-
lar, recent developments in actinide detection provided a

significant boost in the search for interstellar 244Pu; see later
discussion. Other techniques have since also demonstrated
similar high selectivity, for instance, for Pu detection such
as RIMS, but have not yet been applied to real samples
(Trappitsch et al., 2019).

e. Cases of 60Fe and 244Pu near supernova activity and heavy element
nucleosynthesis

In the following, the two nuclides 60Fe and 244Pu are
discussed in more detail. For both no significant natural
terrestrial abundance is observed; therefore, the presence of
60Fe and 244Pu in terrestrial archives points to its extraterres-
trial origin. These two nuclides are of particular interest for the
following reasons.

• 60Fe [t1=2 ¼ 2.60 × 106 yr (Rugel et al., 2009; Wallner,
Bichler et al., 2015)] is predominately produced in
massive stars and ejected in supernovae. Thus, the
presence of this radionuclide is a strong indicator of
nearby supernova explosions within the last few million
years (within several lifetimes of 60Fe).

• 244Pu (8.1 × 107 yr) is an actinide and is therefore
exclusively produced in the r process. The r process,
i.e., the rapid neutron-capture process, is responsible for
the production of half of the heavier elements above Fe
and requires explosive stellar environments. The sites
and frequency of this process is still under debate, with
some types of supernovae and neutron-star mergers
being the most promising candidates. The presence of
244Pu in the interstellar medium or upper limits on its flux
to Earth will provide important experimental information
on nucleosynthesis of the heavier elements. With its
much longer half-life compared to 60Fe, 244Pu could
originate also from older r-process events, not limited to
recent supernovae that can be tracked with the shorter-
lived 60Fe. 244Pu may also be present in the interstellar
medium in a quasi-steady-state equilibrium if it is
produced frequently.

60Fe turned out to be the most important indicator of recent
nearby supernova activity. The isobar suppression capabilities
using AMS was first demonstrated for 59Ni measurements
on meteorites and lunar material at the Argonne National
Laboratory (Kutschera et al., 1993) when high particles
energies were combined with the gas-filled magnet technique
(Paul et al., 1989); see also Sec. II.D.3. Two AMS facilities
pushed the limits further to achieve the required sensitivity for
detection of interstellar 60Fe: Munich, based on their large
14 MV MP tandem (Knie, Faestermann, and Korschinek,
1997), pioneered this research. Later, the AMS group at the
14 MV Pelletron tandem of ANU Canberra developed the
AMS technique as well, and it remains the only such facility
after TU Munich shut down its activities in 2020. The AMS
group at ANU reported for 60Fe a measurement background of
60Fe=Fe as low as 3 × 10−17 (Wallner et al., 2021), which is
equivalent to one identified background event over ∼1 d of
measurement.
Interstellar 60Fe was found in terrestrial archives such as

deep-sea sediments (Fitoussi et al., 2008), FeMn crusts, and
nodules. This nuclide was also detected in Antarctic snow
(Koll, Korschinek et al., 2019) in addition to lunar soil
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samples (Fimiani et al., 2016). Interstellar 60Fe was found in a
biogenic reservoir (fossilized magnetotactic bacteria in deep-
sea sediments) (Ludwig et al., 2016). All used AMS for these
measurements. Independently 60Fe was identified in Galactic
cosmic rays (Binns et al., 2016). None of these signals can be
explained by terrestrial production or as being of Solar System
origin, such as cosmogenic production in (micro)meteorites
(Knie et al., 2004; Wallner et al., 2016a; Koll et al., 2020).
Figure 42 shows an extensive set of AMS data from deep-

sea sediments, crusts, and nodules as obtained from measure-
ments at ANU (Wallner et al., 2016a, 2020; 2021). 60Fe was
found in all major oceans demonstrating that the 60Fe signal
is a global signal; 60Fe influx is extended in time and of
interstellar origin from multiple events. Two broad signals
point to long-term influxes of 60Fe, possibly caused by several
nearby SN explosions. Thus, Earth was exposed to SN ejecta
or, alternatively, the Solar System could also have moved
through clouds of 60Fe-enriched dust.
Parallel to 60Fe, the AMS technique for detection of

interstellar 244Pu was developed at the Hebrew University
(Paul et al., 2001) and at TU Munich (Wallner et al., 2004).
But detection of 244Pu is even more challenging: the expected
influx compared to 60Fe would be some 3 to 5 orders of
magnitudes lower (if supernovae produce actinides at all). The
presence of older 244Pu in the interstellar medium might add a
small additional contribution to the signal.
Despite the low influx values, the extraordinary improve-

ment in AMS detection efficiency for actinides by some 4
orders of magnitudes over the past 20 yr now makes such
measurements feasible. This improvement is mainly based on
the high charge-state yields using He as a gas stripper and
providing essentially 100% ion transmission in compact AMS
systems (Vockenhuber et al., 2013). For example, the VEGA
facility at ANSTO now quotes an overall detection efficiency
for Pu of >1% (Hotchkis et al., 2019). For comparison, this is
also 2 orders of magnitude higher than the present detection
efficiency for 60Fe using high-voltage and more complex
accelerators.

Owing to this major improvement in detection efficiency, a
clear signal of 244Pu well above anthropogenic production was
recently found (Wallner et al., 2015, 2021). This first time
detection of interstellar 244Pu in terrestrial samples is con-
sistent with previous measurements that provided only upper
limits. The 244Pu influx seems to correlate with the 60Fe data
with an approximately constant 244Pu=60Fe ratio of ð3–5Þ ×
10−5 despite a low time resolution of the 244Pu measurements.
More 244Pu measurements with a better time resolution are
necessary to better understand the apparently concomitant
influx of 60Fe and 244Pu.
The Pu data suggest that regular core-collapse supernovae

are not the dominant producers of heavy r-process nuclides
for the past few hundred million years. These data are
consistent with a predominant contribution of compact-object
mergers that is 100 to 1000 times less frequent than core-
collapse supernovae. Nevertheless, supernovae might contrib-
ute to some extent as a minor but frequent source to the total
r-process content of the Galaxy.
Detection for potential interstellar candidates other

than 60Fe and 244Pu remains more difficult. 26Al (t1=2 ¼
7.18 × 105 yr) and 53Mn (t1=2 ¼ 3.7 × 106 yr) were searched
for in terrestrial archives. However, neither nuclide is rare on
Earth. They are continuously produced naturally via cosmo-
genic production both directly on Earth (26Al and 53Mn) and,
in the case of 53Mn, by cosmic-ray-induced spallation reac-
tions in planetary objects, which becomes part of the cosmic
dust that is collected by Earth. Consequently, any interstellar
26Al or 53Mn signature must be identified on top of this
“naturally existing” 26Al or 53Mn signal.
Interstellar 53Mn is overwhelmingly produced by super-

