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Applications of accelerator mass spectrometry (AMS) evolved into multi-disciplinary research covering
virtually every domain of our environment at large. The possibilities of applications are clearly coupled
to technical developments of AMS, which will be covered by the accompanying article of H.-A. Synal.
The present review therefore concentrates on describing AMS applications to the largest extent possible.
Since the knowledge of the author on the many fields where AMS measurements are performed is,
of course, limited, the selection of examples discussed in this review is somewhat biased. In order to
compensate for this, a rather long list of references is presented, which should be consulted for a deeper
understanding of the respective fields. The seven domains of our environment at large (atmosphere,
biosphere, hydrosphere, cryosphere, lithosphere, cosmosphere, and technosphere) are being used as a

guideline for the present review.
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1. Introduction

Accelerator mass spectrometry (AMS) is arguably the most
sensitive method to measure long-lived radionuclides with iso-
topic abundances as low as 10712 to 10~16, It should be noted
at the onset that the term ‘long-lived’ has a different mean-
ing in geochronology [1], where long-lived radionuclides are the
ones which survive the age of the solar system (e.g. 232Th, 238U),
and radionuclides measured with AMS (e.g. 14C, 10Be) are called
short-lived. In general, radionuclides can be detected through the
radiation emitted in their decay or directly by atom counting with
mass spectrometry. The method of choice depends on a variety
of factors [2]. As in most analytical methods, background limits
the ultimate sensitivity. For decay counting it is primarily sec-
ondary radiation from cosmic rays or environmental radioactivity,
whereas in mass spectrometry it is interference from isobaric
atoms or molecules. If the half-life is in the order of the obser-
vation time, decay counting is still the most sensitive detection
method. For example, in the famous Homestake solar neutrino
experiment [3], the decay of about 20 atoms of 37Ar (t12=35d)are
counted underground in miniature gas-filled proportional coun-
ters. Since they were produced in 615 tons of perchlorethylene
liquid (C,Cly), a detection sensitivity of approximately 10-22 was
achieved.

When the half-life is much longer than the observation time,
the direct counting of atoms by mass spectrometry becomes supe-
rior. For example, less than one millionth of the 4C atoms in
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a sample decay in one day (t;,, =5700year), while counting '4C
atoms directly by mass spectrometry can be orders of magnitudes
more sensitive [4]. However, efforts to measure the extremely low
isotopic abundance of #C (14C/12C=1.2 x 10-12) by regular mass
spectrometry fell short by about one order of magnitude [5]. The
break-through came in 1977, when several nuclear physics labo-
ratories realized that the use of an entire accelerator system as a
mass spectrometer provided the necessary discrimination against
background. First experiments were performed at a cyclotron [6]
and at tandem accelerators [7-9].

Historically it is interesting to note that the use of accelerators
as mass spectrometers started much earlier. In 1939, Louis Alvarez
used the 60-inch cyclotron at Berkeley to detect 3He in helium [10],
and subsequently showed that tritium (3H) is radioactive [11] by
bombarding deuterium with deuterons. This was an important dis-
covery because it showed that 3He and not tritium was the stable
mass-3 nuclide, contrary to what was believed at that time [12].
Many years later, Alvarez described these early days of mass spec-
trometry in a reminiscent article in Physics Today [13].

When AMS was revived in 1977, tandem accelerators quickly
turned out to be ideal for the detection of ¥C because carbon forms
prolific negative ions, and negative ions of 14N are unstable [7]. In
addition, interferences from mass-14 molecules, e.g. 12CH,~ and
13CH-, are efficiently removed by dissociating the molecules in the
stripping process of the tandem accelerator. In the ensuing years,
AMS was quickly extended to other long-lived radionuclides (e.g.
10Be, 267, 36(], 41Ca, 129]). One of them (#!Ca), although suggested
as an interesting dating tool some time ago [14,15], had never
been detected at natural concentrations by decay counting. Eventu-
ally, AMS made it possible [16], and some interesting applications
emerged [17].
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Fig. 1. Distribution of AMS facilities around the world, with approximately 100 active facilities

(Courtesy of Christof Vockenhuber).

During the past 30 years, a number of reviews covering both
methodology and applications of AMS were published [18-31]. In
addition, one text book on AMS is available [32]. Starting in 1978 at
the University of Rochester, the tri-annual AMS conferences cover
detailed developments in the field. The 12th AMS conference took
place 2011 in Wellington, New Zealand. References to all previous
conferences can be found in the proceedings of this conference [33].
The current review will concentrate primarily on the large range of
application of AMS, whereas the accompanying review by Synal
[34] will cover AMS methodology, particularly the development of
ever smaller AMS facilities.

Almost all AMS facilities in the world are based on tandem
accelerators, because, on the one hand, they are ideally suited
for 14C measurements for the reasons mentioned above, and, on
the other hand, almost all elements form stable negative ions and
can be readily produced in cesium-beam sputter sources [35,36].
The exception are Be, N, Mg, Ar, Mn, Kr, Zn, Xe, Hg, but for some
radionuclides within this group negative molecules are being used
(19Be0-, >3MnO~). Currently, there are about 100 AMS facilities in
the world (Fig. 1), with approximately half of them considered to
be small (terminal voltage 0.2-1.0 MV), one quarter to be medium-
size (3 MV), and one quarter to be large (5-10 MV). Also, a few very
large tandem accelerators (14-25MV) are used for AMS.

Since noble gases do not form stable negative ions, AMS of
39Ar and 8'Kr require positive-ion accelerators [26,37]. Recently, a
radionuclide of geochronological importance (46Sm) has also been
investigated with positive ions [38]. In all cases multiply charged
positive ions were produced in an ECR (electron cyclotron reso-
nance) source, and accelerated to high energy either in a cyclotron
or a linear accelerator. At these higher energies, a gas-filled mag-
netic spectrograph can be used as a powerful tool for isobar
separation [39]. The much lower energy of small and medium-size
tandem accelerators limits the use of some interesting radionu-
clides because of incomplete isobar separation. Efforts are under
way to improve this situation: (i) Selective removal of isobaric
interferences by interaction of lasers with negative ions [40,41],
(ii) Selective negative-ion chemistry in reaction cells [42,43]. This
may eventually allow one to utilize most of the long-lived radionu-
clides throughout the nuclear chart. A recent boost to the efficiency
of detecting heavy radioisotopes with smaller tandem accelerators
is the introduction of helium as stripper gas [44].

2. Radionuclides used with AMS

Table 1 lists 55 radionuclides which have been used so far in
AMS experiments. With a few exceptions their half-lives is longer
than 100 years, and comprise approximately half of the radionu-
clides which exist in this time range in nature. Originally, only 5
radionuclides (19Be, 14C, 26Al, 36Cl, 1291) were pursued with AMS

Table 1
Radionuclides measured with AMS.

