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In this Toolkit article, we take a look at two different mass spectrometric 

techniques, accelerator mass spectrometry (AMS) and noble gas mass 

spectrometry, two state-of-the-art analytical methods used to detect 

minute amounts of rare nuclides in environmental samples. 

Cosmic rays produce long-lived nuclides, such as 3He, 10Be, 14C, 21Ne, 
36Cl, and 26Al, many of which are used as geochemical/geophys-
ical tracers and chronometers (see the introductory article by von 
Blanckenburg and Willenbring in this issue). These nuclides occur in 
extremely low abundance in rocks, commonly less than one million 
atoms per gram of sample, equivalent to ~1 atom per million billion 
host atoms. Measuring such rare nuclides demands highly effi cient 
physical and chemical extraction methods. However, even with the 
best extraction method, the ensuing measurement process must con-
front two major related problems, the extremely low nuclide abundance 
(mandating high sensitivity) and the high abundance of interfering 
species (mandating high selectivity). Mass spectrometry can be used to 
overcome these problems. In the following, we briefl y introduce the 
two mass spectrometric tools most commonly applied for cosmogenic 
nuclide analyses, AMS and noble gas mass spectrometry, and we high-
light some recent trends and advances. 

ACCELERATOR MASS SPECTROMETRY 
The low abundance of cosmogenic nuclides makes their analysis vul-
nerable to interferences from isobars—nuclides or molecules with the 
same nominal mass. For example, for 10Be the presence of only 5 ppb 
of boron in a typical AMS sample yields a 10B to 10Be ratio on the order 
of a billion to one. While chemical methods can partially suppress 
isobars, at such ratios it is essential that high selectivity be supplied by 
the analytical system. Although having suffi cient sensitivity, conven-
tional mass spectrometry often lacks suffi cient selectivity to eliminate 
adequately such isobars.

In the late 1970s, it was realized that this problem could be solved by 
accelerating ions to million–electron volt (MeV) energies and using 
particle-identifi cation techniques developed in nuclear physics to sepa-
rate isobars. AMS systems consisting of an ion source, a means for 
accelerating ions to high energies, and various mass and particle fi lters 
were developed, e.g. for cosmogenic radionuclide analysis [for more 
details and a historical overview see recent review articles by Kutschera 
(2013) and Synal (2013) and references therein]. 

In AMS analyses the element of interest is chemically concentrated 
and then pressed into a small pellet, which is then bombarded with 
Cs+ ions (1 in FIGURE 1). The negative ions (blue in FIGURE 1) produced 
by this sputtering process are fi rst passed through a simple mass fi lter 
(2) and are then accelerated through a positively charged terminal 
where a gas-fi lled tube or thin foil strips away one or more electrons 
(3). The resulting positive ions (red in FIGURE 1) are again accelerated, 
being repelled by the high-voltage terminal; hence the name tandem 
accelerator. The high-energy positive ions are further mass analyzed by 
a combination of electrostatic and magnetic fi lters (4, 6, 7). Finally, the 
rare nuclide ions (e.g. 10Be) are injected into a gas ionization detector (8), 
which uniquely identifi es the atomic species using their measured rate 
of energy loss. The measured isotopic ratio is then given by the quotient 

of the counting rate of the rare nuclide determined in the gas ioniza-
tion detector (8) and the ion current of the abundant nuclide (e.g. 9Be) 
measured in a Faraday cup on the high-energy side (5). Fractionation 
effects imposed by the AMS system can be corrected for by alternating 
between measurements of samples (unknown isotopic ratio) and stan-
dards (known isotopic ratio). 

In some cases, the negative ion source itself provides a signifi cant sup-
pression of isobars that do not form negative ions, for example, 14N (for 
14C) and 26Mg (for 26Al). However, 10B (for 10Be) and 36S (for 36Cl) easily 
form negative ions and are not suppressed. Over the years the output 
and the effi ciency of negative ion sources have improved, reaching a 
negative ion yield of >30% for carbon and up to 3% for BeO– from a BeO 
sample. For other elements, like Al, negative ion yields are still below 
1‰, representing the main bottleneck for more effi cient AMS of 26Al. 
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FIGURE 2 The gas-fi lled accelerator tank of the 10 MV CAMS FN AMS system at 
Lawrence Livermore National Laboratory, USA

FIGURE 1 An example of the layout of a compact accelerator mass spectrometry 
(AMS) system, in this case the “Tandy” system at ETH Zürich, 

Switzerland. The paths of the negative and positive ions are shown in blue and red, 
respectively. The numbers refer to the different components of the AMS system 
(explained in the text). 
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The yield of any particular positive charge state (q) in the stripper, 
where the negative ion beam is converted to a positive polarity, depends 
on the stripping medium (e.g. a thin foil or gas) and on the energy 
(or velocity) of the incoming ions. Traditionally, AMS stripping uses 
high acceleration voltages (e.g. 5 MV and beyond) to produce a highly 
charged positive ion beam with q ≥ 3, which has the property that 
light isobaric molecules “explode” due to Coulomb repulsion. Such 
high-energy designs give good transmission and low background 
but require rather big machines, with footprints often larger than ca 
20 × 10 m (FIG. 2). Recent advances in molecular background sup-
pression at lower energies (and terminal voltages smaller than 1 mV) 
have allowed the construction of much smaller (footprint ca 2.5 × 3 
m) and less complex low-energy AMS systems (see upcoming Toolkit 
article about the compact ETH Zürich MIni CArbon DAting System, 
MICADAS, in December 2014). 