novae. By combining the 53Mn data obtained from four
deep-sea ferromanganese crusts, Korschinek et al. (2020)
presented an overabundance of 53Mn over that expected from
cosmogenic production. Despite the difficulty in such mea-
surements, these data are in agreement with some nucleo-
synthesis models. Feige et al. (2018) searched for the
presence of interstellar 26Al in deep-sea sediment samples
that covered the same time period between 1.7 × 106 and
3.2 × 106 yr that showed an enhanced 60Fe influx. However,
no significant 26Al above a dominating terrestrial signal
was found. The interstellar influx limit for 26Al deduced
from these data is consistent with the observed 60Fe-26Al
isotope ratios in the interstellar medium (the measured
γ-ray flux ratio) and nucleosynthesis models (Diehl et al.,
2021, 2022).
Recent technological developments in isobar suppression

might also open up new possibilities for the search of
additional interstellar radionuclides. In particular, new
approaches based on laser-induced selective photodetachment
within an ion cooler (see Sec. II.D.3) seem promising for
the near future. Detection of 182Hf (Vockenhuber, Feldstein
et al., 2004; Forstner et al., 2011; Martschini et al., 2020)
seems to be feasible in the near future. This nuclide
(t1=2 ¼ 8.9 × 106 yr) is of particular interest for nuclear
astrophysics, as it can be produced in both s and r-process
nucleosynthesis. In addition, other nuclides like those iden-
tified by Ellis, Fields, and Schramm (1996) such as 107Pd or

FIG. 42. Summary of 60Fe measurements in different archives.
Adapted from Wallner et al., 2021.
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so-called p-process nuclides might be in reach in the near
future with this new technique.

C. Extraterrestrial matter

1. Meteorites

Meteorites are messengers from the Solar System that carry
information in the form of a variety of long-lived radioisotopes
(including 14C, 26Al, 36Cl, 41Ca, 59Ni, and 81Kr) that are built up
by the interaction of cosmic rays with the meteorite (Masarik
and Reedy, 1994; Michel, 1999). Meteorites are derived from
larger asteroids, and the collision times in space mean that the
exposure times of a meteorite are typically ð5 − 50Þ × 106 yr
(Eugster et al., 2006). Since the exposure time in space is
usually much longer than the half-lives of the respective
radioisotopes, they are in secular equilibrium when a mete-
orite collides with Earth. Antarctic ice fields and hot desert
environments are particularly fertile areas to preserve mete-
orites when they arrive on Earth. Among the previously
mentioned radioisotopes, AMS measurements of 36Cl
[t1=2 ¼ ð301� 2Þ × 103 yr] turned out to be best suited to
determine terrestrial ages of Antarctic meteorites >25 000 yr
and 14C (t1=2 ¼ 5700 yr) for <2.5 × 104 yr, with some
measurements also made by 81Kr (Herzog, Caffee, and Jull,
2015). Meteorites with terrestrial ages as long as 2.35 ×
106 yr have been recovered (Welten et al., 1997). The
distribution of terrestrial ages also allows one to study
glaciological aspects such as ice flow and geomorphology
of Antarctic mountains (Folco et al., 2006). Measurements of
terrestrial ages of many meteorites have been determined by
14C, 36Cl, and 41Ca dating (Eugster et al., 2006; Jull, 2006;
Welten et al., 2006) The distribution of meteorites in desert
environments can be affected by local geological conditions in
arid environments, particularly the southwestern U.S. (Jull
et al., 1993; Jull, 2006), Western Australia (Jull et al., 2010),
the Atacama Desert (Drouard et al., 2019), North Africa
(Aboulahris et al., 2019), and the Arabian Peninsula
(Al-Kathiri et al., 2005).
An interesting application of terrestrial ages of Antarctic

meteorites was the determination of the 41Ca half-life relative
to that of 36Cl measured in the same meteoritic sample material
(Klein et al., 1991). Figure 43 shows the result of this
measurement t1=2 ¼ ð103� 7Þ × 103 yr, which is consistent
with that from a specific 41Ca activity measurement of Paul,
Ahmad, and Kutschera (1991) t1=2 ¼ ð101� 10Þ × 103 yr,
as well as the high-precision measurement of Jörg et al.
(2012) t1=2 ¼ ð99.4� 1.5Þ × 103 yr.
Meteorites also carry information of the early Solar System

(ESS) through stable isotopic anomalies produced by the
in situ decay of radioisotopes with half-lives much shorter
than the Solar System (∼4.6 × 109 yr). The first evidence
of live 26Al being present in the ESS was the measurement
of 26Mg isotopic excess in the Allende meteorite (Lee,
Papanastassiou, and Wasserburg, 1976a). Later the isotopic
excess effects of a variety of other extinct radioisotopes were
discovered, opening interesting views on nucleosynthesis in
stars close to the formation of the Solar System (Wasserburg
et al., 2006).

2. Lunar material

The Apollo flights to the Moon between 1969 and 1972
brought back valuable material from the surface. Since the
Moon has no atmosphere and no magnetic field, solar cosmic
rays of low energy can reach the surface and induce nuclear
reactions. The solar wind also implants nuclei in surface
material. Numerous studies have been undertaken to under-
stand the cosmic-ray exposure history of lunar soils and rocks,
as recently summarized by Crawford et al. (2021). The high-
energy cosmic rays from the Galaxy are considered to have
been constant over the last few million years (Vogt, Herzog,
and Reedy, 1990). However, the variability in the solar flux
can be observed in the lunar record. Cosmogenic nuclides
have been studied in many lunar rocks and cores [see Fink
et al. (1998), Jull et al. (1998), and Nishiizumi et al. (2009)
for summaries], and these data have been used to calculate
variations in the solar and Galactic cosmic-ray record, as
summarized by Jull et al. (2020). These records are also
important for understanding the solar flare record on Earth,
especially from increases in 14C in terrestrial annual records
such as tree rings (Miyake et al., 2021). In Fig. 44, we show an
example of estimates of solar proton fluxes over different
times periods that gives an estimate of the maximum possible
fluence limited by the lunar data (Poluianov et al., 2016).
In an effort to measure the flux of solar alpha particles,

AMS measurements of 59Ni [t1=2 ¼ ð76� 5Þ × 103 yr] pro-
duced by the reaction 56Feðα; nÞ59Ni in surface material from a
lunar rock were performed. In this case, ATLAS was used to
measure 59Ni28þ by full stripping to separate it from the
interfering stable isobar 59Co27þ in a magnetic spectrograph
(Kutschera et al., 1993). In this way a specific activity of
∼100 dpm 59Ni=kg Fe was measured, which is roughly what
one expects from solar cosmic-ray alpha particle interactions.
A different use of lunar material was the measurement of

stellar 60Fe [t1=2 ¼ ð2.61� 0.04Þ × 106 yr] accumulated in
surface samples (Fimiani et al., 2016), whose origin is likely