Radionuclide Half-life (year) Reference
3H (1.2320+0.0022) x 10! [45]
10Be (1.387+0.012) x 106 [46]
14c (5.700+0.030) x 103 This compilation
26A] (7.184+0.18) x 10° This compilation
325i (1.44+0.11) x 10? [47]
361 (3.013+0.015) x 10° [48]
39Ar (2.69+0.03) x 102 [49]
40K (1.248 +0.003) x 10° [50]
41Ca (9.9440.15) x 10* [51]
44Ti (5.8940.03) x 10! [52]
53Mn (3.7+0.4) x 108 [53]
55Fe (2.744+0.009) x 10° [54]
59Ni (7.6+£0.5) x 104 [55]
60Fe (2.62+0.04) x 10¢ [56]
63Ni (1.001 +0.020) x 10? [57]
68Ge (7.418 +£0.005) x 10! [58]
79Se (3.7740.19) x 10° [59]
81Kr (2.29+0.11) x 10° [60]
0S¢ (2.879+0.006) x 10! [61]
BZr (1.6140.05) x 106 [62]
9MTc (2.111+0.012) x 10° [63]
1265 (2.174+0.14) x 10° This compilation
129 1.57 +0.04) x 107 [64]
135Cs (2.3+0.3)x 10° [65]
137¢Cs (3.008 +0.009) x 10! [66]
1465m (6.8+0.7) x 107 [38]
151Sm (9.0+£0.8) x 10! [67]
182H4f (8.90+0.09) x 10¢ [68]
202pp (5.254+0.28) x 10* [69]
205pp (1.7340.07) x 107 [70]
210mp;j (3.04+0.06) x 10¢ [71]
228Th (1.9116 +0.0016) x 10° [72]
229Th (7.880+0.120) x 103 [73]
230Th (7.54+0.03) x 10* [74]
231pa (3.276+0.011) x 104 [75]
232Th (1.4040.01) x 1010 [76]
232y (6.89+0.04) x 102 [77]
233y (1.592 +0.002) x 10° [78]
234y (2.455+0.006) x 10° [79]
235y (7.0440.01) x 108 [79]
236y (2.342 +0.004) x 107 [79]
237Np (2.144+0.007) x 106 [80]
238y (4.468 +0.003) x 10° [81]
239py (2.4110+0.0030) x 10* [82]
240py (6.561+0.007) x 103 [83]
241py (1.4290 +0.0006) x 10! [84]
241Am (4.326 +0.006) x 102 [84]
242py (3.75+0.02) x 10° [79]
23 Am (7.370+0.040) x 103 [85]
244py (8.0040.09) x 107 [79]
244Cm (1.81+0.01) x 10! [79]
246Cm (4.760 +0.040) x 103 [79]
247Cm (1.5640.05) x 107 [79]
248Cm (3.48+0.06) x 10° [79]
250Cm (~8.3)x 103 [86]
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Fig. 2. Schematic presentation of the processes leading to the production and distribution of '*C on Earth [104]. The fraction of the global #C inventory for the different
archives is given in percent. The oxidation of carbon to CO; is a two-step process, where the very reactive OH radical plays an important role [105]. As indicated in the box,
the main production path of OH depends on the availability of ozone, light and humidity, and due to its very short residence time in the atmosphere (~1 s) the concentration

of OH relative to O, is extremely small.

[20], but gradually many more became available. An attempt has
been madeinTable 1 to present the best possible values for the half-
lives of the radionuclides, with their respective reference. For some
of the radionuclides, AMS measurements were used to obtain better
half-lives (see Section 4.7.1). However not always an accurate half-
life value is known, because sometimes conflicting measurements
for a particular radionuclide exist. Therefore, for any application
where the half-life and its uncertainty really matters, the respective
reference should be consulted.

There are two important radionuclides for AMS (14C, 26Al),
where new compilations are presented in Table 1. For 14C, a half-life
value of (5730 4+ 40)year [87] was used for many years by the radio-
carbon community. The slightly revised value of (5700 + 30) year
was determined from the following four half-life measurements:
(57804 65)year [88], (5680 +30)year [89], (5745 +50)year [90],
and (5660440)year [91]. The new value is the weighted mean
of these four measurements, with a ‘scaled uncertainty’ calculated
following the procedure of the Particle Data Group [92]. The result-
ing (rounded) value is consistent with the one reported by the
National Nuclear Data Centre of Brookhaven National Laboratory
(http://www.nndc.bnl.gov).

For 26Al, the weighted mean of three values from the litera-
ture, (7.16 +0.32) x 10° year [93], (7.05 + 0.24) x 10° year [94], and
(7.8+0.5) x 10° year [95] was determined. For the fission product
1265n, the weighted mean and a scaled uncertainty were deter-
mined from five values in the literature [96-101]. The new half-life
values of 60Fe and 146Sm listed in Table 1 are in clear contradiction
to previous measurements and await confirmation by additional
experiments.

3. 14C - a gift from nature

In 1912 Victor Hess discovered cosmic rays with balloon flights
around Vienna [102], and 34 years later Willard Libby figured out at

the University of Chicago that 14C must be produced by cosmic rays
in the atmosphere [103], eventually entering the biosphere and the
hydrosphere through the CO, cycle (Fig. 2).

Biogenic 14C was detected for the first time in methane from a
sewage disposal plant in Baltimore [106]. This paper also discusses
earlier considerations about cosmic-ray neutrons and their capture
in nitrogen. The use of 14C as a dating tool in archeology was estab-
lished by measuring its content in objects of known age [107]. In
1960, Willard Libby received the Nobel Prize in Chemistry “for his
method to use carbon-14 for age determination in archeology, geo-
physics, and other branches of physics” [108]. At that time 14C was
still measured through the beta radiation requiring sample sizes
of several grams of carbon. With the advent of AMS sample sizes
could be reduced by factors of thousand and more, substantially
enlarging the range of applications.

In Table 2 some of the remarkable properties of 14C are sum-
marized. In addition to its unique properties as a dating tool for
organic matter in the 50,000-year range, it has atomic properties
which makes it ideal for AMS measurements with tandem accel-
erators. This allowed the development of ever smaller AMS facility
described in the accompanying contribution by Synal [34].

4. Applications of AMS

Although '¥C measurements dominate applications of AMS, a
large variety of other radionuclides were made accessible through
AMS (Table 1). AMS applications are being performed in essentially
every domain of our environment at large. In order to describe the
enormous breadth of these applications, it is convenient to divide
the environment into seven large domains [115]: atmosphere, bio-
sphere, hydrosphere, cryosphere, lithosphere, cosmosphere, and
technosphere. While the first five domains are natural archives
on Earth, the cosmosphere refers to extraterrestrial matter, and
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Table 2
The unique properties of '4C.
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Property

Comment

Favorable production process

Uniform atmospheric distribution

Photosynthesis of plants
High solubility of CO,

Radiocarbon dating

Strongly hindered beta decay

No build-up of 4C after death

Calibration of 14C

Mass fractionation correction

The ideal AMS nuclide

Spallation reactions of cosmic rays in the atmosphere liberate neutrons, which in turn produce #C through the
14N(n,p)'4C reaction. The high nitrogen content of the atmosphere (78% N,) results in a production rate of ~2 14C
atomscm~2s~! [109], which is higher than that of other long-lived radionuclides (Fig. 3).

