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Abstract
The potential of Accelerator Mass Spectrometry (AMS) for biomedical applications was
recognized immediately after the inception of this technology in the 1970s, in particular
for tracer studies using radiocarbon (14 C) to investigate the fate of a labeled compound
within the organism. Although the unparalleled sensitivity of AMS in detecting rare
isotopes amounts would significantly reduce the administered doses of radioactivity,
its widespread use by companies active in the drug development process is nowadays
limited. Conventional approaches based on decay counting techniques are still preferred, in particular because of the perception of AMS as being highly complex, having
a limited sample throughput and requiring elevated costs. However, the interest in a
combustion based AMS (cAMS) technology has increased over the last decade due to
the significant progresses achieved through the development of more compact AMS
systems and hybrid ion sources that allow the analysis of samples in gaseous form.
The aim of this work is to develop new instruments and analytical methods to make
AMS more competitive and attractive. The approach based on AMS gas measurements to ADME (Adsorption, Distribution, Metabolism, and Excretion) studies has
been first validated in a study conducted in collaboration with Novartis Pharma AG
(Basel, Switzerland). Metabolite profiles in the biomatrices plasma, urine, and feces
were reconstructed for two groups of rodents after the administration of a 14 C-labeled
compound at different radioactive doses. Despite of a 40000-fold lower dose, the cAMS
based analysis allowed to identify the same metabolites as in the study branch using
conventional decay counting techniques. The analysis of more than 1700 samples confirmed the potential of cAMS, but highlighted also some drawbacks of this technology
in relation to the limited throughput and lack of automation.
These issues were addressed by developing the Double Trap Interface (DTI), a new
gas handling system coupling an elemental analyzer (EA) to the hybrid ion source of a
MICADAS (Mini Carbon Dating System) instrument. The novel interface features two
external traps filled with a zeolite molecular sieve, which collect the sample material
in form of CO2 after combustion with the EA. The alternating use of the traps allows
a quasi continuous sample analysis, as the loading and measurement procedures are
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now decoupled and run in parallel on the two traps. The redefinition of all the measurement procedures, including the combustion methods of EA, has reduced the analysis time below 5 minutes per sample. The feasibility of multiple measurements per
sputter cathode was demonstrated, leading to an even more streamlined routine that
requires less manual inputs from the operator.
In the wake of the studies performed over the last decade at the Laboratory of Ion
Beam Physics (ETH Zurich) to investigate the low energy limit of the AMS technology,
a new Low Energy Ams (LEA) instrument has been assembled and tested in collaboration with Ionplus AG (Dietikon, Switzerland). This compact instrument operates
at terminal voltages between 50 kV and 65 kV at the tandem acceleration stage. The
isobaric molecular interferences are suppressed through collisions with helium atoms
at stripping energies below 100 keV. The measured transmission was of 52%. A blank
level characterized by a 14 C/12 C isotopic ratio on the order of 10−15 was achieved at
µg
an areal density of the stripper gas of about 0.4 cm2 . This means a dating capability of
more than 50000 years.
The collaboration with Novartis Pharma AG allowed to test the developed instrumentation and methodology under routine operation conditions. The performance of
the cAMS approach was evaluated in three measurement campaigns, involving the
analysis of more than 1200 samples. Measurements were performed with samples
generated from several biological matrices (blood, plasma, urine, and feces) labeled at
different concentrations as well as fractions of simulated metabolite profiles collected
through off-line liquid chromatography techniques. The obtained data confirmed the
sensitivity of cAMS and the reproducibility of the results, demonstrating the full eligibility of this technique in biomedical metabolism and pharmacokinetic studies using
micro-tracer doses of 14 C. To fully unfold the potential of AMS, however, improvements
are required to reduce the contamination introduced during the sample preparation
procedure.
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Riassunto
Il potenziale della spettrometria di massa con acceleratore (AMS) in applicazioni nel
campo della ricerca biomedica è stato riconosciuto fin dagli albori di questa tecnologia
