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1. Introduction

Radioactivity is often perceived as a threat because of the
enormous energy release during a single nuclear transformation.
Butitis precisely this fundamental property that ultimately causes
it to disappear and according to the half-life of the nuclides, their
number decreases exponentially. Thus, only a few surviving ra-
dionuclides exist on Earth today, which were created during the
stellar explosion of the precursor star of our solar system. In gen-
eral, detection of radionuclides is relatively easy since radioac-
tive decay is accompanied by high-energy radiation and a single
decaying atom can be detected. For long-lived nuclides, however,
the decay probability is so low that many nuclides must be pres-
ent to detect a statistically significant number of decays within
a reasonable time. Not only primordial radionuclides are found
in nature today. Radionuclides are constantly being produced in
connection with the decaying primordial radionuclides U and Th
as well as from the radiation generated by their decay products.
In addition, they are produced by cosmic radiation, and artificially
produced nuclides from the worldwide military and civil nuclear
activities are found in the environment. Their well-defined source
mechanism is a great advantage. It enables us to use them as trac-
er substances. Natural production rates are usually very low, and
these nuclides occur in extremely low isotope ratios compared to
their stable isotopes. Typically, they are within a range of 10~ to

10" or even below. This makes detection using conventional mass
spectrometers practically impossible.

In the middle of the last century, when the properties of “C
were studied, attention was also focused on its decay properties
when it was discovered that the activity of dead organic material
was an exceptional measure for dating its origin.[l It was clear
early on that with a half-life of 5700 years, direct mass spectro-
metric detection of individual atoms is many times more efficient
than patiently waiting for individual decay events.2] But the al-
most infinite surplus of stable carbon isotopes and the presence
of practically equal-mass nuclear and molecular isobars put paid
to the dream of directly counting the “C atoms. Only when it
was realized that the nuclear “C isobar “N could be completely
suppressed by creating negatively charged ionsP! and with the
knowledge that interfering mass-equivalent molecules can be
completely broken up into atomic ions by the charge changing
process in the stripper of a tandem accelerator#! the possibility for
mass spectrometric *C detection appeared.!! This discovery was
the birth of accelerator mass spectrometry (AMS), which spread
rapidly as the huge potential and enormous advantages of using
direct '“C detection were immediately recognized. Today, there
is a wide variety of radionuclides which are routinely analysed
with AMS systems.!¢] Radiocarbon is still the most important and,
based on its unique biochemical behavior, has countless applica-
tions. '“Be, *°Al, *Cl, 'Ca, '*1, °U, and nuclides of the actinide
series can be regarded as standard AMS nuclides with versatile
applications in earth/environmental sciences as well in bio-medi-
cal application, nuclear forensic, and many other research fields.
In addition, there are more exotic nuclides such as *Si, >*Mn, *Fe,
®Ni and others that have been measured using AMS technology in
various applications. The focus of this article is the basic technol-
ogy which makes the detection of such nuclides at their natural
abundance level possible.

2. Characteristics of AMS Systems

A typical AMS setup as shown in Fig. 1 has the follow-
ing main components: i) ion source, ii) pre-acceleration mass
filtering system, iii) acceleration stage with charge exchange and
molecule dissociation unit, iv) post acceleration mass filtering
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stage, and v) particle identification and beam quantification de-
vices. This general layout may have a large variety of possible
configurations, but you will find the basic design elements in any
AMS system. In general, there are four important considerations
that need to be addressed to reach the required sensitivity:

* suppression of isobaric interferences,

* sufficient abundance sensitivity,

e reliable normalization procedure,

e unambiguous identification of ions.

Not all these requirements can be met at once and separate
filter stages, each optimized for a specific separation mechanism,
are typically connected in a chain. This principle can be regarded
as the key to direct detection of radionuclides at their natural abun-
dance levels.
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Fig. 1. Schematic layout of an AMS system based on the MICADAS
system design.