14C oxidizes to '#CO, (Fig. 1) and becomes part of the well-mixed tropospheric CO, content. Since the production of
neutrons by cosmic rays in the atmosphere is altitude and latitude dependent [110], atmospheric mixing is important
to provide a nearly uniform 4CO, concentration in the troposphere around the globe.

Plants take up atmospheric '4CO, through photosynthesis, which is the main path of '4C to enter the biosphere.

The solubility of CO, in water is 0.04 mol/L H,O at NTP. This is 30 and 60 times higher than that of O, and N,
respectively, and leads to a relatively high #CO, content of the oceans.

After death, organic material stops the uptake of '#C and the long half-life (t, 12=5700 years) is ideally suited as a
radioactive clock for the last 50,000 years, covering the decisive period for the development of modern humans.

The beta decay of '4C to “N (a so called Gamov-Teller transition) is unusually hindered due to nuclear structure
effects [111]. A normal transition strength, as it is observed in neighboring nuclides, would lead to a half-life of only
about 50 days making it completely useless for archeological dating. The actual half-life is (5700 & 30) year (Table 1).

Due to the low isotopic abundance of >C (1.1%), and the small cross section for the 13C(n,y)'“C reaction
(o =1.4mbarn), "4C build-up by environmental neutrons in organic matter after death is negligible.

The determination of an absolute age with 4C requires to know the atmospheric '#C content as a function of time.
This has been established by '*C measurements in objects of known age such as tree rings, corals, stalagmites [112].
Recently the calibration beyond the range of tree rings (~12,000 years) has been improved with varved lake
sediments [113].

Because carbon has two stable isotopes, mass fractionation both in natural and in instrumental processes can be
determined through 3C/'2C ratio measurements, and the effect on '#C can be corrected correspondingly [114].

Negative ion currents of around 50 pA 2C- can easily be produced from solid graphite in a cesium-beam sputter
source. With a modern '#C/!?C ratio of 1.2 x 10~'2, about 400 '#C~ ions per second are then emitted from a carbon
sample of 1 mg, and half of it ends up in the final particle detector. Even for a 50,000-year old sample, one will still
detect about 12 #C atoms per minute. Most important is the suppression of the stable isobar N in the ion source due

to the instability of N= [7].

the technosphere refers to the domain where man-made radionu-
clides matter. An updated version of these seven domains with
their respective fields of AMS application and radioisotopes is
shown in Table 3. In the following the AMS applications will be
discussed according to these seven domains. However, these divi-
sions are merely guidelines since often the interactions between
the domains are investigated with the help of radionuclides mea-
sured with AMS.

Since it is virtually impossible to describe the very large number
of applications of AMS in this review, only a representative selec-
tions can be discussed. It is hoped, though, that this will still convey
the flavor of the versatility of AMS as an analytic tool to study our
environment at large.

4.1. Atmosphere

The atmosphere is the main source for radionuclides produced
by cosmic-ray interaction [116]. Fig. 3 shows the production rate
of long-lived radionuclides used in AMS [37].

Since one assumes that cosmic-ray bombardment persisted
much longer than the respective half-lives, secular equilibrium
between production and decay has been reached on Earth. The
differential equation which describes production and decay of a
radionuclide is:
dN
G = MNP (1)
where N denotes the number of radionuclides, and P the production
rate, A is the decay constant, which is related to the mean life-
time, 7, and the half-life, t1,, through the relation A =1/t =In 2/t ).
When secular equilibrium is reached, then dN/dt =0, and therefore
N=P[A=Pt=(P[In2)t;,. This means that the maximum number of
atoms for a radionuclide on Earth is equal to the production rate
times its mean lifetime. In cases where the atmosphere is the main

PR L L B B B N
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Fig. 3. Cosmogenic production rates of long-lived radioisotopes in the atmosphere
[37]. The production rate is dominated by the availability of suitable target atoms in
the atmosphere, indicated by the composition of the atmosphere, and the respective
radionuclides connected to it. The total production rate on Earth (atoms/s) can be
obtained by multiplying with the surface of the Earth (5.1 x 108 cm?).
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Table 3
Overview of research areas where AMS measurements are used.

Domain/research area

Radionuclide?®

Atmosphere

Production of radionuclides by cosmic-ray interaction
Chemistry and dynamics of CO, CO,, CHy

Mixing of stratospheric and tropospheric air

Releases from nuclear industry

Fossil fuel effect, ‘dead’ CO,

Bomb peak from nuclear weapons testing

Biosphere

Radiocarbon dating in archeology and other fields

14C calibration (tree rings, corals, sediments, speleothems)
Development of radiocalcium dating of bones

Bomb-peak dating (forensic medicine, dating DNA)
Microdosing for drug development

In vivo tracer studies in plants, animals, humans

Hydrosphere

Dating of groundwater (important freshwater source)
Global ocean currents

Paleoclimatic studies in lake and ocean sediments

Cryosphere

Paleoclimate studies in polar ice sheets

Paleoclimate studies in glaciers

Tracing solar variability in time (Greenland ice cores)
Bomb-peak record in recent ice

Lithosphere

Exposure dating of rocks (deglaciation, geomorphology, erosion)
Paleoclimatic studies in loess

Tectonic plate subduction studies

Neutron flux monitor in uranium minerals

Cosmosphere

Cosmogenic nuclides in meteorites and lunar material
Live supernovae remnants in terrestrial materials
Stable trace isotopes in presolar grains

Geochemical solar neutrino detection

Search for superheavy elements in terrestrial materials
Search for exotic particles in Nature

Technosphere

Half-life measurements—Depth profiling in fusion walls
Possible fusion plasma thermometer

Reaction studies for nuclear astrophysics

Neutron dosimetry of the Hiroshima bomb

Nuclear safeguards

IOBE, 14C, ZGAl, 325i, 3Gc1‘ 39AI‘, 81 KI‘, 129[
14C, 14C

14C 10Be

14C' 99T 1291

14(‘

14C

14C

14C

41Ca

14(‘

14C

14C, 26/\1_ 41 Ca

14C, [39Al‘], 36Cl' 81 Kr, 1291
MC, MC, 39AI‘, EJBTC‘ 1291' 2311)3' 236
14c

1OBe' MC, ZGAL 36Cl, [Sll(l']
14C, 3251

1OBe_ 14C, 36Cl

3ﬁc‘l' 41 Ca, 1291

10Be, 14C, 26 A], 361, 53Mn
1OBe' 14c

10Be
236U

1OBe' 14(:, 26/-\1, 36(:1' 41 Ca, 53 Mﬂ' SgNi, GOFe

26|, 60Fe, 244py [146Sm, 182HF, 247 Cm],
194,195,196,198 p¢

[97.98Tc, 205ph]

Eka-Th, Ds, Rg, Fl, Eka-Bi (A~300,Z~114)

Free quarks, very heavy isotopes, strange matter

3251" 41 Ca, 44Tf, GOFB, 7956, IZGSn' 1465m‘ 3H

27Al(n,2n)2Al

1039, 14C, 26/\1, 36(‘1‘ 41 Ca, 44Ti, 551:8‘ SgNi, 63 Ni, 68 Ge, 1465,11' 202Pb, 209mBi' 230Th' 231 Pa
36Cl, 41 Ca, 63Ni

146, 149, ‘51Sm, 233 U, 236 U, 237Np, 239,240‘241,242,24413“

2 Radionuclides measured with AMS in the respective area of application. Italicized radionuclides are man-made. Radionuclides in square brackets indicate their potential
use in the corresponding research area, but AMS detection at the required sensitivity level has not yet been fully developed. For the respective half-lives see Table 1.

archive for a radionuclide (e.g. for 3°Ar and 8'Kr), this number
can be obtained by measuring either its activity concentration or
its isotope ratio in air. Combining the respective half-lives from
Table 2 with the corresponding production rates and atmospheric
abundances of Ar and Kr from Fig. 3, one obtains isotope ratios
which are close to the observed ones: 39Ar/Ar=8.1 x 10-16 [117],
and 81Kr/Kr=5.2 x 10~13 [118]. When the distribution on Earth is
more complex as in the case of 14C, the total inventory is distributed
between different archives (see Fig. 2).