FIG. 43. Log-log plot of 41Ca vs 36Cl concentration measured
in Antarctic meteorites of different terrestrial age. From the
slope indicated and the known half-life of 36Cl, a half-life of
ð103� 7Þ × 103 yr was determined for 41Ca. Adapted from
Klein et al., 1991.
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from the same nearby supernova events from several million
years ago (see Fig. 42), which were detected on Earth in deep-
sea manganese crusts (Wallner et al., 2020, 2021).
Taricco et al. (2006) looked at 44Ti (t1=2 ¼ 59.1� 0.3 yr) as

a proxy for the variability of the cosmic-ray flux in meteorites
collected over the last 235 yr and compared this to the solar-
cycle record, with reasonable agreement. This study was
conducted by decay counting but suggests that development
of AMS measurements of other shorter-lived nuclides such as
32Si (t1=2 ¼ 144� 11 yr) could be of interest in the future in a
similar application.

3. Asteroid impacts

Some of the most violent events on Earth include asteroid
impacts, with the most famous having been related to a
mass extinction of ∼70% of life on Earth 6.6 × 107 yr ago,
including the demise of the dinosaurs (Alvarez et al., 1980).
After the Chicxulub crater in Mexico was identified as the
impact crater of a giant asteroid (Schulte et al., 2010), the
exact date of the impact was determined with 40Ar=39Ar
dating on tektites and bentonite associated with the impact
(Renne et al., 2013). The well-known Meteor Crater
(Arizona) has been dated using in situ cosmogenic nuclides
10Be and 26Al to about 5 × 104 yr (Nishiizumi, Kohl,
Shoemaker et al., 1991).
An AMS measurement of 10Be in cored material from the

bottom of the lake formed at the Bosumtwi impact crater in
Ghana was performed to garner details of the impact process.
The inability to find 10Be in the samples of suevite breccia

indicated that little surface material had fallen back into the
crater after the impact (Losiak et al., 2013). The age of two
possible impact structures in Estonia called Ilumetsa
was determined from radiocarbon dating to be postglacial
∼7000 yr ago (Losiak et al., 2020). Recently Chen et al.
(2021) used the radiocarbon dating of charcoal and lacustrine
sediments to constrain the age of a meteorite crater in China
to ∼4.9 × 104 yr.
Samples have been returned to Earth from Japanese space

missions to the asteroids (24153) Itokawa and (162173)
Ryugu. Exposure ages have been estimated from noble-gas
studies (Herzog and Wieler, 2014; Meier et al., 2014). Initial
studies on Itokawa grains using AMS resulted in large errors
(Nishiizumi, Caffee, and Welten, 2015) due to the small
sample size. Samples from the Ryugu C-type asteroid are now
available and will give us new information. The return of
asteroidal material from a similar C-type asteroid (101995)
Bennu by an American spacecraft will also add to the
collection of available material.

V. CONCLUDING REMARKS

Since our material world consists of atoms, “atom sorting
and counting” using AMS is one way to obtain direct
information about the composition of a sample of interest.
The focus of AMS is on the measurement of ultralow traces of
cosmogenic and anthropogenic long-lived radionuclides. In
this way, AMS is extending the widely used method of stable
isotope mass spectrometry to one that includes long-lived
radioisotopes as well. This allows us to use the “isotope
language” to study our environment at large in unprecedented
detail. In particular, depending on the half-life of the measured
radionuclides, time-dependent processes can be investigated
as well.
This review describes the technical aspects of the AMS

method and the wide range of research possibilities. Even
though an effort is made to cover as many fields of research as
possible, the selection of topics is necessarily influenced by
our expertise. However, a rather large bibliography is supplied
to allow interested readers to pursue any of the topics in
more depth.
Among the radionuclides measured with AMS, 14C is by

far the most used and is measured routinely at almost all
AMS facilities worldwide. It offers seemingly unlimited
research possibilities. Second to 14C is the use of 10Be,
followed by 26Al, 36Cl, 41Ca, 129I, and many other long-lived
radionuclides. In recent years, AMS measurements of
anthropogenic isotopes of the actinides (Th, Pa, U, Np,
Pu, Am, and Cm) released into the environment from the
atmospheric nuclear weapons testing period and fission
products from the nuclear industry have been gaining
importance for a number of interesting applications, such
as in oceanography (Hain et al., 2022).
A rapidly increasing research field of AMS is nuclear

astrophysics. The detection of rare isotope signals (such as
60Fe and 53Mn) in deep-sea archives (nodules and sediments)
and lunar material indicate supernova explosions at ∼3 × 106

and ∼7 × 106 yr ago. The detection of 244Pu in the same
archives points to a production in neutron-star mergers or

FIG. 44. Occurrence probability density function (OPDF) of
solar energetic particles with the annual fluence F > 30 MeV
exceeding the giving value. The triangles denote OPDF based on
the data for the spacecraft. The circles correspond to the solar
energetic particle (SEP) events derived from terrestrial cosmo-
genic and neutron-monitor data [modified after Usoskin et al.
(2017)]. Open symbols indicate the measured or estimated
values, whereas filled symbols indicate a conservative upper
bound. Error bars bound the 68% confidence interval. The red
hatched area encompasses the OPDF estimated in this work from
26Al in lunar samples. Adapted from Poluianov et al., 2016.

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-45



other rare cosmic events. A variety of nuclear cross section
measurements with AMS contribute to our understanding of
nuclear synthesis in stars.
The study of extraterrestrial matter is another lively field of

AMS. Besides lunar material, which is still available from the
Apollo-flight era (1969–1972), the first material from aste-
roids has also recently been collected. Perhaps material from
Mars will someday be brought to Earth, either remotely or
through human travel.
The worldwide increase of the number of AMS facilities

(currently approaching 160) reflects the great interest in this
field. This is accompanied by technical improvements, i.e., the
“small is beautiful” development of ever smaller AMS facili-
ties, the reduction of sample size, the increase of the overall
detection efficiency, the reduction of background, and the
availability of new radioisotopes. The addition of laser-matter
interaction techniques to AMS, unlike those from mass
spectrometry and nuclear detection, bodes well for new devel-
opments. In all likelihood, this will lead to new and innovative
research in the fields addressed in this review and beyond.