2.1 Equal Mass Interferences

We distinguish between nuclear and molecular species, which
must be eliminated as far as possible. Mass differences of nuclear
isobars are extremely low as can be seen for the isobar pair “C/'“N
where the relative mass difference is about 10-°. Modern high-res-
olution mass spectrometers will be able to resolve such tiny mass
differences but only if the two species will have comparable intensi-
ties. This is not the case for practically all AMS radionuclides. The
problem can be avoided in cases where the interfering nuclear iso-
bar does not form stable negative ions. This is possible for “N/**C
and *Mg/*°Al, but also noble gas isobaric interferences such as
BAr/SCl or #Xe/'®I can be eliminated in the same way. Specific
molecules can be used for which the interfering nuclear isobar will
not form stable negative ions. Typical examples are: *'KH,/*'CaH,
and *'KF /*'CaF, which yield a substantial suppression of *'K and
“FeH where “NiH can be reduced. If isobaric interference cannot
be eliminated or significantly reduced already with the negative
ion formation process, techniques of ion interaction with matter are
applied. Here, a high ion energy is advantageous and AMS systems
based on large accelerators (6—15 MV terminal voltage) can reach
good isobar suppression for medium heavy nuclide up to iron mak-
ing use of energy loss characteristics. Ion interaction with Laser
light,[”l by exploiting molecular instabilities, or charge exchange
reactions in buffer gases®! are attractive alternatives. This opens
new opportunities because suppression of isobars can be achieved
already at the low energy end of the AMS system, and several new
radionuclides come into the reach of the AMS technology.l!

An elegant way to separate molecules of the equal mass results
from the charge changing process in the terminal of a tandem ac-

celerator. The negative ions, which are accelerated to high ener-
gies, lose all or part of their bonding electrons through collisions
with neutral atoms or molecules. They will generate a charge state
distribution after passing through a stripping medium where the
mean charge state depends on the speed of the colliding ions. De-
cisive for yield of individual charge states are the cross-sections
for the electron capture and loss reactions in the respective colli-
sion processes. Molecules become unstable as soon as sufficient
bonding electrons are removed. Only atomic ions remain after
molecules have passed a stripping medium at sufficient velocity
to populate 3* and higher charge states. The instability of light
molecules against Coulomb force and the need to exploit highly
charged ions (>3*) has been a ‘golden rule’ for many years for the
design of AMS systems. The beauty of getting rid of interfering
molecular interference comes at the price of high ion energies.
For radiocarbon, approximately 2.5 MeV ion energy is needed to
reach the maximum stripping yield of 3* ions (33%) with Ar.[101 In
case of 4* the yield is significantly higher (65%) but can only be
reached at 6.5 MeV. This is the reason why conventional AMS sys-
tems cannot be regarded as ‘mass spectrometers’ in a true sense.
They are much more complex accelerator infrastructures as they
were common in traditional nuclear physics research institutions.
By realizing that the molecular ions can be dissociated in colli-
sional reactions if the 1* charge state is used,['!l a groundbreaking
step forward to build compact AMS systems was reached.

2.2 Abundance Sensitivity

Natural isotopic ratios of long-lived radionuclides relative to
their most abundant stable isotope are well below the abundance
we can find of almost any element in common materials. To
reach such a sensitivity, the approach applied to suppress molec-
ular interferences is helpful. It requires a multi-stage mass ana-
lyzing set-up. In a first step, ions are selected for the mass of the
radionuclide of interest. Magnetic sector fields are used for light
ion species and combinations of magnetic and electrostatic sec-
tor fields (ESA) are common for the analysis of ions at the upper
end of the periodic table. Such a preselected ion beam consists
primarily of molecular species. They are broken-up during the
stripping process and a second stage mass filtering system will
separate the molecular breakup products from the radionuclides
which are all atomic ions. This is easy because of the substan-
tial mass differences between neighboring isotopes. However, a
true mass selecting system combining momentum over charge
(p/q) and energy over charge (E/q) filtering is needed to un-
ambiguously separate the radionuclide ions. In practice, this is
more challenging since the molecular break-up products occur
in various charge states, may undergo collisional processes with
residual gas, apertures, or parts of the beam line system, and
finally may end as interfering background in final detection. A
careful design of the second stage spectrometer is essential and
parasitic beam components that potentially could be the cause
for misidentified ions need to be identified to minimize instru-
mental backgrounds.