The fundamentals of AMS isobar suppression and ion detection were 
developed in nuclear physics labs decades ago. These techniques rely 
on the fact that each ionized element loses energy at a characteristic 
rate when interacting with matter. For example, because B has a higher 
nuclear charge (Z = 5) than Be (Z = 4), 10B can be stopped in an absorber 
(e.g. a foil or a gas) while 10Be passes through to reach the detector. 
Although working well at high energies, it is a challenge to apply these 
separation techniques at low energies where relatively small energy 
differences in combination with the comparably large statistical fl uctua-
tions of energy loss complicate, if not preclude, isobaric differentiation. 
While low-energy AMS of 36Cl is still not possible due to insuffi cient 
suppression of 36S, the separation of 10B and 10Be has recently been 
successfully achieved with compact, low-energy AMS systems running 
at 300 kV to 1 MV acceleration voltage. 

One of the biggest challenges of AMS systems is still the very high 
investment and operating costs, not to mention the laboratory space 
and personnel needed for very careful and clean sample preparation. As 
a consequence, AMS development continues to work towards miniatur-
ized, less complex AMS systems that can give high-quality data with 
less operator involvement and high sample throughput (typically 2–4 
samples per hour). For example, efforts to design compact, multi-isotope 
AMS systems for light (10Be, 26Al) and heavy (e.g. 129I and the actinides) 
ions are ongoing. Work is also continuing to improve the data quality 
of the high-energy machines (e.g. required for 36Cl) and to enhance the 
overall effi ciency and precision of AMS analyses. While high-precision 
measurements are performed at the per mil level for radiocarbon, there 
are ongoing efforts to push the precision (and the accuracy) of 10Be 
measurements towards 1% or even below. This requires high quality 
levels/controls for both sample preparation and AMS analyses but, in 
turn, allows the determination of 10Be exposure ages as low as a few 
decades or so. 

NOBLE GAS MASS SPECTROMETRY 
Advances in cosmogenic noble gas analysis (mainly 3He and 21Ne) may 
appear less spectacular than progress with AMS. Many laboratories rely 
on noble gas mass spectrometers of venerable age, and according to 
rumours, not all analysts working with latest-generation instruments 
allowing simultaneous detection of multiple ion species are perfectly 
happy with their machines. 

Whereas it can usually be assumed that, after appropriate sample 
cleaning, essentially every 10Be or 26Al atom was produced in situ by 
cosmic rays, this is not the case for noble gases. Often the major chal-
lenge is not to achieve suffi cient analytical precision; rather the need 
is to distinguish the cosmogenic noble gas fraction in a sample from 

other “components.” As isobaric interferences are only a minor problem 
for noble gas studies, the high selectivity that is so crucial for AMS 
is not required. Noble gases are typically extracted from a hundred 
milligrams or so of quartz or other mineral grains by heating under 
ultrahigh vacuum, usually in several temperature steps, and are then 
purifi ed by exposure to reactive metals that remove chemically active 
species from the gas phase. The purifi ed noble gas fraction is then usu-
ally analyzed in a magnetic sector fi eld mass spectrometer employing 
an electron impact ion source. Overall, noble gas analysis systems are 
less complex and considerably smaller than AMS devices [for more 
details see review articles by Niedermann (2002) and Wieler (2014)]. 

Noncosmogenic components include noble gases from the atmosphere, 
from the Earth’s crust or mantle, and “nucleogenic” daughter nuclei 
derived from the radioactive decay of U and Th. Noncosmogenic noble 
gases either can be separated from the cosmogenic fraction during 
stepwise gas extraction (often including a grain-crushing step) or can 
be corrected for. Such procedures are described in the literature, but 
these should not be uncritically adopted. For example, the temperature 
at which cosmogenic Ne is completely degassed may vary among dif-
ferent quartz samples. Of course, the more cosmogenic gases a sample 
contains, the less critical are any corrections. This is one reason why 
noble gases are widely used to study old, low-erosion landscapes.

Beyond traditional quartz (21Ne) and olivine/pyroxene (3He and 21Ne) 
studies, much effort has been invested in fi nding additional minerals 
suitable for cosmogenic noble gas analysis. Sanidine, magnetite, hema-
tite, goethite, biotite, hornblende, etc. allow the study of additional 
rock types. 

IN SITU–PRODUCED 14C
In situ 14C is a valuable recent addition to the suite of cosmogenic 
nuclides regularly analyzed. The extraction of in situ cosmogenic 14C 
has much in common with that of noble gases, but 14C analysis then 
requires AMS. At the ETH Zürich noble gas laboratory (FIG. 3) a quartz 
separate is heated to ~1600 °C in the presence of a few tens of millibars 
of oxygen. The extracted and cleaned CO2 is trapped in a glass vial and 
analyzed with the compact MICADAS AMS system, without requiring 
graphitization. One major area for improvement fo r the ETH system 
is to increase the sample throughput above the current rate of one 
sample every second day. 

FIGURE 3 The ETH Zürich 14C line at the noble gas laboratory
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