LIST OF SYMBOLS AND ABBREVIATIONS

AD anno Domini
AGAGE Advanced Global Atmospheric Gases

Experiment
AMS accelerator mass spectrometry
ANL Argonne National Laboratory,

Argonne, IL
ALICE Accélérateur Linéaire Injecteur Cyclo-

tron (linear accelerator and cyclotron),
Orsay, France

ANIS Aarhus negative-ion source, Aarhus,
Denmark

ANSTO Australian Nuclear Science and
Technology Organisation, Sydney,
Australia

ANU Australian National University,
Canberra, Australia

a.s.l. above sea level
ATOMKI Atommagkutató Intézet, Institute for

Nuclear Research, Hungarian Acad-
emy of Sciences, Debrecen, Hungary

ATLAS Argonne Tandem Linear Accelerator
System

ATTA atom trap trace analysis
AU astronomical unit
B2FH Burbidge, Burbidge, Fowler, and

Hoyle (Burbidge et al., 1957)
BC before Christ
BCE Before the Common Era; alternative

form of BC
CARIBIC Civil Aircraft for the Regular Investi-

gation of the Atmosphere Based on an
Instrument Container

CAMS Center for Accelerator Mass Spectro-
metry, Lawrence Livermore National
Laboratory, Livermore, CA, USA

CAMS compact accelerator mass spectro-
meter, NEC, Middleton, WI

CE Common Era; alternative expression
for AD

CEDAD Centro di Fisica Applicata, Datazione
e Diagnostica (Centre for Applied
Physics, Dating and Diagnostics),
University of Salento, Lecce, Italy

CIAE China Institute of Atomic Energy,
Beijing, China

CIRCE Centre for Isotopic Research on the
Cultural and Environmental heritage,
University of Campania, Caserta,
Italy

CITES Convention on International Trade in
Endangered Species

CNA Centro Nacional de Aceleradores
(National Centre for Accelerators),
Seville, Spain

C-T Cretaceous-Tertiary
DF degrader foil
DNA desoxyribonucleic Acid
DREAMS Dresden Accelerator Mass Spectro-

metry, Rossendorf, Dresden, Germany
D-REAMS The Dangoor Research Accelerator

Mass Spectrometry Laboratory,
Weizmann Institute of Science,
Rehovot, Israel

EPICA European Project for Ice Coring in
Antarctica

dTOF delta E time of flight (energy loss plus
TOF)

EA electron affinity
ECR electron cyclotron resonance
ERD elastic recoil detection
ETH Eidgenössische Technische Hoch-

schule (Swiss Federal Institute of Tech-
nology), Zurich, Switzerland

FNAL Fermi National Accelerator Labora-
tory, Batavia, IL

FS full stripping
GAMS gas-filled analyzing magnet system,

Tandem Laboratory, Garching/Munich,
Germany

GFM gas-filled magnet
GLODAP Global Ocean Data Analysis Project
GSI Gesellschaft für SchwerIonen For-

schung (Helmholtz Centre for Heavy
Ion Research), Darmstadt, Germany
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HAMSTER Helmholtz Accelerator Mass Spec-
trometer for Tracing Environmental
Radionuclides

HIAF Heavy Ion Accelerator Facility, ANU
Canberra, Australia

HVEE High Voltage Engineering Europe,
Amersfoort, Netherlands

HZDR Helmholtz-ZentrumDresden-Rossendorf,
Dresden, Germany

IAEA International Atomic Energy Agency,
Vienna, Austria

IAA Institute for Accelerator Analysis,
Shirakawa, Japan

IBA ion beam analysis
ICPMS inductively coupled plasma mass spec-

trometry
ICPSFMS inductively coupled plasma sector field

mass spectrometry
IFUNAM Instituto de Física, Universidad Nacio-

nal Atónoma de México, Mexico
IHEG-CAGS Institute of Hydrology and Environ-

mental Geology, Chinese Academy
of Geological Science, Shijiazhuang
City, China

LAMS laser accelerator mass spectrometry
ILIAMS ion laser interaction accelerator mass

spectrometry, VERA Laboratory,
University of Vienna, Vienna, Austria

ININ Instituto Nacional de Investigaciones
Nucleares, Ocoyoacac, México

ISA isotope separator for anions, Lalonde
AMS Laboratory, Ottawa, Ontario,
Canada

INFN Istituto Nationale di Fisica Nucleare
(National Institute for Nuclear
Physics), Italy

IPCC Intergovernmental Panel on Climate
Change

IPN Institut de Physique Nucléaire, Nuclear
Physics Institute, Orsay, France

ISM interstellar medium
IUPAC International Union of Pure and

Applied Chemistry
KATRI Korean Apparel Testing and Research

Institute, Seoul, Korea
KIGAM Korean Institute of Geosciences and

Minerals, Deajeon, Korea
KIRAMS Korea Institute of Radiological and

Medical Sciences, Seoul, Korea
KIST Korea Institute of Science and

Technology, Seoul, Korea
KIT Karlsruhe Institute of Technology,

Karlsruhe, Germany

KOMAC Korea Multi-purpose Accelerator
Complex, Gyongi, Korea

K-Pg Cretaceous-Paleogene boundary, for-
merly Cretaceous-Tertiary (K-T)
boundary

KRICT Korean Research Institute of Chemical
Technology, Ulsan, Korea

LABEC Laboratori di tecniche nucleari per
l’Ambiente e i Beni Culturali (Labo-
ratory of Nuclear Techniques for
Environment and Cultural Heritage),
Florence, Italy

LEA low-energy accelerator mass spec-
trometry, ETH Zurich and Ionplus,
Switzerland

LEMA Laboratorio deEspectrometría deMasas
con Acceleradores, Mexico

LIC laser detachment and ion cooler or
chemical reaction cell

LiLiT Liquid-Lithium Target, SARAF, Soreq,
Israel

LLNL Lawrence Livermore National Labora-
tory, Livermore, CA

MALT Micro Analysis Laboratory, Tandem
accelerator, University of Tokyo,
Tokyo, Japan

MICADAS mini radiocarbon dating system, ETH
Zurich and Ionplus, Switzerland

MILEA multielement low-energy accelerator
mass spectrometry, ETH Zurich and
Ionplus, Switzerland

MIS marine isotope stage
MOT magneto-optical trap
ND University of Notre Dame, Notre

Dame, IN
NEC National Electrostatics Corporation,

Middleton, WI
NIES National Institute of Environmental

Studies, Tsukuba, Japan
NRICH National Research Institute of Cultural

Heritage, Daejon, Korea
OPDF occurrence probability density function
ORAU Oxford Radiocarbon Accelerator Unit,

University of Oxford, Oxford, England
PA passive absorber
PIXE particle-induced x-ray emission
PXD projectile x-ray detection
PIMS positive-ion mass spectrometry
PRIME Purdue Rare Isotope Measurement

Laboratory, Purdue University, West
Lafayette, IN

PSI Paul Scherrer Institute, Villigen,
Switzerland
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RCNP Research Centre for Nuclear Physics,
Osaka University, Osaka, Japan