2.3 Normalization Procedure

An AMS system measures isotope ratios. Both the individu-
ally identified radionuclide ions and the intense currents of the
associated stable isotopes must be analyzed. For radiocarbon
detection these are typically =200 cps, and =100 pA (2C"), re-
spectively. This should be done under conditions that are as
comparable as possible. AMS systems are usually equipped with
fast beam switching systems.[!2] The stable and the rare isotope
beams can be alternately injected into the accelerator stage in
short pulses and the different isotopic beams are separated again
after the first mass dispersive element following the acceleration
stage. Faraday cups are used to measure the electrical current of
the stable isotope beams, whereas the rare isotope will further
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pass filtering elements, e.g. an electrostatic analyzer to get rid of
interfering particles that still may be part of the ion beam. The
similar beam transport conditions for radionuclide and stable
isotopes result in reproducible isotopic ratio measurements. For
radiocarbon, two stable isotopes are measured. This offers the
possibility to trace isotope fractionation that occur not only dur-
ing beam transport but also during sputtering and the sample
preparation process. By applying a fraction correction based on
the measured 6" C of the individual samples, the most reliable
HC/12C rations can be determined. Standard reference materials
are used to obtain adequate correction factors to finally deter-
mine absolute isotope ratios.

2.4 Detection of Individual lons

Gas ionization chambers are the detection systems of choice.
At high ion energies, energy loss of swift ions in a detector gas
can be used to separate isobaric ion pairs. At the very end of an
AMS system, ions will have the same energy before they enter
the detection system. Since stopping power of swift ions is re-
lated to their nuclear charge, the energy release during stopping
process provides a characteristic charge signal along the stopping
path. By collecting this charge cloud in several detector sections,
identification of ion species can be made (Fig. 2). Unambigu-
ous detection is given, and dark pulses are negligible if there are
no particles reaching the detector. Developments of gas ioniza-
tion detectors for isobar separation originate from early nuclear
physics experiments!!3! and the technology has been adopted to
the needs of AMS detection.['4] Silicon nitrate membranes have
been introduced as gas ionization detector windows and a sig-
nificant improvement in the detection of low energetic ions has
been achieved.!’5! Reducing parasitic capacitances and improving
detector readout electronics!!¢l have made these detectors robust
and reliable to operate. Special designs even allow detection of
carbon ions at ion energies of less than 50 ke V.[17]
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Fig. 2. Particle identidication of "°Be using energy loss characteristics.
AE denotes the energy loss in the first part of the detector, E. the
residual energy. A clear separation of '°Be/'°B is visible.

3. lon Optical Considerations

Crucial for the precision of AMS measurements is a high ion-
optical transmission of the spectrometer. lon generation during
sputtering is defining the initial space volume which is of the or-
der of 2-5 nxmmxmrad MeV'2. Divergence of the ion beam is
reduced by acceleration but collisional processes during charge
exchange and molecule destruction will increase beam diver-
gence. To minimize this additional component to the phase space
volume, a beam waist is formed at the stripper center, and the two
mass separators, at low energy end and high energy end, respec-
tively, can be regarded as independent ion optical components.
Foil or gas stripping can be used to convert negative ions into a
positive charge state. Foil stripping (typically self-supporting C-
foils) is preferred if high ion energies are needed. Stripping foils
have a typical areal density of a few pg per square centimeters,
they are not very homogeneous, and they degrade form the con-
stant bombardment with the ion beam. All this introduces energy
and angular straggling to the ion beam distorting the beam qual-
ity and causing beam losses. With gas as stripping medium, the
latter two disadvantages of foil stripping can be overcome. But it
is difficult to confine the stripper gas into a specific volume and
to reach the necessary areal densities in a windowless gas target
configuration for equilibrium charge exchange and molecule dis-
sociation conditions. Helium is the best suited stripping medium
in AMS system operating in the sub-MeV energy range. N, or Ar
as stripper gases can be pumped better and are used at large AMS
accelerators where angular straggling during the stripping process
is less important.