4.1.1. Measurements of 14C0O,, 14C0, ¥CH,

Measurements of 4C in atmospheric CO, started well before
the advent of the AMS technique [119], and to this day can be
performed by beta counting if large air samples (~10,000L) are
available. These measurements already revealed a clear picture of
the 14C excess produced by the atmospheric nuclear weapons test-
ing period between 1950 and 1963 [119]. However, often there
is much less material available, and AMS measurements of high
accuracy have been developed for air samples of a few liters [120].

In order to measure the '4C production directly in air at
higher altitudes, compressed-air cylinders were carried along
cruising altitudes of commercial airplanes for two years, and the
resulting 14CO, and '4CO contents were measured with AMS
[121]. The comparison with model calculation showed signifi-
cant deviation from both the production rate and the 14C0,/14CO
ratio. More of these direct measurements would be useful par-
ticularly for '#CO, since it is used as a proxy to monitor the
hydroxyl radical (OH) concentration in air [122-124]. OH has
been called the “detergent” of the atmosphere [105], because of
its oxidizing power and its important role to remove trace gases
[125].

Another trace gas of considerable importance in the ongoing
debate about global warming is methane (CHy). Although its con-
centration in the atmosphere is about a factor of 200 lower than the
one of CO,, the global warming potential of CHy is 25 times higher
on a molecule-to-molecule comparison [ 126]. At present, the radia-
tive forcing (expressed in W/m?2) of CH, is about a factor of four
smaller than the one of CO, [127]. '#CH4 has been studied with
AMS in the atmosphere, e.g. [128-130], and recently also in CHy4
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extracted form Greenland ice around the last glacial termination
[131].

4.1.2. 19Be/”Be ratio measurements to study
stratosphere-to-troposphere transport

Within the EU project STACCATO (Influence of
Stratosphere-Troposphere Exchange in A Changing Climate on
Atmospheric Transport and Oxidation Capacity), particle-bound
beryllium isotopes were investigated in air filters and the ratio
between long-lived 1°Be (f;/; =1.39 x 105 year) measured with
AMS, and short-lived 7Be (53.3 d) measured with gamma spectrom-
etry, was evaluated [132]. Since there is a considerable difference
of the residence time of Be in the stratosphere (about one year)
and the troposphere (about three weeks), the different 1°Be/”Be
ratios can be used as fingerprints of the respective air masses.

4.1.3. 26Al/19Be ratios in the atmosphere and surface firn

The production rate of 26Al in the air is about 500 times smaller
than the one of 19Be (cf. Fig. 3), reflected also in the atom ratio
of these radionuclides measured in air filters and surface firn
at different locations on Earth [133]. Since the mean value of
26A1/19Be=1.89 x 10-3 was found to be globally constant within
5%, there is hope to use this ratio as a chronometer to date old ice
[133].1tis interesting to note that the in situ production of 1°Be and
26A1 in quartz results in a 26Al/10Be ratio of ~6 (see Sections 4.5.1.
and 4.5.3.), which is a factor of ~3000 larger than the meteoric ratio
of the atmosphere mentioned above.

4.2. Biosphere

The most important radionuclide in the biosphere is 14C (cf.
Fig. 1). Numerous applications arise from this fact, and the dedi-
cated journal Radiocarbon (http://www.radiocarbon.com) records
many of these investigations since 1959. Here, only a few typical
measurements will be reported.

4.2.1. Radiocarbon dating in archeology

The half-life of 14C is ideally suited to investigate the devel-
opment of modern humans since the last 50,000 years, and
particularly since the dawn of civilization in the Near East about
10,000 years ago. For the latter part a reliable #C calibration was
established by dendrochronology [112], and a recent extension
now reaches back to the full time range of 14C dating [113]. For
the last 4500 years '4C dating has been found to be in reasonable
overall agreement with the historical chronology of ancient Egypt
[134]. There are, however, persistent discrepancies of about 100
years between “C and archeological dating in the second millen-
nium BC for the excavation in Tell el-Daba in the Nile Delta [135],
and for the volcanic eruption of Santorini [136,137]. In general, 14C
dating in archeology starts with sample taking in the field, and great
strides are made nowadays to meticulously follow the entire pro-
cess from the field through the sample preparation to the final AMS
measurement [138].

An interesting field of research in archeology (and in anthro-
pology) is the appearance of anatomically modern man in Central
Europe some 40,000 years ago, and its relation to the Neanderthal,
e.g.[139-141]. This usually involves dating collagen in bone, which
sometimes is degraded to a level which does not allow reliable
dating results. An interesting example has recently been reported,
which pushes the demise of the Neanderthal further back in time
[142].

4.2.2. Dating human DNA with the ¥C bomb peak

A few years ago, an exciting possibility to determine retrospec-
tively the birth of cells in humans was developed at the Karolinska
Institute in Stockholm [143].
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Fig. 4. 'C excess of atmospheric CO, due to above-ground nuclear weapons test-
ing — which stopped in 1963 - for the second half of the 20th century [144]. The
A'Cvalues below zero before 1955 are due to the ‘dead’ CO, contribution from
burning fossil fuel. The vertical line indicates the birth date of an individual. The #C
level of the DNA extracted from cells of different parts of the body (filled circles)
indicate that new cells are formed at different times after birth [143].

The above-ground nuclear weapons testing between 1950 and
1963 doubled the #C content of the atmosphere, which after the
nuclear test ban in 1963 dropped back to almost normal in the
ensuing 50 years [144]. This rapidly varying 4C excess effectively
labeled every living species on Earth including humans. The basic
principle to deduce the birth date of cells in humans is quoted here
from Spalding et al. [143]: “Most molecules in a cell are in con-
stant flux, with the unique exception of genomic DNA, which is
not exchanged after a cell has gone through its last division. The
level of 14C integrated into genomic DNA should thus reflect the
level in the atmosphere at any given point, and we hypothesized
that determination of 14C levels in genomic DNA could be used
to retrospectively establish the birth date of cells in the human
body.” Fig. 4 reproduced from this seminal work demonstrates the
method.

