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Abstract

A small and compact radiocarbon dating system has been built at PSI/ETH. The system is based on a National

Electrostatics Corporation (NEC) pelletron accelerator with a maximum terminal voltage of 550 kV. It is the ®rst

accelerator mass spectrometry (AMS) system that uses 1� ions at the high-energy end of the accelerator. Interfering

isobaric molecules are destroyed by collisions in the gas stripper inside the accelerator. The system has been designed to

ful®ll two primary goals. First, it can be used as an experimental platform to study the relevant charge exchange and

molecular break up processes at low energies. Second, it is able to perform high quality radiocarbon dating mea-

surements. A detailed system description is given and results of performance tests are discussed. Ó 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

State-of-the-art radiocarbon accelerator mass
spectrometry (AMS) systems, which are able to
provide high precision measurements, are now
commercially available [1,2] and several so-called
dedicated AMS facilities have been set up during
the past few years. These systems are based on
relatively large tandem accelerators (2.5 and 5 MV,
respectively) for which the investment and oper-
ating costs are high and a sophisticated environ-
ment is required for their operation. For many

projects, where limited funds may impede a more
extensive use of the AMS technique, it is highly
desirable to have compact and cost-e�ective ana-
lytic instrumentation available to be operated di-
rectly by the users and under operating conditions
of a standard laboratory.

In AMS, the high sensitivity is reached by de-
stroying the interfering molecules during the
stripping process and usually, ions in charge state
3� or higher are used for which small molecules
are unstable. Interfering molecules in charge states
1� or 2� have bound states, but they can also be
destroyed in collisions with the stripper gas [3,4].
Recent experiments performed at the AMS facility
of the Paul Scherrer Institute and the ETH
(PSI/ETH) [5,6] have shown that the molecular
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component at mass 14 can be su�ciently sup-
pressed to background levels suitable for radio-
carbon dating. Based on these results, a new
compact radiocarbon dating system has been de-
signed and set up at PSI/ETH, which can be re-
garded as an initial step towards a new generation
of compact AMS systems.

2. Description of the system

The new instrument was developed at PSI/ETH
in collaboration with National Electrostatics
Corporation (NEC, [1]). In Fig. 1 the main com-
ponents of the system, having overall dimensions
of 4:5 m� 6:5 m, are shown. The small and
compact instrument is based on a 1-SDH pelletron
accelerator and operates with ions in charge state

1�. The required acceleration voltage can be uti-
lized with short high-gradient acceleration tubes of
only 30 cm length, enabling a compact design of
the accelerator. On the other hand, the gas density
of about 2 lg/cm2, which is necessary to achieve
su�cient suppression of interfering molecules [6],
requires a relatively long terminal stripper. In our
system, the overall length of the stripper housing is
76 cm, the stripper tube is 45 cm long and has an
inner diameter of 8 mm. The diameter of the last
5 cm of the stripper tube is enlarged to 9 mm to
account for the increasing beam size caused by
angular straggling. At present, argon gas is used as
stripper gas and experiments are planned to ®nd
the optimal stripper medium. About 95% of the
stripper gas is recirculated with two 150 l/s turbo-
molecular pumps and two tubes of low conduc-
tance (�0.6 l/s and �1.5 l/s, respectively) are

Fig. 1. The PSI/ETH compact AMS system for radiocarbon dating. The system is based on a 1-SDH pelletron accelerator and has been

developed in collaboration with National Electrostatics Corporation (NEC).
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placed at entrance and exit of the stripper housing
to prevent an extensive gas ¯ow into the acceler-
ation sections. At the gas density required for ra-
diocarbon dating measurements, the pressure in
the backing line of the terminal pumps is �6�10ÿ2

mbar. The pressures measured are �8�10ÿ5 mbar
in the stripper housing and �3�10ÿ7 and �9�10ÿ7

mbar at low- and high-energy end of the acceler-
ator, respectively. The higher gas ¯ow into the
high-energy tubes is related to a larger opening at
the exit of the stripper housing (diameter 11±
12 mm compared to 8 mm at the entrance), which
is required to account for the angular straggling
introduced in the stripping process.

The system is equipped with an MC SNICS
caesium sputter ion source [7]. It is mounted on a
high voltage deck, which makes ion beam energies
up to 60 keV feasible. The ions extracted from the
source are mass analyzed in a double focusing
spectrometer magnet. The focusing properties of
the low-energy acceleration tube of the pelletron
are used to form a waist in the center of the
stripper channel. No additional lens is used to
match the emittance of the ion source to the ac-
ceptance of the accelerator. The focusing strength
of the low-energy acceleration tube is adjusted by
the source potential. Good ion optical matching is
achieved at an injection energy that corresponds to
about 10% of the terminal voltage. A maximal
terminal voltage of 550 kV can be generated with
the pelletron accelerator, which allows the cover-
age of the region with maximal stripping yield for
1� ions. At the high-energy end of the accelerator a
combination of a magnetic and an electrostatic
sector ®eld is used to mass analyze the ion beam.
Both devices have stigmatic focusing properties
and the same bending radii (0.75 m). The combi-
nation of these two elements is made in a way that
an achromatic beam transport becomes possible.
The analyzing magnet directly follows the accel-
erator and again the beam is transported without
an additional lens. The acceptance of the system is
large enough to transport almost all ions of in-
terest to their ®nal detectors and beam losses as-
sociated with angular straggling occur primarily
inside the stripper channel. In order to keep the
dimensions of the system compact, the center of
the stripper is imaged with a spatial demagni®ca-