The electrical field of the acceleration section causes a strong
lensing action at the entrance of the accelerator. Phase space of
the ion beam extracted from the ion source and acceptance of the
accelerator is matched by creating a beam waist situation inside
the stripper canal. In traditional AMS setups, a double lens system
in a telescope configuration is often used to match waist position
for various ion energy and terminal voltage combinations. This re-
quires some distance causing a quite large footprint. AMS systems
based on High Voltage Engineering Europe, Netherlands, (HVE)
accelerators are equipped with the patented Q-snout!!8] system
which results in a very compact layout of the system. In compact
AMS systems from ETHZ, lonplus AG, Switzerland, and Nation-
al Electrostatic Corporation, USA, (NEC) the beam waist formed
right after the first mass filtering stage is acting as a beam optical
object to produce as waist-to-waist image at the stripper center.[!%]
Similar considerations are made to get optimum beam transport
from the ion source through the initial mass separator. Typically,
the lensing action given by the extraction electrodes is supple-
mented with a second lens to form a telescope setup. Thus, the ra-
tio of spatial beam size versus the maximum beam divergence can
be tuned to match the best suited conditions (Fig. 3). The stripper
at the center of the acceleration system can be regarded as a new
ion optical object and further beam transport can be calculated
independently. The related phase space volume is given by the
geometry of the stripper tube itself whereas its internal diameter is
defining the spatial waist dimension and the solid angle of the tube
gives the maximum beam divergence. Acceleration of the ions
emerging from the stripper tube compresses beam divergence. It
is related to the energy gain of the ions and thus depending in the
individual charge state of ion. A virtual beam object is formed
not exactly at the stripper center but displaced towards the low
energy end of the acceleration unit. It is acting as a beam object
of the further beam transport. The higher the charge state of the
ion the higher is the energy gain and the virtual object moves fur-
ther away from the stripper center. In dedicated radiocarbon AMS
systems using 1* charge the most compact design simply uses this
virtual object for the beam transport through a second stage mass
spectrometer (Fig. 4a). Instruments designed to measure ions in
different charge states incorporate electrostatic lenses to matched
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ion optical coupling of virtual beam object points to the follow-
up mass filtering spectrometer. This can be achieved either by
matching phase space volume directly to the acceptance of the
next dispersive beam optic element (Fig. 4b), or by forming again
an intermediate waist point behind the accelerator exit (Fig. 4c).
Matching the gaps of all beam optic elements to the maximum
possible beam divergence enables a lossless beam transport at the
high energy end of the AMS system. Today, detailed beam optic
calculations based on matrix codes in combination with Monte
Carlo simulation tools are applied to push beam optics towards
the physical limits.[20) In case of dedicated radiocarbon detection
systems, this can be as high as 95% in total.
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Fig. 3. Beam transport at low energy end of an AMS system.

stripper

measurements of these cross sections in N, or He gases!!1a22I the
feasibility of low energy AMS could be explored and design pa-
rameters of compact AMS systems could be determined.?3] The
molecule dissociation cross sections as illustrated in Fig. 5 are of
the order of the geometric size of the molecules?¥l and show only
a weak energy dependency for He stripper gas. A sufficient rate
of molecule dissociation can be reached with He stripper gas at
areal density of = 0.5 pug/cm?.1241 The second important constrain
is the yield of 1* carbon ions as function of ion energy. Helium
gas features a 1* efficiency of more than 50% and a rather unex-
pected increase with decreasing ion energy in the range between
50-200 keV. This can be explained by the small electron-capture
cross sections due to the strong bonds of He k-shell electrons in
this energy range.[?] Helium gas has the advantage that scattering
cross sections are significantly smaller than for heavier stripper
gases leading to lower beam losses. Multiple scattering can be
calculated using the Sigmund model[26! and design parameters on
the geometry layout of stripper canal as well as the acceptance of
the beam optics components at the HE end of the AMS system
can be determined. They can be improved with Monte Carlo tech-
niques which are following individual ion paths through the gas
stripper, simulating collisions, related energy loss and respective
change of flight direction.[29] But not only for *C AMS, He gas
stripping is advantageous. For actinide ions, a stripping yield for
the 3* charge state of more than 45% can be reached at 500 keV
ion energy.[?”] Molecules in this mass range can form triply posi-
tively charged ions/28] and the stripper gas density needs to be set
to higher values as they would be needed to reach the charge state
equilibrium. Therefore, transmission losses from the increased
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4. Physics of Low Energy AMS

Reducing ion energy is the key to design AMS instruments that
can be regarded as true mass spectrometers. At lower acceleration
voltages the yield of carbon ions in charge states 3* decreases
rapidly and efficient “C detection becomes impossible. Already
in the early 1980s, it had been shown?!l that beam intensities of
molecular carbon ions in charge states 1*, and 2* can be reduced
during transition from negative to positive charge states. These
experiments had been performed at an AMS instrument that didn’t
allow to retrieve information on the actual target density present in
the stripper canal other than a proxy pressure measurement within
the beam transport system. Thus, cross sections for dissociation
of mass 14 molecules (*CH,, "CH) could not be extracted. With

angular and energy straggling are encountered. Still, more than
30% overall transmission is possible at optimized low energy sys-
tems!2%1 which, compared to setups at large AMS systems is at
least a factor of five higher.