negli anni Settanta. Di particolare interesse risulta la possibilità di studiare il comportamento di un composto farmaceutico all’interno dell’organismo tracciandolo con
una dose di radiocarbonio (14 C). La tecnica AMS permetterebbe di ridurre in modo
significativo la dose radioattiva richiesta, in quanto è estremamente sensibile nel rilevare l’abbondanza relativa all’interno di un campione di un isotopo raro rispetto
ad uno comune. Nonostante questo vantaggio, l’uso di questo metodo da parte di
compagnie attive nello sviluppo di medicamenti risulta limitato e le tecniche convenzionali basate sul conteggio dei decadimenti radioattivi sono ancora privilegiate. La
tecnologia AMS viene percepita infatti come complessa ed è ostacolata dal limitato
rendimento nell’analisi dei campioni e dagli alti costi ad essa legati. Nell’ultimo decennio, lo sviluppo di strumenti ibridi che permettono l’analisi di campioni allo stato
gassoso e la miniaturizzazione dei sistemi AMS hanno aumentato l’intersse della comunità biomedica verso questa tecnologia.
Lo scopo di questo lavoro è di sviluppare degli strumenti e dei metodi che rendano l’approccio basato sulla combustione di campioni accompagnata da analisi AMS
(cAMS) più attrattivo. Il metodo cAMS è stato quindi valutato in uno studio condotto
in collaborazione con Novartis Pharma AG (Basilea, Svizzera) in cui è stato applicato
a studi ADME (Assorbimento, Distribuzione, Metabolismo, Eliminazione). Un composto tracciato con 14 C è stato somministrato a due popolazioni di ratti usando due
diverse dosi radioattive. Nonostante una dose 40000 volte inferiore, le analisi tramite
cAMS hanno permesso di identificare gli stessi profili metabolici ottenuti nel ramo di
riferimento dello studio basato sul conteggio dei decadimenti. L’analisi di oltre 1700
campioni ha confermato il potenziale del metodo basato su cAMS. Lo studio ha evidenziato però delle lacune, legate essenzialmente ad un rendimento ancora insufficiente e
ad una limitata automatizzazione dei processi.
Queste limitazioni sono state affrontate con lo sviluppo di un nuovo sistema per
la gestione dei campioni in forma gassosa, la Double Trap Interface (DTI). Questo
strumento collega un’unità usata per la combustione dei campioni e l’estrazione del
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CO2 (elemental analyzer, EA) con la sorgente di ioni ibrida di un sistema AMS (MICADAS). La DTI è caratterizzata da due collettori esterni contenenti delle zeoliti usate
per intrappolare il CO2 derivato dai campioni. L’uso alternato dei collettori permette
un’analisi quasi continua dei campioni, dato che i processi di assorbimento del gas e
di misurazione sono scollegati ed eseguiti in parallelo sulle due unità collettrici. La
ridefinizione delle procedure di misurazione, tra cui i metodi di combustione per EA,
ha ridotto il tempo di analisi a meno di 5 minuti. La possibilità di riutilizzare per più
analisi i catodi su cui vengono misurati i campioni gassosi ha permesso di velocizzare
ulteriormente le misurazioni e di ridurre le azioni richieste da parte dell’operatore.
Partendo da studi condotti nell’ultimo decennio sulla miniaturizzazione dei sistemi AMS, un nuovo strumento a basse energie, chiamato Low Energy Ams (LEA),
è stato costruito e testato in collaborazione con Ionplus AG (Dietikon, Svizzera). Il
sistema opera ad una tensione tra i 50 kV ed i 65 kV allo stadio d’accelerazione. Gli
ioni vengono accelerati ad energie attorno ai 100 keV durante il processo che porta alla
soppressione delle molecole isobare di 14 C. Queste interferenze vengono dissociate
scontrandosi con atomi di elio all’interno di un apposito canale. La trasmissione misurata è del 52%. LEA permette di rilevare abbondanze isotopiche 14 C/12 C dell’ordine
di 10−15 , che corrispondono ad una capacità di datazione di oltre 50000 anni.
La collaborazione con Novartis Pharma AG ha permesso di testare gli strumenti ed
i metodi d’analisi sviluppati. La loro performance è stata valutata nel corso di tre campagne di misurazioni, in cui più di 1200 campioni sono stati analizzati. I campioni sono
stati generati usando due procedure: preparando composti biologici (sangue, plasma,
urina e feci) tracciati con differenti concentrazioni di radioattività e raccogliendo delle
frazioni ottenute dalla separazione di simulazioni di profili metabolici tramite tecniche
di cromatografia liquida. I dati ottenuti hanno permesso di dimostrare la sensitività
degli strumenti e la riproducibilità dei risultati. Ciò dimostra la fattibilità di un approccio basato sulla tecnica cAMS a studi farmacocinetici o del metabolismo che usano
micro-dosi di 14 C come tracciante. Tuttavia, il potenziale della tecnologia AMS potrà
essere sfruttato in modo ottimale soltanto riducendo il livello di contaminazione introdotto durante la preparazione e la manipolazione dei campioni.
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Chapter 1