tion factor of about two, resulting in a short image
distance at the exit of the magnet. The following
electrostatic sector ®eld magni®es the intermediate
image to almost its original size onto a silicon solid
state detector. Here, a measurement of the total
energy of the mass ®ltered ions is made. At the
beam energies that can be reached for 1� ions
(about 1 MeV), ions can be unambiguously de-
tected by means of a total energy measurement,
whereas a proper particle identi®cation using the
dE=dxÿ E technique is not possible.

During radiocarbon measurements all beam
elements are tuned to mass 14 and the two stable
isotopes of carbon (12C; 13C) are analyzed using
the fast beam switching technique [8]. Both iso-
topes are injected into the accelerator in a fast
sequence at a repetition rate of 12.5 Hz. For mass
12 (12C) a beam pulse of 20 ls duration is inte-
grated whereas, for mass 13 (13C&12CH) the inte-
gration time is 200 ls. One o�-axis Faraday cup is
used to measure the currents of 13C&12CH and of
12C at the low-energy end of the accelerator. This
cup is placed in the focal plane of the low-energy
magnet at the position of mass 13 and the total
current of the 13Cÿ and 12CHÿ ions is measured
during the time of the injection of the mass 14
beam. The 12C current is measured during the
mass 13 beam pulse. During this pulse (200 ls), the
12C ions go into the o�-axis cup and the beam
current is integrated over a time period of 20 ls.
From the measurements of both currents, the
12CH molecular component can be calculated by
taking into account the natural 13C/12C ratio. At
the high-energy end of the accelerator the two
stable isotope beams are measured in individual
Faraday cups, which are placed in the focal plane
of the high-energy magnet. The positions of these
cups can be individually adjusted in order to
compensate for energy loss di�erences of various
carbon isotopes at di�erent stripper densities and
energies. In addition to the 12C and the 13C cups,
another Faraday cup is placed to measure 13C ions
which are fragments of the injected 13CH mole-
cules. This current is used to measure the molec-
ular component 13CHÿ of the beam during the
injection of mass 14 ions.

Together with the information collected at the
low-energy end, important information on the in-
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tensity of the molecular component of the ion
beam is obtained. At a given stripper density, the
fraction of destroyed molecules is constant and an
excessively high molecular content of an individual
sample can cause background events, which im-
pede a proper 14C measurement. Our measure-
ments show that the molecular component of
di�erent sample materials varies within narrow
limits. Typical values for both, the 12CHÿ and
13CHÿ molecular currents, are in good agreement
and vary between 0.5% and 1.0% of the respective
stable isotope currents. By adjusting the stripper
gas pressure, a molecular destruction rate is se-
lected, which is well above the range given by the
variation of the molecular content of the individ-
ual samples. Thus, undesired molecular back-
ground is avoided. During radiocarbon dating
measurements, stripper gas pressure and both
molecular currents are logged to control the mea-
surement conditions.

The system is not only designed for the detec-
tion of radiocarbon. The electrostatic de¯ector is
capable of bending particles up to an electric ri-
gidity of 2.5 MV, which covers the total energy
range provided by the accelerator. Ions with a
maximum magnetic rigidity of 0.4 Tm can be an-
alyzed with the low-energy magnet, allowing a
mass range up to 130 amu at the highest possible
injection energy. The maximal magnetic rigidity
covered by the high-energy magnet is 0.9 Tm,
which enables the detection of ions up to mass
130 amu in charge state 3�. Inside the analyzing
chamber of the high-energy magnet, Faraday cups
can be placed at the image plane to measure ion
currents of stable isotopes from di�erent radio-
nuclides. In the focal point of the high-energy
magnet, variable apertures (4±12 mm) can be set.
The size of these apertures de®nes the accepted
energy spread of the mass spectrometer. A second
stripper (3 lg/cm2 carbon foil) can also be intro-
duced in the beam path at this position. This
stripper foil can be used to break up remaining
molecular ions. This is useful to study the molec-
ular destruction process at lower gas pressures of
the terminal stripper. In particular, the di�erent
molecular species, i.e. 12CH�2 and 13CH�, can be
distinguished by selecting the appropriate electro-
static rigidity of the molecular fragments by the

following electrostatic de¯ector. It is planned to
add a time-of-¯ight detector to the system. It will
be used to improve detection capabilities in the
case of heavy element measurements. These op-
tions make the system well suited as experimental
platform, to evaluate the potential of the new
principle of molecular destruction and to investi-
gate the relevant processes of charge changing and
molecular dissociation. In particular, possibilities
for the measurements of heavier radionuclides
such as 26Al, 41Ca and 129I can be investigated,
because their detection is not interfered by isobaric
ions. Of course, in the case of calcium, CaHÿ3 ions
have to be extracted from the ion source in order
to reduce the potassium interference.