5. Constraints for Universal AMS Systems

There is a class of AMS instruments that are designed to mea-
sure more than one specific radionuclide. These ‘universal’ AMS
systems require a more advanced ion optical setup. Whereas a
combination out of a magnetic and electrostatic sector field is
already sufficient to separate the “C ions, 3% more complex setup
is needed for the other AMS nuclides, and the beam line is often
extended with an additional filter element to further suppress un-
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Fig. 5. Molecular dissociation cross sections for light carbon molecules
in He and N, gases adopted from Schulze-Kénig.?

wanted background events at the detector. The mass of the heavi-
est nuclide to be detected constrains to a large extend the overall
dimensions of the AMS instrument. Conventional electromagnets
will go not much higher than 1.3 T of magnetic flux density in-
side a decent gap. Therefore, bending radii of already 0.6 m are
required to analyze *°U ions having charge state 3* and ion energy
of 1.12 MeV. Traditional multi-isotope AMS system with 3 MV
accelerators such as the Vienna Environmental Research Accel-
erator (VERADB!) host even larger magnets (e.g. 1.27 m bending
radius). At AMS facilities based on accelerators with 5-14 MV
terminal voltage =2 m radii are common.

AMS measurements of nuclides at the upper end of the periodic
table will face the problem that mostly no stable isotopic counter-
part to the rare isotope is available to obtain isotopic ratios. In such
cases, spikes of artificially produced isotopes are used instead. This
makes the detection of two or more nuclides with a particle detec-
tion system necessary, and the individual isotope ion beams need
to follow all filtering elements up to the final particle detector. An
elegant way to enable ion transport of different isotopes through
p/q filtering elements is a beam switching system as it is commonly
incorporated at injection magnets of AMS systems. But the ions
will have energies in the low MeV range and the voltages required
to match magnetic rigidities of different isotopes are much higher.
For isotopes of actinide series, related energy differences can still
be matched by biasing the vacuum chamber of the magnets, with
switching power supplies (20 kV).32I A feasible alternative is to
adopt ion energy of different isotopes by changing the terminal
voltage of the accelerator and settings of the ESA electric field ac-
cordingly to let the ions pass and get them to the final detector. A
detailed description of such a procedure is given by Christl.[21 An
AMS system covering the full mass range of the periodic table can
easily be tuned to detect other standard radionuclides such as 2°Al,
#ICa, and "I and there are no further constrains to the ion optics.

6. Historic Aspects

For many years the AMS technology had been driven by the
needs of the applications. Although there are more than 40 nuclides(®!
that have been used with AMS instrumentation, radiocarbon is still
of paramount importance. Dedicated instruments have became
available, starting with the very first commercial AMS systems de-
veloped by Kenneth Purser!'22l (General Ionex), one of the early pio-
neers in the AMS history. Based on the idea to dissociate molecular
interferences in a Coulomb explosion process, accelerator systems
with nominal 3 MV terminal voltage were needed and AMS systems
with quite large footprint and the related complex infrastructure had
to be maintained. During the early time of AMS, several laboratories
explored their potential to detect other nuclides than '*C. Tandem ac-
celerator facilities originally designed for fundamental nuclear phys-
ics research were converted into dedicated AMS systems, requir-
ing an even more demanding infrastructure environment. The first
‘third-generation’ "C dedicated AMS instrument was designed in

connection with the World Ocean Circulation Experiment (WOCE)
to monitor '“C in the global oceans.33! At the Woods Hole oceano-
graphic institution, such a 3 MV “C AMS system was installed in
1990134 and became fully operational in 1993.351 HVE commercial-
ly built several similar instruments and in the 1990s they were lead-
ing the market of commercial AMS instruments. In 1998, the first
system using collisional molecule break-up became operational at
ETH Zuricht!®! with performance comparable to traditional AMS.
This type of instrumentation was commercialized by NEC, and a
first system was installed at the University of Georgial3®! followed
by about 20 similar systems around the world. Based on this tech-
nology, NEC developed a single stage AMS system (SSAMS)B7!
where the stripper unit and the following mass spectrometer is in-
stalled at an open stack 250 kV high voltage platform and today,
there are 13 SSAMS instruments in operation. HVE realized the ad-
vantages of the compact AMS system and developed a multi-nuclide
AMS system!!8] based on a 1 MV Tandetron accelerator. The first
instrument was installed at University of Seville in 2005.27] In total
more than 10 instruments of this type are in operation.