RFQ radio-frequency quadrupole
RICH Royal Institute for Cultural Heritage,

Brussels, Belgium
RIMS resonance ionization mass spectrometry
SARAF Soreq Applied Research Accelerator

Facility, Soreq Nuclear Research
Center, Yavneh, Israel

SAVE South Atlantic Ventilation Experiment
SN supernova
SOCCOM Southern Ocean Carbon and Climate

Observations and Modeling
SS Solar System
SSAMS single stage accelerator mass spectrom-

etry, NEC, Middleton, WI
SUERC ScottishUniversities Environmental Re-

search Centre, East Kilbride, Scotland
TANDAR Tandem Argentino, Buenos Aires,

Argentina
TIMS thermal ionization mass spectrometry
TNO Toegepast Natuurwetenschappelijk

Onderzoek (Netherlands Organisation
for Applied Scientific Research)

TOF time of flight
Tohoku U Tohoku University, Sendai, Japan
TV terminal voltage
TUM Technical University Munich, Garch-

ing, Germany
UAMS Upgraded Accelerator Mass Spectrom-

eter, NEC, Middleton, WI
UNILAC Universal Linear Accelerator, GSI

Darmstadt, Germany
VERA Vienna Environmental Research Accel-

erator, University of Vienna, Austria
XCAMS extended compact AMS spectrometer,

NEC, Middleton, WI
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Rühm, W., et al., 2010, “41Ca in tooth enamel. Part II: A means for
retrospective biological neutron dosimetry in atomic bomb survi-
vors,” Radiat. Res. 174, 146–154.

Sadier, B., J.-J. Delannoya, L. Benedetti, D. L. Bourlès, S. Jaillet,
J.-M. Geneste, A.-E. Lebatard, and M. Arnold, 2012, “Further
constraints on the Chauvet Cave artwork elaboration,” Proc. Natl.
Acad. Sci. U.S.A. 109, 8002–8006.

Sakaguchi, A., P. Steier, Y. Takahashi, and M. Yamamoto, 2014,
“Isotopic compositions of 236U and Pu isotopes in ‘black sub-
stances’ collected from roadsides in Fukushima Prefecture: Fallout
from the Fukushima Dai-ichi Nuclear Power Plant accident,”
Environ. Sci. Technol. 48, 3691–3697.

Sakurai, H., F. Tokanai, F. Miyake, K. Horiuchi, K. Masuda, H.
Miyahara, M. Ohyama, M. Sakamoto, T. Mitsutani, and T. Moriya,
2020, “Prolonged production of 14C during the ∼660 BCE solar
proton event from Japanese tree rings,” Sci. Rep. 10, 660.

Sann, H., H. Damjantschitsch, D. Hebbard, J. Junge, D. Pelte, B.
Povh, D. Schwalm, and D. B. Tran Thoai, 1975, “A position-
sensitive ionization chamber,” Nucl. Instrum. Methods 124,
509–519.

Santos, G. M., J. R. Southon, S. Griffin, S. R. Beaupre, and E. R. M.
Druffel, 2007, “Ultra small-mass AMS 14C sample preparation and
analyses at KCCAMS/UCI Facility,” Nucl. Instrum. Methods Phys.
Res., Sect. B 259, 293–302.

Saunois, M., et al., 2020, “The global methane budget 2000–2017,”
Earth Syst. Sci. Data 12, 1561–1623.

Schaefer, J. M., A. T. Codilean, J. K. Willenbring, Z.-T. Lu, B.
Keisling, R.-H. Fülöp, and P. Val, 2022, “Cosmogenic nuclide
techniques,” Nat. Rev. Methods Primers 2, 1–22.

Schaefer, J. M., G. Winckler, P. H. Blard, G. Balco, D. L. Shuster, R.
Friedrich, A. J. T. Jull, R. Wieler, and C. Schluechter, 2016,
“Performance of CRONUS-P—A pyroxene reference material
for helium analysis,” Quat. Geochronol. 31, 237–239.

Schaefer, J. M., et al., 2009 “High-frequency Holocene glacier
fluctuations in New Zealand differ from the northern signature,”
Science 324, 622–625.

Schlomberg, M., C. Vockenhuber, H.-A. Synal, D. Schumann, M.
Veicht, I. Mihalcea, and D. Schumann, 2022, “Isobar separation of
32Si from 32S in AMS using a passive absorber,” Nucl. Instrum.
Methods Phys. Res., Sect. B 533, 56–60.

Schramm, D., and W. A. Fowler, 1971, “Synthesis of superheavy
elements in the r-process,” Nature (London) 231, 103–106.

Schulte, P., et al., 2010, “The Chicxulub asteroid impact and mass
extinction at the Cretaceous-Paleogene boundary,” Science 327,
1214–1218.

Schulze-König, T., S. R. Dueker, J. Giacomo, M. Suter, J. S. Vogel,
and H.-A. Synal, 2010, “BioMICADAS: Compact next generation
AMS system for pharmaceutical science,” Nucl. Instrum. Methods
Phys. Res., Sect. B 268, 891–894.

Schwarzschild, A. Z., P. Thieberger, and J. B. Cumming, 1977,
“A search for superheavy elements in nature—The tandem van
de Graaff as a high sensitivity mass spectrometer,” Bull. Am. Phys.
Soc. 22, 94.

Schwarzschild, B., 1988, “Negative calcium ions are stable—in spite
of the conventional wisdom,” Phys. Today 41, No. 6, 21–24.

Scognamiglio, G., E. Chamizo, J. M. López-Gutiérrez, A. M. Müller,
S. Padilla, F. J. Santos, M. López-Lora, C. Vivo-Vilches, and M.
García-León, 2016, “Recent developments of the 1 MV AMS
facility at the Centro Nacional de Aceleradores,” Nucl. Instrum.
Methods Phys. Res., Sect. B 375, 17–25.

Scognamilio, G., M. Klein, F. L. van de Hoef, N. C. Podaru, and
D. J. W. Mous, 2021, “Low-energy 14C and multi-element HVE
AMS systems,” Nucl. Instrum. Methods Phys. Res., Sect. B 492,
29–33.

Seaborg, G. T., 1968, “Elements beyond 100, present status and
future prospects,” Annu. Rev. Nucl. Sci. 18, 53–152.

Seaborg, G. T., 1995, “Transuranium elements: The synthetic acti-
nides,” Radiochim. Acta 70–71, 69–90.

Sekimoto, S., et al., 2015, “Measurement of production cross
sections of 10Be and 26Al by 120 GeV and 392 MeV proton
bombardment of 89Y159Tb, and natCu targets,” Nucl. Instrum.
Methods Phys. Res., Sect. B 361, 685–688.