3. Performance

The system is operational since July 1998 and the
measurements were made to study charge changing
and molecular destruction processes [5] as well as to
study background and stability. From 250 to
550 keV the yield of the 1� charge state is more than
50%, and cross-sections for molecular dissociation
are high enough to destroy the molecular compo-
nent at stripper densities of about 2 lg/cm2 [6].
With decreasing energy, the main limitation comes
from beam losses due to increasing angular strag-
gling. At a terminal voltage of 460 kV, favorable
operating conditions were found and an ion beam
transmission of typically 42% is reached at stripper
densities needed for dating measurements.

To study the radiocarbon dating capability,
various tests have been performed with samples of
standard reference material and processed blanks.
From the oxalic acid standard a clear peak of 14C
events is observed [5]. Processed blank samples,
with a typical 13CH molecular interference of less
than 10ÿ4 compared to the extracted negative 12C
current, show events clustering in the region of the
14C peak. By integrating over these peaks, isotopic
ratios of 2±8� 1015 are calculated, corresponding
to radiocarbon ages between 39 000 and 48 000 yr.
Similar radiocarbon ages were measured for the
same blank material at the large PSI/ETH radio-
carbon system [9], where ions of 26 MeV in charge
state 4� are used.
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Radiocarbon dating requires high precision
14C/12C and 13C/12C isotope ratio measurements.
This requires the same optimal beam transport
through the whole system for the three carbon
isotopes. In our system, the most critical part is the
injection into the tandem accelerator. To avoid
isotope-speci®c beam losses, all three beams have
to be matched as close as possible. For optimal
tuning conditions, Fig. 2(a) shows normalized
beam intensities of the three carbon isotopes
measured at the high energy end of the system as a
function of the ®eld of the injection magnet. In
Fig. 2(b) normalized isotope ratios are shown.
Over quite a wide range of magnetic ®eld intensity,
a plateau of measured isotopic ratios is observed
and small variations of the initial beam parameter

will not cause signi®cant changes in isotopic ratios.
Our test measurements carried out so far have
shown that reproducibility of isotope ratio mea-
surements depends also on a good alignment of the
ion source. Under best conditions a performance
test with a set of seven oxalic acid standards has
been made. Each graphite sample (2 mg) was
subdivided into two fractions (A/B). The fractions
were pressed into individual cathodes suitable for
AMS analysis. Each cathode was measured in
three individual measurement runs, which were
subdivided into 10 cycles of 20 s of measurement
time. The results of the measurements are shown
in Table 1. For each cathode the average 13C/12C
and the 14C/12C isotopic ratios for the three indi-
vidual runs are shown together with the internal
error due to counting statistics, the statistical (ex-
ternal) error of the mean values over the three runs
and the associated v2 values. The 13C/12C ratios are
not a�ected by counting statistics. Therefore, the
deviations from the overall mean value are given.
Averaging all results, the mean 14C/12C ratio has a
standard deviation of 0.5% and an error of 0.13%
for the mean value. This compares nicely with the
internal error computed from counting statistics
alone (0.5% and 0.13% mean statistical error of the
three individual runs of one cathode and overall
statistical error, respectively). The standard devi-
ation of the 13C/12C measurements is about 1&.
The average values of the two di�erent fractions A
and B agree in both, the 13C/12C and 14C/12C iso-
topic ratios. These results clearly show that carbon
isotopic ratio measurements at the 2±3& level can
be performed with this compact AMS system.
Moreover, the system may have the potential for
even better performance, but this has to be dem-
onstrated in routine radiocarbon dating measure-
ments. At present the system is being prepared for
routine operation. Data acquisition and system
control software are under development to meet
the requirements of unattended operation.

4. Conclusion

During the last years, large e�orts have been
made to extend the AMS technique to an energy
range that permits the construction of small

Fig. 2. Beam intensity pro®les of the di�erent carbon isotopes
12C, 13C and 14C. (a) The ®eld of the injection magnet is scan-

ned. The three isotopes are injected quasi-simultaneously into

the accelerator using the fast beam switching technique and are

measured at the high-energy end of the accelerator; (b) The

resulting normalized isotope ratios for the scan of (a).
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systems [10±12]. At PSI/ ETH a compact AMS
system has been developed in collaboration with
NEC. It has been designed as a versatile tool to
investigate the relevant processes of AMS mea-
surements at low-beam energies. The system is
now operational and several performance tests
have been conducted. It has been shown that
molecular interference impeding radiocarbon de-
tection can be destroyed e�ciently so that 14C
detection is feasible at natural levels, even if 1�

ions are used. In particular, the possibility of
radiocarbon dating has been demonstrated at
beam energies of less than 1 MeV. Both, the re-
quired abundance sensitivity and the necessary
overall accuracy, have been reached with the new
system.
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