The next step to further reduce complexity of dedicated radio-
carbon AMS systems was taken at ETH Zurich by implementing a
vacuum insulated high voltage platform charged to about 200 kV by
a conventional solid state power supply. The first radiocarbon dat-
ing system of this kind, MICADAS, 38 became operational in 2004.
With a footprint of only 2.5 m x 3 m, this is the smallest AMS in-
strument capable of high-performance radiocarbon measurements.
Several improvements of the system were achieved by using He-
gas as stripping medium,3%! and fixed field magnets incorporating
permanent magnetic materials.[*01 The latter can be regarded as a
step towards sustainability because it significantly reduces energy
consumption (=2 kW power from the grid in full operation mode).
Since 2016 these instruments are commercially available from ETH
spinoff company Ionplus AG, and more than 30 MICADAS sys-
tems are in operation worldwide. Recently, HVE is also offering a
vacuum insulated dedicated radiocarbon AMS system.[*!l The de-
sign principle of this instrument follows to a large extent the ideas
on which the MICADAS setup is based.

7. Other AMS Nuclides

7.1 °Be

The AMS detection method for '"Be was developed by
Raisbeck.!42! Most critical is the suppression of the isobaric '°B. In
contrast to beryllium, boron readily forms negative ions. More ef-
ficiently, BeO™ ions can be extracted from a sputter ion source but
the isobaric counterpart BO™ is produced as well. To separate the
nuclear isobars, their different behavior while passing through mat-
ter can be exploited. The nuclear charges of boron and beryllium are
5 and 4, respectively. Thus, the stopping power of boron is much
higher, and separation of both ion species can be achieved exploit-
ing their different ranges in matter at a fixed initial ion energy. An
absorber mounted in front of a gas ionization chamber can substan-
tially reduce boron ions while beryllium ions can enter the sensitive
area of a gas ionization detector. This works very well at MeV en-
ergies and unambiguous '’Be identification can be achieved using
foil absorbers in front of a gas ionization detector. AMS systems
based on a large accelerator with terminal voltages of 5-8 MV HA-
VAR foils are used!“3! and detection limits of '’Be/’Be well below
1071 were reported.*4! At lower energies, silicon nitride foils are
best suited since their superior homogeneity!!5! will lead to residual
energy distribution as calculated from energy loss straggling only.
This provides best conditions for the subsequent separation of '’Be
from '°B particles in the active volume of the gas ionization counter.
At the Vienna Environmental Research Accelerator (VERA) over-
all efficiency of 45% has been achieved using this method.[43]

But it turned out that even at ion energies below 1 MeV a suf-
ficient isobar separation can be achieved. By inserting an energy
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degrader foil in front of an energy dispersive beam transport ele-
ment (e.g. ESA), the two ion species can be spatially separated at
the focal plane of this element. By blocking the trajectories of the
interfering boron ions with the help of an aperture, the isobaric
interference can be reduced. Such a degrader foil (silicon nitrate
membranes with thicknesses of a few tenth of nm) is typically
inserted after the first magnet at the high energy end of an AMS
system. Ions will emerge from such a degrader in different charge
states. The following dispersive element will select only ions in
one specific charge state and respective beam losses of all other
ions must be encountered. The energy spread introduced by the
straggling process when heavy ions penetrate matter will cause
beam losses, too. This can be compensated for to a large extent,
if the energy dispersive action of the ESA is reversed by the op-
posite energy dispersion of a magnetic dipole spectrometer and
achromatic beam transport is achieved from the degrader foil to
the final detection system (Fig. 2). A careful optimization of this
procedure at compact low energy AMS systems makes overall ion
transmission efficiencies (from ion source to the final detection)
of more than 10-15% possible.!4¢]