In a collaboration between the VERA lab in Vienna and the
Karolinska Institute in Stockholm the olfactory bulb system in
humans was investigated [ 145]. Here only a few microgram of DNA
were available for the 14C AMS measurements, demanding a par-
ticular careful sample preparation in every step from the human
tissue to the final carbon sample [146]. It was found that very lit-
tle if any new neurons were formed in the human olfactory bulb
after birth [145], in stark contrast to rodents where 50% turnover
in adulthood has been observed.

4.2.3. Biomedical experiments with 26Al and 4! Ca

Since natural 26A1/27 Al and 41 Ca/*%Ca isotope ratios are exceed-
ingly small in humans, in the range of 10-'4, and the half-lives
are much longer than the one of 14C (Table 1), strong radionu-
clide signals can be administered to humans. Pioneering long-time
experiments in humans have been performed for 26Al [147]
and “41Ca [148], following the radionuclide concentrations over
5-4 orders of magnitude, respectively. Although some interesting
implication for studies of osteoporosis were indicated in a 41Ca
labeling experiment by Freeman et al. [ 149], followed up by another
extensive study of Denk et al. [150], 4!Ca has not yet entered the
realm of drug developments. Also 26Al has not yet entered this
stage, e.g. for kidney related problems where Al may play an impor-
tant role.
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Fig. 5. The great ocean conveyor logo [156]. llustration by Joe Le Monnier, Natural History Magazine. It is a simplified picture of the main ocean currents transporting heat

around the globe.

4.2.4. Microdosing with 4C for drug developments

After the pioneering experiment of Turteltaub et al. [151]
demonstrating AMS measurements for low-level 4C labeling of
specific biomedically active compounds, the field really took off
with the development of small AMS facilities as described in the
accompanying article of Synal [34]. When these facilities became
available, the pharma industry got interested to apply microdos-
ing for drug developments [152,153]. The extreme sensitivity of
AMS allowed one to study the metabolism of new drugs in vivo in
humans, considerably shortening the time to develop a new drug
and leading to large savings. There remains, though, the question to
what extend microdosing can test a new drug for therapeutic use,
when much higher doses of a new drug have to be administered.

4.3. Hydrosphere

It is well known that our Earth is the only planet in the solar
systems which harbors liquid water through most of its 4.5-billion
year history. At the present time - and probably throughout the
Holocene (the last 10,000 years) — the distribution of water on Earth
is estimated to be: ocean 97.3%, ice sheets 2.1%, groundwater 0.6%
[126]. More than two thirds of the surface of the Earth is covered
by the oceans, and the transport of heat around the globe by the
oceans is roughly of the same magnitude as the one transported
by the atmosphere. This clearly has a strong impact on the cli-
mate. Another area of great interest in hydrology is the freshwater
sources on Earth. Here groundwater investigations play a particu-
larly important role. In the following, a few examples of these two
areas will be given.

4.3.1. C and other radionuclides in the ocean

Radionuclides, and particularly 14C, are “Tracers in the Sea”
[154], allowing a multitude of investigations to study the oceans
[155]. One of the most attractive features which came out of these
studies, when large water samples (~250L) still had to be used for

14C decay counting, is the great ocean conveyor depicted in Fig. 5
[156,157].

This idealized picture was later refined [158], but we are still
far away from getting a comprehensive picture of the dynamics
of the oceans. A big step forward was AMS, where measurements
of 1C in ocean water allowed one to reduce the sample size from
250 to 0.5L, and well over 13,000 water samples were measured
within the World Ocean Circulation experiment (WOCE) project in
the 1990s at the National Ocean Science AMS facility (NOSAMS)
in Woods Hole [159]. By now the number of 1*C measurements
in ocean water samples has surely surpassed 20,000. The analysis
of this enormous bulk of data is being undertaken by dedicated
oceanographers leading to a better understanding of ocean currents
in three dimensions [160].

A radionuclide of great interest for oceanography is 3°Ar, which
was measured by low level counting as long as large ocean
water samples were taken [161]. The half-life of 39Ar (269 year)
is well matched to global water movements around the globe
(500-2000 year), but low level counting ceased with the small sam-
ple taking triggered by AMS. Successful AMS measurements at the
ATLAS linac at Argonne National Lab have been undertaken to mea-
sure the very low isotope ratios of 3°Ar/4CAr (<8 x 10~16) in argon
extracted from ocean water samples [ 162]. But eventually it turned
out that these measurements are too sensitive to the 39K isobar
interference which cannot be consistently controlled to the level
required for these ultra-low isotope ratio measurements, despite
big efforts [163].

Releases from nuclear reprocessing provide radionuclides
suited for studying ocean circulation. This includes 129] studied in
the Norwegian Sea[164],%9Tc[165],and 237Np [ 166]. Recently, Fall-
out of 236U from the nuclear weapons testing period is also showing
promise to be used as an oceanic tracer [167].

4.3.2. Groundwater dating
Groundwater is a natural resource of great importance for pro-
viding freshwater to many places on Earth. Similar to oil, fossil
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groundwater is a limited resource, and age determinations allow
one to gain information on recharging times. An example for iden-
tifying short recharge times is to measure the 14C bomb peak in
young stalagmites growing in areas of freshwater supply [168]. In
the case of the Wombeyan cave near Sydney, the time shift of the
14C bomb peak indicates a recharging time of only six years for this
important freshwater source. If one employs natural '4Cand 36Cl to
ground water dating, more complex hydrologies can be deciphered
such as the one in the Palm Valley of central Australia [169].

Of particular interest to hydrology are large aquifers in the
world with very old groundwater. An example is the Great Artisean
Basin (GAB) in Australia, which has been first investigated with 1291
[170] and 38Cl [171], indicating groundwater ages of more than
100,000 years. Since dating with both radionuclides is problematic
because of unknown underground contributions, groundwater dat-
ing in the GAB was performed with 81Kr, an almost ideal tracer for
this purpose. AMS measurements were performed at the National
Superconducting Cyclotron Laboratory at Michigan State Univer-
sity, and groundwater ages in the range from 200,000 to 400,000
were established [118]. It is interesting to note, that 81Kr dating of
old groundwater in the range from 0.5 to 1 million year has also
been performed with the laser-based ATTA technique (Atom Trap
Trace Analysis) in the Nubian aquifer of the Western Egypt Desert
[172]. One also hopes to develop ATTA for 39Ar [173,174], which
would be particularly important for dating younger ground waters.
Since both noble gas radionuclides are extremely difficult to mea-
sure with AMS, ATTA is likely to develop into the method of choice
[175].

4.4. Cryosphere

After a prolonged ice-free period on Earth during the Mesozoic
(225-65 million years ago), first ice may have started to form in
Antarctica some 30 million years ago [176]. During the Pleistocene
(2.5-0.01 million years ago), the ice sheets as we know them today
dominated the polar regions of Greenland and Antarctica. How-
ever, this period is characterized by a sequence of colder (glacial)
and warmer (interglacial) periods driven largely by the variation
of three orbital Earth parameters (excentricity, obliquity, preci-
sion), which in turn determine the strength of the solar insulation
[177-179]. During glacial times the land-locked ice mass increased
roughly by a factor of two [126], lowering the sea level worldwide
by about 100 m. Polar ice sheets are a rich archive of climatic con-
ditions on Earth, with 180/160 and D/H isotope ratios providing a
useful proxy for past temperatures [180,181].