Introduction
Accelerator mass spectrometry (AMS) is an analytical method which enables high sensitive quantification of isotopic abundances. This mass spectrometric technique is
mainly applied to identify rare, long-lived, radioisotope in relation to an abundant
stable isotope within a sample. Isotopic ratios in the range of 10−10 to 10−16 can be
detected, allowing for applications in a broad spectrum of disciplines as diverse as archaeology, preservation of the cultural heritage, geology, environmental sciences, and
climate research (Kutschera, 2013). The most widespread use of AMS is for radiocarbon (14 C) analysis, which is known in particular for radiocarbon dating, but several
applications are also available for the isotopes 10 Be, 26 Al, 36 Cl, 41 Ca, 129 I and 236 U.

1.1

AMS in the biomedical field

The idea of applying AMS for biomedical studies is as old as the technology itself. The
potential of this method for low dose biomedical studies using 14 C as micro-tracer was
recognized as early as 1978 (Keilson et al., 1978), just one year after the inception of
AMS (Bennett et al., 1977; Nelson et al., 1977). However, first studies investigating the
AMS approach in the biomedical field were only conducted in the Nineties, when the
experimental feasibility was demonstrated at the Lawrence Livermore National Laboratory (Livermore, CA, USA) by Turteltaub et al., 1990 and in the following studies of
Vogel, 1992 and Vogel et al., 1994.
More recently, several studies have evidenced that AMS offers extreme sensitivity
in comparison to conventional decay counting and thereby allows for a reduction in
exposure of human volunteers to radiation (see e.g. Garner, 2010; Young et al., 2014;
Vlaming et al., 2015). Nonetheless, despite this important advantage, the majority
of companies conducting adsorption, distribution, metabolism, and excretion (ADME) as
Parts of this chapter were submitted to the Journal Drug Metabolism and Pharmacokinetics for
publication Double Trap Interface: A novel gas interface for high throughput analysis of biomedical samples by
AMS, De Maria D., Fahrni S., Lozac’h F., Marvalin C., Walles M., Camenisch G., Wacker L., Synal H.-A.
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well as pharmacokinetic (PK) studies still use the conventional approach based on decay counting techniques. The most common are liquid scintillation counting (LSC) and
low level scintillation counting (LLSC) for direct radioactivity detection, or micro-plate
scintillation counting (MSC) for off-line liquid chromatography (LC) radioprofiling.
This apparently surprising dissonance between the potential of AMS and its limited
spread in the biomedical community has mainly prevailed because of the following
AMS limitations: the cumbersome sample preparation due to the mandatory conversion of sample material to graphite, the missing or limited level of automation and the
complexity and running costs of an AMS facility.