7.2 Actinides

At the 3 MV IsoTrace facility*’l AMS measurements of ac-
tinides were pioneered and the first AMS detection of U was
reported using the accelerating voltage of 1.6 MV and detecting
the 5* ions. AMS laboratories around the world based on large
accelerator facilities have dedicated actinide beam lines (ANU, 48]
Ansto,[*1 Livermore,3! Vera,5!1 Colognel52l) and complex mea-
surement arrangements have been installed. In general, a high-res-
olution electrostatic analyzer with bending radii of up to 2.5 m[#1
have been incorporated into the high energy beam line, but also
Wien-filter systems and additional Time-of-flight detector are in
use. An overview on actinide specific measuring technologies can
be found in Fifield.[53 At ETH Zurich, it has been shown that AMS
of plutonium can be performed equally well on a small accelerator
operating at only 0.3 M V.54 In fact, this achieved the highest trans-
mission of any AMS system for actinides. Fig. 6 shows a picture of
the Multi-Isotope-Low-Energy-AMS system (MILEA) developed
in collaboration of ETH Zurich and Ionplus AG.[5]

SV -

Fig. 6. Multi-isotope low energy AMS system (MILEA) as operated at
ETH Zurich.

7.3 Nuclides with Isobaric Interference

Separation of nuclear isobars by means of the difference in stop-
ping power is routinely applied for *Cl detection. Several AMS fa-
cilities based on 5-6 MV tandem accelerators can reach ion energy
between 30-50 MeV, which is sufficient to suppress the *S iso-
baric interference while identifying ions in the final particle detec-
tor. Typical isobar suppression factors at such energies are 10*~10°
making detection limits beyond the 10" level possible. Gas-filled
magnets!5! can add additional *S suppression capabilities. If the

volume inside the gap of a magnetic dipole spectrometer is filled
with gas at low pressure (few hPa), ions passing the magnetic field
will undergo frequent collisions changing the actual charge state re-
spectively. They will develop a mean charge state <q> and trajecto-
ries will approach a mean bending radius proportional to the p/<q>
ratio. Since <g> is depending on ion velocity and nuclear charge,
a spatial separation of nuclear isobars results, and by blocking the
interfering isobaric beam using an aperture, the intensity of **S ion
reaching the detector can be reduced significantly. This technol-
ogy has also been exploited for the detection of radionuclides with
m > 36 amu.l57] Separations of 3*Mn against 3Cr, “°Fe/**Ni, and
ONi/SCu, *Sr/*Zr have been achieved at large AMS facilities.[58]
The high ion energy will help to get isobar discrimination based on
the different stopping power of isobars. However, the higher the
nuclear charge, the lower the relative energy loss differences and
effective isobar suppression becomes practically impossible even at
AMS system operating accelerators with 14 MV terminal voltage.
A feasible alternative will be Laser and ion cooler techniques which
already gain nuclear isobar suppression at the low energy end of
an AMS system.[* This will be the future to extend the range of
AMS nuclides even at small and compact AMS instruments.

8. Conclusions

The progress in AMS instrumentation has initiated a growing
AMS community. The key feature of AMS to analyze atomic ions in
a multi-stage mass spectrometer can be realized by exploiting col-
lisional molecular break-up in an appropriate stripper gas at low ion
energies. Dedicated radiocarbon systems have now reached a level of
complexity comparable to state-of-the-art mass spectrometers. They
are commercially available, do not require personnel as it would be
needed in the past to maintain complex accelerator infrastructures,
and can provide measurements accuracy at the 1%o level. But low en-
ergy AMS is not limited to radiocarbon detection only. The important
AMS nuclides can already be detected at ion energies below 1 MeV.
Especially, for the detection of actinide nuclides they benefit from
compact designs and high ion transport efficiencies. However, there
is not the one and only AMS setup that provides optimum measure-
ment conditions for all AMS nuclides and certain compromises are
needed to cover a wide spectrum of nuclides. In general, dedicated
systems tailored to the detection to a specific nuclide will outperform
systems designed as multi-purpose/multi-nuclide instruments. Me-
dium heavy nuclides with isobaric interferences can still be detected
most efficiently at MeV ion energies requiring 6-14 MV accelera-
tor facilities. New developments with isobar suppression exploit-
ing chemical reaction cells and Laser light interaction may quickly
evolve into routine operation mode and eventually, unexplored nu-
clides become accessible with AMS technology.
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