Seltzer, A. M., D. V. Bekaert, P. H. Barry, K. E. Durkin, E. K. Mace,
C. E. Aalseth, J. C. Zappala, P. Mueller, B. Jurgens, and J. T.
Kulongoski, 2021, “Groundwater residence time estimates ob-
scured by anthropogenic carbonate,” Sci. Adv. 7, eabf3503.

Shackleton, N. J., 1987, “Oxygen isotopes, ice volumes and sea
levels,” Quat. Sci. Rev. 6, 183–190.

Shapira, D., R. M. deVries, H.W. Fulbright, J. Toke, and M. R.
Clover, 1975, “The Rochester heavy ion detector,” Nucl. Instrum.
Methods 129, 123–130.

Shen, G., X. Gao, B. Gao, and D. E. Granger, 2009, “Age of
Zhoukoudian Homo erectus determined with 26Al=10Be burial
dating,” Nature (London) 458, 198–200.

Shen, G., Y. Wang, H. Tu, H. Tong, Z. Wu, K. Kuman, D. Fink, and
D. E. Granger, 2020. “Isochron 26Al=10Be burial dating of Xihoudu:
Evidence for the earliest human settlement in northern China,”
Anthropologie 124, 102790.

Simpson, J. A., 1983, “Elemental and isotopic composition of the
Galactic cosmic rays,” Annu. Rev. Nucl. Part. Sci. 33, 323–381.

Sistemich, K., et al., 1975, “The isotope identification and the
β-decay chain analysis at the fission product separator ‘JOSEF,’ ”
Nucl. Instrum. Methods 130, 491–497.

Skoglund, P., and D. Reich, 2016, “A genomic view of the peopling
of the Americas,” Curr. Opin. Genet. Dev. 41, 27–35.

Soddy, F., 1913, “Intra-atomic charge,” Nature (London) 92, 399–400.
Spalding, K. L., R. D. Bhardwaj, B. A. Buchholz, H. Druid, and
J. Frisén, 2005, “Retrospective birth dating of cells in humans,”
Cell 122, 133–143.

Spalding, K. L., et al., 2013, “Dynamics of hippocampal neuro-
genesis in adult humans,” Cell 153, 1219–1227.

Spalding, K. L., et al., 2017, “Impact of fat mass and distribution on
lipid turnover in human adipose tissue,” Nat. Commun. 8, 15253.

Sparrow, K. J., J. D. Kessler, J. R. Southon, F. Garcia-Tigreros, K. M.
Schreiner, C. D. Ruppel, J. B. Miller, S. J. Lehman, and X. Xu,
2018, “Limited contribution of ancient methane to surface waters of
the U.S. Beaufort Sea shelf,” Sci. Adv. 4, eaao4842.

Steier, P., K. Hain, U. Klötzli, J. Lachner, A. Priller, S. Winkler, and
R. Golser, 2019, “The actinide beamline at VERA,” Nucl. Instrum.
Methods Phys. Res., Sect. B 458, 82–89.

Steier, P., J. Liebl, W. Kutschera, E. M. Wild, and R. Golser, 2017,
“Preparation method of μg carbon samples for 14C measurements,”
Radiocarbon 59, 803–814.

Steier, P., et al., 2008, “Natural and anthropogenic 236U in environ-
mental samples,” Nucl. Instrum. Methods Phys. Res., Sect. B 266,
2246–2250.

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-60

https://doi.org/10.1016/S0168-583X(00)00108-7
https://doi.org/10.1016/S0168-583X(00)00108-7
https://doi.org/10.1103/PhysRevLett.103.072502
https://doi.org/10.1007/s00411-007-0126-z
https://doi.org/10.1007/s00411-007-0126-z
https://doi.org/10.1667/RR2044.1
https://doi.org/10.1073/pnas.1118593109
https://doi.org/10.1073/pnas.1118593109
https://doi.org/10.1021/es405294s
https://doi.org/10.1038/s41598-019-57273-2
https://doi.org/10.1016/0029-554X(75)90603-5
https://doi.org/10.1016/0029-554X(75)90603-5
https://doi.org/10.1016/j.nimb.2007.01.172
https://doi.org/10.1016/j.nimb.2007.01.172
https://doi.org/10.5194/essd-12-1561-2020
https://doi.org/10.1038/s43586-021-00091-6
https://doi.org/10.1016/j.quageo.2014.07.006
https://doi.org/10.1126/science.1169312
https://doi.org/10.1016/j.nimb.2022.09.029
https://doi.org/10.1016/j.nimb.2022.09.029
https://doi.org/10.1038/231103a0
https://doi.org/10.1126/science.1177265
https://doi.org/10.1126/science.1177265
https://doi.org/10.1016/j.nimb.2009.10.057
https://doi.org/10.1016/j.nimb.2009.10.057
https://doi.org/10.1063/1.2811444
https://doi.org/10.1016/j.nimb.2016.03.033
https://doi.org/10.1016/j.nimb.2016.03.033
https://doi.org/10.1016/j.nimb.2020.12.025
https://doi.org/10.1016/j.nimb.2020.12.025
https://doi.org/10.1146/annurev.ns.18.120168.000413
https://doi.org/10.1524/ract.1995.7071.s1.69
https://doi.org/10.1016/j.nimb.2015.08.001
https://doi.org/10.1016/j.nimb.2015.08.001
https://doi.org/10.1126/sciadv.abf3503
https://doi.org/10.1016/0277-3791(87)90003-5
https://doi.org/10.1016/0029-554X(75)90121-4
https://doi.org/10.1016/0029-554X(75)90121-4
https://doi.org/10.1038/nature07741
https://doi.org/10.1016/j.anthro.2020.102790
https://doi.org/10.1146/annurev.ns.33.120183.001543
https://doi.org/10.1016/0029-554X(75)90048-8
https://doi.org/10.1016/j.gde.2016.06.016
https://doi.org/10.1038/092399c0
https://doi.org/10.1016/j.cell.2005.04.028
https://doi.org/10.1016/j.cell.2013.05.002
https://doi.org/10.1038/ncomms15253
https://doi.org/10.1126/sciadv.aao4842
https://doi.org/10.1016/j.nimb.2019.07.031
https://doi.org/10.1016/j.nimb.2019.07.031
https://doi.org/10.1017/RDC.2016.94
https://doi.org/10.1016/j.nimb.2008.03.002
https://doi.org/10.1016/j.nimb.2008.03.002


Steier, P., et al., 2019, “Comparison of methods for the detection of
10Be with AMS and a new approach based on a silicon nitride foil
stack,” Int. J. Mass Spectrom. 444, 116175.

Stephens, W., J. Klein, and R. Zurmühle, 1980, “Search for naturally
occurring superheavy element Z ¼ 110, A ¼ 294,” Phys. Rev. C
21, 1664–1666.