The longest cores from Antarctica reach back about 800,000
years (Fig. 6, see also Section 4.4.2). This figure from the EPICA
collaboration [182] reveals interesting information about climatic
conditions on the Earth during this time period. One of the strik-
ing features is the change of a ~40,000-year periodicity of warm
periods (interglacials) before 500,000 years ago to about 100,000
years thereafter. Even though the variation of the solar insulation
[179] shown in the top panel of Fig. 6 must have some influence
on the climate, the observed periodicity is probably influenced by
additional factors not yet well understood.

4.4.1. 19Be record in Greenland ice cores

Although a number of cosmogenic radionuclides (1°Be, 14C, 26Al,
36(],41Ca, 1291) have been measured in ice cores of Greenland, °Be
provides the most useful proxy of paleoclimatic studies [185]. The
residence time of 1°Be in the troposphere is short (a few weeks),
and the relatively high production rate (cf. Fig. 3) result in con-
centrations in the range of 107 1°Be atoms per kg ice. Since little
9Be is present in ice cores, a known amount of °Be carrier can
be added for AMS measurements to determine accurate 1°Be/?Be
ratios, and thus the 19Be concentration in ice. The 1°Be record in ice
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Fig. 6. Comparison of EPICA Dome C data with other paleoclimatic records. The fig-
ure is reproduced from Ref.[182],and amore detailed description can be found there.
The upper panel (a) shows the record of the insolation at high northern and southern
latitude [179]. The second panel (b) gives the temperature record as measured with
the 8D signal in the EPICA Dome C and the Vostok ice cores (red curve), respectively.
The numbers refer to Marine Isotope Stages, where odd numbers are assigned to
warm periods and even ones to cold periods [183]. The third panel (c) gives two
marine §'80 signals from deep sea sediment cores, which reflect both temperature
and ice mass changes [184]. The lowest panel (d) shows the dust signal, which is
particularly large during cold periods. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

has also been used to reconstruct solar modulation throughout the
Holocene [186].

4.4.2. Antarctica

While the Greenland ice core record reaches back at most
200,000 years, the deepest ice cores in Antarctica approach 800,000
years [182]. We do, in fact, not know what the oldest ice on Earth
is, because so far only indirect methods were used to determine
some supposedly very old ice in the Dry Valleys of Antarctica. Sug-
den et al. [187] inferred an age of 8.1 million years from 40Ar/39Ar
dating of a thin ash layer on top of till-covered ancient ice. Schaefer
et al. [188] found a minimum age of 2.3 million years from cosmo-
genic helium and neon measured in rock surfaces of eratics on the
till. A few attempts to develop long-lived radionuclides as direct
chronometers to date old ice have been reported. AMS measure-
ments of the 26A1/1°Be atom ratio in ice is a promising possibility
[133], although the low production rate of 26Al in the atmosphere
(Fig. 3) combined with a low yield of negative Al ions requires rel-
atively large ice volumes (~20 kg) to obtain statistically significant
results. 81Kr would be another useful radionuclide to date old ice,
however the concentration is exceedingly low (~1000 atoms per
kg ice), and only one measurement with laser resonance ionization
mass spectrometry was once performed on 224 kg of blue ice from
the Antarctic mountains [189]. There is some promise of recent
developments of ATTA to reduce the amount of ice required for a
81Kr measurements considerably [175].

4.4.3. Glacial changes

Although the Holocene is considered to be an interglacial
with relatively stable temperatures, glaciers covering high-altitude
mountains are sensitive to small climate changes. The waxing and
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waning of glaciers leaves datable moraines behind which can be
used as indicators for these movements. An example is given for
a glacier near Mount Cook in New Zealand [190], where exposure
dating of moraines with 1°Be (see Section 4.5) indicates consider-
able fluctuation throughout the Holocene. These fluctuations seem
not to be synchronous with fluctuations of glaciers in the northern
hemisphere [190], indicating that regional effects may influence
those smaller climate changes.

Glacial fluctuations in the Latest Pleistocene and Holocene in
Europe are discussed in a review article of Ivy-Ochs et al. [191]. A
reduced length of the Rhone glacier through most of the Holocene
was found with a new 4C/19Be exposure dating method [192].
Similar results had been reported from the Pasterze Glacier in the
Austrian Alps [193]. Since Alpine glaciers usually move fast, it is
difficult to find old ice. However, a study of #C in the organic frac-
tion of small carbonaceous aerosols in a high-altitude glacier of the
Monta Rosa mountains in Switzerland revealed a late Pleistocene
age of the oldest ice near the bedrock [194].

A unique effort to develop AMS measurements of the relatively
short-lived radionuclide 32Si (t;, =144 year) for ice dating in the
range of 1000 years is being pursued by Morgenstern et al. [195].
Here the technical challenge is the separation of the overwhelming
isobaric background of stable 32S, which is accomplished by the
gas-filled magnetic spectrograph technique [39] at a large tandem
accelerator [195]. Other potential applications of 32Si are discussed
elsewhere [47].

4.5. Lithosphere

Solid surfaces on Earth (e.g. rocks) are exposed to secondary
cosmic radiation comprising a nucleonic and muonic component,
which induce nuclear reactions. The resulting build-up of radionu-
clides such as '°Be, 14C, 26Al, 36Cl can be used for surface exposure
dating of fresh rock surfaces [196], and erosion studies as well [ 197].
A comprehensive review of the field can be found in Gosse and
Phillips [198].

4.5.1. Surface exposure dating and geomorphological studies

Dating of moraines and rock surfaces exposed after the retreat of
glaciers are examples mentioned in Section 4.4.3. Exposure dating
with 19Be and 26 Al produced in quartz has been applied in a detailed
geomorphological study in the northwestern Himalayas [199]. In
this study the incision rate of the Indus river could be obtained by
combining the exposure time of abandoned river terraces with the
height of these terraces above the current river surface. In order to
obtain accurate exposure times the production rates of particular
radionuclides have to be known. Since these depend on latitude and
altitude, there is an ongoing debate about the correct values for the
production rates. Recent '9Be measurements to study denudation
rates in the Himalayas [200] list many relevant references for this
debate.

A fairly recent addition to surface studies is 53Mn, which is
mainly produced from the Fe content in rocks. The AMS measure-
ments requires large tandem accelerators to separate the isobaric
interference of 33Cr. Due to the fairly long half-life of 3.7 mil-
lion years, it allows surface dating of up to about10 million years
[201,202].

4.5.2. Paleoclimatic studies in loess

Loess is a rather common sedimentary deposit of aeolian
origin, with particularly large and ancient deposits in China
(~0.5 million km?, up to 400 m thick). The study of loess—paleosol
sequences with 19Be and geomagnetic methods allows one to draw
conclusions about the paleoclimate. A 130,000-year record of two
loess profiles (12 and 15m length, respectively) from China has
been analyzed in this way [203]. Since much thicker loess deposits

existin China, this opens the possibility to extend the method much
further back in time (~2.5 million years). This would allow one to
obtain information on the paleoclimate in this part of the world
during the entire Pleistocene.

4.5.3. Burial dating

With the appropriate geological setting, buried sediments can
be dated up to 5 million years through the decrease of the 26 Al/19Be
ratio originally produced when a quartz-containing sediment was
exposed to cosmic secondary radiation on the surface [204]. The
initial 26A1/19Be ratio is about 6, and first attempts at burial dating
measurements in sediments and flints from the Tabun cave of Israel
indicated the basic usefulness of the methods provided the proper
material can be retrieved from an archeologically interesting con-
text [205]. This method has now been successfully applied to date
sediments around an early hominid, the famous Peking man, to an
age of 0.77 +0.08 million years, appreciably older than previously
known [206].

4.6. Cosmosphere

This domain includes extraterrestrial material, which somehow
reaches the Earth by natural processes (e.g. meteorites, cosmic
radiation) or through artificial means (lunar material). Meteorites
typically spend millions of years in space outside the influence of
terrestrial and solar magnetic fields. They are therefore continu-
ously exposed to the full intensity and energies of primary cosmic
rays, leading to secular equilibrium of a variety of radionuclides. The
production of radionuclides in meteorites has been investigated
both theoretically [207] and experimentally [208]. The surface of
the moon, which lacks an atmosphere and a magnetic field is a per-
fect target for solar cosmic rays, including also the low-energy end
of the cosmic ray spectrum.

4.6.1. Terrestrial ages of meteorites

Since the equilibrium concentration of a particular radionuclide
can be measured in recent falls, terrestrial ages can be determined
from the decrease of the concentration of a radionuclide whose
half-life is known. In this way terrestrial ages for Antarctic mete-
orites were determined from AMS measurements of 36Cl [209)].
An interesting application of these meteorites was the determi-
nation of the half-life of 4'Ca by measuring both 4!'Ca and 36Cl
concentrations for meteorites of different terrestrial age. With
the known half-life of 36Cl (3.01+£0.02) x 10° year, a half-life of
(1.03+0.07) x 10° year could be inferred from these measure-
ments for 41Ca [210]. This half-life is consistent with the recent
high-precision measurement given in Table 1.

4.6.2. Measurements of °°Ni on the moon

Soft components of cosmic rays can only produce reaction
products at the very surface of meteorites. Since the outer lay-
ers of a meteorite are ablated by their fiery entry into the Earth’s
atmosphere, the information gets lost. This is different for lunar
surface rocks, which have therefore been studied to obtain this
special information of cosmic rays. In particular, the flux of low-
energy solar alpha particles has been studied by measuring a
near-surface profile of °Ni in lunar rocks produced via the reac-
tion *6Fe(a,n)??Ni [211,212]. Since the exposure age of the lunar
rocks determined from Kr isotope measurements turned out to be
~2 million years, *°Ni with a half-life of 76,000 years (Table 1) can
be assumed to be in secular equilibrium with its production rate
(cf. Eq. (1) in Section 4.1).

4.6.3. Live supernova remnants on earth?
AMS allows one to search for extremely low abundances of par-
ticular nuclides, which may exist in terrestrial materials only due
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to the input of very rare events such as a “near-by” supernova
explosion. Here, it is important that other production mechanisms
(cosmic rays, spontaneous and induced fission, anthropogenic
sources) can be excluded. So far, evidence for such a supernova
explosion some 3 million years ago was found only for one radionu-
clide, 59Fe, in a deep sea ferromanganese crust from the South
Pacific [213-215]. Efforts to confirm this signal in other materials
[216], and to look for 244Pu as well, are under way.

4.6.4. Presolar grains

Primitive meteorites contain small grains with isotopic compo-
sitions which deviate substantially from the average solar system
isotopic composition of the elements [217]. It is thus assumed that
these represent materials which were not subject to the averaging
procedure of the early solar nebula. Since the particular isotopic sig-
natures of these grains are fingerprints of the stellar processes they
originate from, it is of particular interest to obtain isotopic compo-
sitions of heavy elements. Since heavy elements exist only in trace
amounts in these grains, an AMS study was performed at VERA to
measure stable platinum isotopes in presolar nanodiamonds [218].
Although an enhancement of the 198Pt/195Pt isotope ratio as com-
pared to the solar system abundance was observed for the first time,
the result was somewhat marginal and clearly needs confirmation
through more systematic studies.

4.6.5. Geochemical solar neutrino detection

The mystery of the reduced flux of solar neutrinos observed in
the 37Cl experiment [3] has been solved by the discovery of neu-
trino oscillations [219]. However, this and other experiments can
only measure the present-day solar neutrino flux from the sun.
To integrate over a longer period, the production of a long-lived
radionuclide by solar neutrinos would be useful [220]. A case of
considerable interest is 20°Pb with a half-life of 17 million years
(Table 1), which can be produced by the inverse beta decay of
205T](v,e~)205Pb [221]. Great strides to develop an AMS method for
205pp and to find the appropriate thalium mineral have been made
[222-224] but so far no definite project evolved. Other radionu-
clides such as ?/Tc and ?8Tc have also been proposed [225], and
preliminary attempts to isolate these radionuclides from a molyb-
denum ore have been reported [226]. Similar to the detection of
radionuclides from supernova remnants described in the previous
section, also in this case one must be sure that any production pro-
cess other than the one induced by solar neutrinos can be excluded.

4.6.6. Search for superheavy elements in nature

Ever since the intriguing prediction that an ‘island of stability’
may exist around A ~ 300 beyond the heaviest known nuclides, the
search to find superheavy elements (SHE) in nature was pursued on
various avenues [227,228] (see also a reminiscent article by Arm-
bruster and Miinzenberg [229]). An early AMS search in a Pt placer
nugget [230] set limits of 10~1! for a SHE nuclide, 24110, provided
that the half-life was about 100 million years and its stellar abun-
dance relative to platinum was 0.03 when the solar system formed
[231]. Until today no confirmed evidence for SHEs in nature was
found. However, the group of A. Marinov et al. recently reported
positive evidence from high-resolution inductively coupled sec-
tor field mass spectrometry (ICP-SF-MS) for neutron deficient Th
isotopes [232], neutron deficient Rg isotopes in gold [233], and a
SHE nuclide with A=292 and Z~ 122 in thorium [234]. This trig-
gered extensive AMS experiments at the 14-MV tandem accelerator
in Munich [235,236], and at the 3-MV VERA facility in Vienna
[237-239]. None of the Marinov results were confirmed with AMS,
with abundance limits several orders of magnitude below the one
of the ICP-SF-MS experiments. The results are summarized in Fig. 7.

4.7. Technosphere

Man-made radionuclides came into use with the advent of accel-
erators in the 1930s, and nuclear reactors and nuclear weapons
in the 1940s. They play a particularly important role in nuclear
medicine (e.g. 11C, 18F, 60Co, 81Kr, 99mTc, 123], 2027T]), but also
in a variety of technological applications. Sometimes releases of
radionuclides happened, which modified significantly their respec-
tive natural budget. The most obvious event was the above-ground
nuclear weapons testing period (1950-1963), which increased 14C
in the atmosphere by a factor of two (see Section 4.2.2). Releases
from nuclear fuel reprocessing plants (°*Tc, 1291), and fallout from
the weapons tests (236U) are being used as oceanographic trac-
ers (see Section 4.3.1). In the following, we want to discuss a few
laboratory applications, where AMS measurements of artificially
produced radionuclides are being used.