Stone, J. O., G. L. Allan, L. K. Fifield, and R. G. Cresswell, 1996,
“Cosmogenic chlorine-36 from calcium spallation,” Geochim.
Cosmochim. Acta 60, 679–692.

Straume, T., et al., 2003, “Measuring fast neutrons in Hiroshima at
distances relevant to atomic-bomb survivors,” Nature (London)
424, 539–542.

Straume, T., et al., 2004, “Addendum: Measuring fast neutrons
in Hiroshima at distances relevant to atomic-bomb survivors,”
Nature (London) 430, 483.

Sturchio, N. C., et al., 2004, “One million year old groundwater in
the Sahara revealed by krypton-81 and chlorine-36,”Geophys. Res.
Lett. 31, L05503.

Suess, H. E., 1955, “Radiocarbon concentration in modern wood,”
Science 122, 415–417.

Suess, H. E., and H. C. Urey, 1956, “Abundances of the elements,”
Rev. Mod. Phys. 28, 53–74.

Sukhodolov, T., et al., 2017, “Atmospheric impacts of the strongest
known solar particle storm of 775 AD,” Sci. Rep. 7, 45257.

Suter, M., 2004, “25 years of AMS—A review of recent develop-
ments,” Nucl. Instrum. Methods Phys. Res., Sect. B 223–224,
139–148.

Suter, M., M. Döbeli, M. Grajcar, A. Müller, M. Stocker, G. Sun,
H.-A. Synal, and L. Wacker, 2007, “Advances in particle identi-
fication in AMS at low energies,” Nucl. Instrum. Methods Phys.
Res., Sect. B 259, 165–172.

Suter, M., S. Jacob, and H.-A. Synal, 1997, “AMS of 14C at
low energies,” Nucl. Instrum. Methods Phys. Res., Sect. B 123,
148–152.

Swiatecki, W. J., 1956, “Systematics of fission thresholds,” Phys.
Rev. 101, 97–99.

Synal, H.-A., 2013, “Developments in accelerator mass spectro-
metry,” Int. J. Mass Spectrom. 349–350, 192–202.

Synal, H.-A., 2022, “Accelerator mass spectrometry: Ultra-sensitive
detection technique of long-lived radionuclides,” Chimia 76,
45–51.

Synal, H.-A., J. Beer, G. Bonani, H. J. Hofmann, M. Suter, and W.
Wölfli, 1987, “Detection of 32Si and 36Cl with the ETH/SIN EN-
Tandem,” Nucl. Instrum. Methods Phys. Res., Sect. B 29, 146–150.

Synal, H.-A., M. Döbeli, S. Jacob, M. Stocker, and M. Suter, 2004,
Radiocarbon AMS towards its low-energy limits,” Nucl. Instrum.
Methods Phys. Res., Sect. B 223–224, 339–345.

Synal, H.-A., M. Stocker, and M. Suter, 2007, “MICADAS: A New
compact radiocarbon AMS system,” Nucl. Instrum. Methods Phys.
Res., Sect. B 259, 7–13.

Szabo, J., I. Carmi, D. Segal, and E. Mintz, 1997, “An attempt at
absolute 14C dating,” Radiocarbon 40, 77–83.

Taricco, C., N. Bhandari, D. Cane, P. Colombetti, and N. Verma,
2006, “Galactic cosmic ray flux decline and periodicities in the
interplanetary space during the last 3 centuries revealed by 44Ti in
meteorites,” J. Geophys. Res. 111, A08102.

Taylor, R. E., and Ofer Bar-Josef, 2014, Radiocarbon Dating: An
Archaeological Perspective (Routledge, New York), p. 404.

Terrasi, F., et al., 2020, “Can the 14C production in 1055 CE be
affected by SN1054?,” Radiocarbon 62, 1403–1418.

Tessler, M., et al., 2018, “Stellar 36;38Arðn; γÞ37;39Ar Reactions and
Their Effect on Light Neutron-Rich Nuclide Synthesis,” Phys. Rev.
Lett. 121, 112701.

Thielemann, F.-K., 2019, “Explosive nucleosynthesis: What we
learned and what we still do not understand,” in Nuclei in the
Cosmos XV, Springer Proceedings in Physics Vol. 219, edited by A.
Formicola, M. Junker, L. Gialanella, and G. Imbriani (Springer,
Cham, Switzerland), pp. 125–134, 10.1007/978-3-030-13876-
9_21.

Thoennessen, M., 2016, The Discovery of Isotopes (Springer
International Publishing, Cham, Switzerland), p. 413.

Thompson, L. G., H. H. Brecher, E. Mosley-Thompson, D. R. Hardy,
and B. G. Mark, 2009, “Glacier loss on Kilimanjaro continues
unabated,” Proc. Natl. Acad. Sci. U.S.A. 106, 19770–19775.

Thomson, J. J., 1913, “Bakerian lecture: Rays of positive electricity,”
Proc. R. Soc. A 89, 1–20.

Tims, S. G., M. B. Froehlich, L. K. Fifield, A. Wallner, and M.
De Cesare, 2016, “236U and 239;240Pu ratios from soils around an
Australian nuclear weapons test site,” J. Environ. Radioact. 151,
563–567.

Tong, A. L., J.-Q. Gu, G. M. Yang, S.-M. Hu, W. Jianga, Z.-T. Lu,
and F. Ritterbusch, 2021, “An atom trap system for 39Ar dating with
improved precision,” Rev. Sci. Instrum. 92, 063204.

Trappitsch, R., M. R. Savina, J. M. Rolison, L. N. Harrison, and N.
Dauphas, 2019, “Towards the 1000 atom detection limit for 244Pu,”
in Proceedings of the 50th Lunar and Planetary Science
Conference, The Woodlands, TX, 2019, LPI Contribution
No. 2132, https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978
.pdf.

Tsuda, Y., M. Yoshikawa, T. Saiki, S. Nakazawa, and S. Watanabe,
2019, “Hayabusa2-sample return and kinetic impact mission to
near-Earth asteroid Ryugu,” Acta Astronaut. 156, 387–393.

Tuniz, C., J. R. Bird, D. Fink, and G. F. Herzog, 1998, Accelerator
Mass Spectrometry—Ultrasensitive Analysis for Global Science
(CRC Press, Boca Raton).

Turteltaub, K.W., J. S. Felton, B. L. Gledhill, J. S. Vogel, J. R.
Southon, M.W. Caffee, R. C. Finkel, D. E. Nelson, D. Proctor,
and J. C. Davis, 1990, “Accelerator mass spectrometry in biomedi-
cal dosimetry: Relationship between low-level exposure and
covalent binding of heterocyclic amine carcinogens to DNA,”
Proc. Natl. Acad. Sci. U.S.A. 87, 5288–5292.

Tykesson, P., H. H. Andersen, and J. Heinemeier, 1976, “Further
investigation of ANIS (the Aarhus Negative Ion Source),” IEEE
Trans. Nucl. Sci. 23, 1104–1108.