4.7.1. Half-life measurements

Long half-lives are notoriously difficult to measure, which is
reflected by the considerable uncertainty of this basic property for
some of the radionuclides listed in Table 1. AMS measurements
have contributed to half-life measurements, albeit with relatively
large uncertainties because absolute isotope ratio measurements
are required. Examples are 32Si[241,242], *4Ti [243], 50Fe [56,244],
12651 [96,97], 146Sm [38]. In all cases, the stable isobar separation
was the crucial contribution of the AMS measurements.

4.7.2. Studies related to nuclear fusion

Great strides are being made to develop nuclear fusion for
energy generation, but the realization of a nuclear fusion power
plant for electricity generation still lies decades away as indicated
in the recent Roadmap to Fusion Energy by the European Fusion
Development Agreement [245].

A few studies related to fusion have been performed with AMS.
Tritium depth profiling in carbon tiles from a fusion experiment
were performed with a small AMS facility at Rossendorf [246]. The
cross section of the 27 Al(n,2n)26Al reaction near threshold is sensi-
tive to the thermal distribution of neutrons from the 3H(?H,n)*He
reaction and could thus be used to determine the temperature of
the fusion plasma. To this end 26Al was measured with AMS in Al
foils irradiated with 14-MeV neutrons around the reaction thresh-
old [247].

4.7.3. Reaction studies for nuclear astrophysics

The description of the synthesis of elements in stars
require cross sections for a multitude of nuclear reac-
tions under different stellar conditions [248]. A number
of these reactions have been studied in the laboratory,
and if long-lived radionuclides are produced, they can be

measured with AMS [249,250]: °Be(n,y)!°Be, 13C(n,y)'C,
14N(n,p)14C, ZSMg(p.'y)ZGAl, ZGMg(p,D)ZGAl, 335(0['13)360‘
365(p,n)36Cl,  40Ca(n,y)*'Ca,  “40Ca(a,y)*Ti, >4Fe(n,y)*°Fe,

58Ni(n,y)*°Ni, 52Ni(n,y)®3Ni, 79Ge(n,3n)%8Ge, 147Sm(n,2n)'46Sm,
2O4Pb(n,3n)2°2Pb, ZOQBi(n,,y)ZlomBi, 232Th(l’1,21’1)231Th (B—) 2311)&'
232Th(n,3n)%30Th.

Under explosive nuclear conditions (e.g. supernovae), high
neutron fluxes at high temperatures occur, and several of the
neutron-induced reactions above have been studied by irradiating
appropriate targets with a Maxwellian thermal neutron distri-
bution corresponding to the temperature of interest [251]. AMS
studies for nuclear astrophysics is an evolving field, with many
more reactions to be studied when the new generation of neu-
tron generators such as FRANZ in Frankfurt come online [252],
promising a hundredfold increase in neutron flux as compared to
previously available neutron sources.
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Positive evidence from ICP-SF-MS:
Marinov et al., Jerusalem, 2007, 2009, 2010

Upper limits from AMS:
Lachner et al., Munich, 2008
Dellinger et al., VERA, 2010, 2011
Ludwig et al., Munich 2012
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Fig. 7. Summary of the results for searches of superheavy elements in nature. The basic layout of the figure is from Stoyer [240], depicting the upper end of the chart of
nuclides. The shades of gray in the background indicate the relative stability of nuclides due to shell model corrections (darker means more stable). Nuclides marked in
orange and red have been measured with AMS. Abundance limits are indicated in the violet boxes. The positive evidence of Marinov et al. are marked in blue boxes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4.7.4. Neutron dosimetry of the Hiroshima bomb

Survivors of the Hiroshima and Nagasaki bomb explosion consti-
tute the only group of people to study long-time health effects of the
exposure to neutron radiation [253]. In order to improve the infor-
mation about the radiation fields, long-lived radioisotopes have
been measured with AMS in suitable materials. For the thermal
neutron dose in Hiroshima, the first 36Cl and 4!Ca concentrations
were measured in granite stones [254]. Later more extensive stud-
ies of 36Cl were performed in granite [255,256], and of 4! Ca in tooth
enamel of atom bomb survivors [257,258]. The fast neutron flux
was measured with 53Ni in copper samples [259]. These measure-
ments are part of an effort to establish the correct neutron dose
produced by the atom bomb explosions.

4.7.5. Nuclear safeguards

Nuclear safeguards need a variety of measuring technique to
comprehensively cover the field, and AMS can make significant con-
tributions. A good example is the determination of the 240Pu/23°Pu
atom ratio, which is a fingerprint for the origin of the plutonium.
Low ratios (~0.1) indicate weapons plutonium, and higher ratios
(~0.4) reactor plutonium [260]. As the alpha-decay energies of
these two isotopes are very similar, it is not possible to determine
this ratio from alpha spectroscopy [261]. Another sensitive indi-
cator is the 236U 238U ratio, which is orders of magnitude higher
for uranium from nuclear reactors as compared to weapons fall-
out [262]. Since there are no stable atomic isobars interfering with
actinides, AMS measurements can also be performed with the new
generation of small AMS facilities [34].

An interesting new idea about fingerprinting nuclear fuel with
AMS measurements of samarium isotopes is discussed by the group

from Livermore [263]. The isotopic abundances of 146Sm, 149Sm,
and '>1Sm allow one to determine the operating conditions under
which a nuclear reactor was running. It is argued that AMS should
be capable to perform measurements at samarium isotope concen-
trations too low to be measured with ICP-MS.

5. Future developments

Three technical developments will further advance applications
of AMS:

1. New methods of selective isobar suppression of negative ions
at the injection side of AMS facilities are being developed. Laser
interaction with negative ion beams at very low energy allows
one to detach electrons selectively from unwanted negative ions
[40,264]. An alternative method to remove unwanted negative
ion species is selective chemistry in reaction cells [42,43,265]. It
is thus likely that essentially all long-lived radionuclides which
form negative atomic or molecular ions will eventually become
available for AMS measurements.

2. The development of ever smaller AMS facilities for radiocarbon
dating [34], will possibly make those facilities also attractive for
other radionuclides when combined with the novel methods for
low-energy isobar suppression mentioned above.

3. For radiocarbon measurements, the reduction of sample sizes
from milligram to microgram has been achieved at several labo-
ratories, e.g. [146,192,266]. In addition, direct use of CO; in a gas
ion source avoids the graphitization step in radiocarbon sam-
ple preparation [267], and also allows for compound specific
radiocarbon analysis [268].
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6. Conclusion

The multitude of applications touched upon in this review
demonstrate the versatility of AMS, which allows one to enter
any field where the ultra-sensitive analysis of long-lived radionu-
clides is of interest. The future developments mentioned above
will undoubtedly expand the range of applications further by mak-
ing more radionuclides available for AMS. In addition, the truly
interdisciplinary — and often cross-disciplinary - character of AMS
applications suggests that all embracing studies of natural sciences
including sometimes the humanities are possible.
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