Usoskin, I. G., A. Gil, G. A. Kovaltsov, A. L. Mishev, and V. V.
Mikhailov, 2017, “Heliospheric modulation of cosmic rays during
the neutron monitor era: Calibration using PAMELA data for
2006–2010,” J. Geophys. Res. Space Phys. 122, 3875–3887.

Usoskin, I. G., B. Kromer, F. Ludlow, J. Beer, M. Friedrich, G. A.
Kovaltsov, S. K. Solanki, and L. Wacker, 2013, “The AD775
cosmic event revisited: The Sun is to blame,” Astron. Astrophys.
552, L3.

Uusitalo, J., et al., 2018, “Solar superstorm of AD 774 recorded
subannually by Arctic tree rings,” Nat. Commun. 9, 3495.

Van Vuuren, D. P., J. A. Edmonds, M. Kainuma, K. Riahi, and J.
Weyant, 2011, “The representative concentration pathways in
climatic change,” Clim. Change 109, 5–31.

Varga, T., R. E. Fisher, J. L. France, L. Haszpra, A. J. T. Jull, D.
Lowry, I. Major, M. Molnár, E. G. Nisbet, and E. Lászlo, 2021,
“Identification of potential methane source regions in Europe using
δ13CCH4 measurements and trajectory modeling,” J. Geophys. Res.
Atmos. 126, e2020JD033963.

Veicht, M., I. Mihalcea, Đ. Cvjetinovic, and D. Schumann, 2021,
“Radiochemical separation and purification of non-carrier-added
silicon-32,” Radiochim. Acta 109, 735–741.

Kutschera et al.: Atom counting with accelerator mass spectrometry

Rev. Mod. Phys., Vol. 95, No. 3, July–September 2023 035006-61

https://doi.org/10.1016/j.ijms.2019.116175
https://doi.org/10.1103/PhysRevC.21.1664
https://doi.org/10.1103/PhysRevC.21.1664
https://doi.org/10.1016/0016-7037(95)00429-7
https://doi.org/10.1016/0016-7037(95)00429-7
https://doi.org/10.1038/nature01815
https://doi.org/10.1038/nature01815
https://doi.org/10.1038/nature02684
https://doi.org/10.1029/2003GL019234
https://doi.org/10.1029/2003GL019234
https://doi.org/10.1126/science.122.3166.415.b
https://doi.org/10.1103/RevModPhys.28.53
https://doi.org/10.1038/srep45257
https://doi.org/10.1016/j.nimb.2004.04.030
https://doi.org/10.1016/j.nimb.2004.04.030
https://doi.org/10.1016/j.nimb.2007.01.244
https://doi.org/10.1016/j.nimb.2007.01.244
https://doi.org/10.1016/S0168-583X(96)00613-1
https://doi.org/10.1016/S0168-583X(96)00613-1
https://doi.org/10.1103/PhysRev.101.97
https://doi.org/10.1103/PhysRev.101.97
https://doi.org/10.1016/j.ijms.2013.05.008
https://doi.org/10.1016/0168-583X(87)90224-2
https://doi.org/10.1016/j.nimb.2004.04.067
https://doi.org/10.1016/j.nimb.2004.04.067
https://doi.org/10.1016/j.nimb.2007.01.138
https://doi.org/10.1016/j.nimb.2007.01.138
https://doi.org/10.1017/S0033822200017914
https://doi.org/10.1029/2005JA011459
https://doi.org/10.1017/RDC.2020.58
https://doi.org/10.1103/PhysRevLett.121.112701
https://doi.org/10.1103/PhysRevLett.121.112701
https://doi.org/10.1007/978-3-030-13876-9_21
https://doi.org/10.1007/978-3-030-13876-9_21
https://doi.org/10.1073/pnas.0906029106
https://doi.org/10.1098/rspa.1913.0057
https://doi.org/10.1016/j.jenvrad.2015.06.020
https://doi.org/10.1016/j.jenvrad.2015.06.020
https://doi.org/10.1063/5.0050620
https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978.pdf
https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978.pdf
https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978.pdf
https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978.pdf
https://www.hou.usra.edu/meetings/lpsc2019/pdf/2978.pdf
https://doi.org/10.1016/j.actaastro.2018.01.030
https://doi.org/10.1073/pnas.87.14.5288
https://doi.org/10.1109/TNS.1976.4328414
https://doi.org/10.1109/TNS.1976.4328414
https://doi.org/10.1002/2016JA023819
https://doi.org/10.1051/0004-6361/201321080
https://doi.org/10.1051/0004-6361/201321080
https://doi.org/10.1038/s41467-018-05883-1
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1029/2020JD033963
https://doi.org/10.1029/2020JD033963
https://doi.org/10.1515/ract-2021-1070


Villa, I. M., N. E. Holden, A. Possolo, R. B. Ickert, D. B. Hibbert, and
P. R. Renne, 2020, “IUPAC-IUGS recommendation on the half-
lives of 147Sm and 146Sm,”Geochim. Cosmochim. Acta 285, 70–77.

Viola, V. E., 1969, “On the production of nucleides with A > 250 in
stellar nucleosynthesis,” Nucl. Phys. A139, 188–202.

Vockenhuber, C., I. Ahmad, R. Golser, W. Kutschera,
V. Liechtenstein, A. Priller, P. Steier, and S. Winkler, 2003,
“Accelerator mass spectrometry of heavy long-lived radionuclides,”
Int. J. Mass Spectrom. 223–224, 713–732.

Vockenhuber, C., V. Alfimov, M. Christl, J. Lachner, T. Schulze-
König, M. Suter, and H.-A. Synal, 2013, “The potential of He
stripping in heavy ion AMS,” Nucl. Instrum. Methods Phys. Res.,
Sect. B 294, 382–386.

Vockenhuber, C., C. Feldstein, M. Paul, N. Trubnikov, M. Bichler, R.
Golser, W. Kutschera, A. Priller, P. Steier, and S. Winkler, 2004,
“Search for live 182Hf in deep-sea sediments,”NewAstron. Rev. 48,
161–164.

Vockenhuber, C., K.-U. Miltenberger, and H.-A. Synal, 2019, “36Cl
measurements with a gas-filled magnet at 6 MV,” Nucl. Instrum.
Methods Phys. Res., Sect. B 455, 190–194.

Vockenhuber, C., et al., 2004, “NewHalf-Life Measurement of 182Hf:
Improved Chronometer for the Early Solar System,” Phys. Rev.
Lett. 93, 172501.

Vogt, S., G. F. Herzog, and R. C. Reedy, 1990, “Cosmogenic nuclides
in extraterrestrial materials,” Rev. Geophys. 28, 253–275.
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