1.1.1

Advantages of the AMS methodology

When adsorbed in the organism, a radiolabeled drug shows an identical behaviour
if compared to its unlabeled analogue. Thus, because of the availability of sensitive
detection techniques of isotopic ratios, isotopic labeling is particularly suited to investigate the fate of compounds in a living organism (Schulze-König, 2010). The crucial
point is the necessary radioactive dose required for detection by a given analytical
technique.
The first isotopic tracer studies date back to the 1930s, anticipating the conception
of AMS by several decades. Initially, stable isotopes (e.g. deuterium, later 15 N and 13 C)
were used as labels for metabolic studies in animals (Schoenheimer et al., 1935). However, the specificity of the approach was limited due to the high natural abundance of
these stable isotopes. As a consequence, the required tracer doses to be administered
might result to be inappropriately high. The use of rare radioactive isotopes having a
much lower natural abundance enables to overcome this limitation. Nevertheless, the
range of potential radioisotopes candidates is also constrained due to the radiation risk.
Hazards for the organism can be reduced by considering long-lived radioisotopes, for
which only a small fraction of the administered label decays within the biological life
time of the investigated compound.
As a consequence of the few counts detected for long half-lives over a reasonable
analysis time on the order of minutes, a detection method is required which does not
depend on the radioactive decay. An alternate solution was proposed with the invention of AMS, which measures the ratio within the given sample of a rare isotope
(e.g. 14 C) with respect to an abundant one (e.g. 12 C). The strengths of this technique,
which can be used instead of, as well as a complementary analytical technique to LSC,
have been highlighted in a recent publication by Young et al., 2020. In summary, the
following major advantages of AMS were identified:

1.1. AMS in the biomedical field
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• Significant reduction in ionizing radiation exposure for human volunteers. Due
to the high sensitivity of AMS, human clinical studies can be performed at radiochemical exposures that do not differ substantially from the natural radioactivity
background (Young et al., 2014; Vuong et al., 2015). In particular, a clinical study
can be successfully conducted using a reduced amount of radioactivity in the
dose if the drug under development has shown retention of either the parent
drug or radioactive drug-related material in previous preclinical studies (Young
et al., 2007).
• The possibility of collecting samples over an extended period. Contrary to e.g.
PET (Positron Emission Tomography), a technique that can provide real-time
data on drug disposition within the organism, AMS is suitable to analyse drug
and metabolite concentrations in body fluids and excreta at time intervals after
dosing. Due to its high sensitivity, pharmacokinetics and excretion of the drug
under investigation can be monitored for weeks or even months after dosing
(Young et al., 2007; Clifford et al., 1998), rather than just for up to 1 week, as in
the conventional approach for human ADME studies. Additionally, the very low
levels of radioactivity necessary for AMS do not require that the subjects stay at
the clinic until the excreted radioactivity level has decreased, allowing the patient
to be discharged at any time instead.
• The introduction of flexibility in the study design. The possibility of reduced
radiation burden to the subject allows for more than one radioactive dose to be
administered if required (Iyer et al., 2012). In the future, AMS could even allow,
in combination of a chromatographic system and a second detection technique
(e.g. conventional Mass Spectrometry), a cassette-dosing approach (Lappin et al.,
2003). Several drugs could be simultaneously dispensed at micro-doses, enabling
more drug molecules to be investigated in humans. Alternative routes for administration of the labeled drug, such as ocular and dermal, may also be considered.
Furthermore, an intravenous micro-tracer dose (Lappin, 2016) might be administered, in support of the concomitant dosing approach following the conventional
drug incorporation route (e.g. oral).
• The possibility of conducting studies in vulnerable populations. For instance,
clinical survey involving children (Vuong et al., 2012), elderly people as well as
pregnant women requires that the radiation burden is kept to minimal levels.
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AMS instrumentation for bioanalysis

In parallel to the development of AMS technology, the interest in the field of biomedical research has never ceased. However, the instruments available in the first decades
after the introduction of AMS were too complex and required high investment and operating costs, which hindered a broad diffusion of this technology. Since then, the aim
of the AMS community was to provide compact analytical instruments that can be easily operated by a broad user community in a standard laboratory or even in a clinical
environment. Pioneer in the development of a miniaturized AMS system designed to
address the specific requirements of 14 C analysis of biomedical samples was the work
of Ognibene et al., 2002. The instrument built at the Center for AMS in Livermore
(USA) operates at 520 kV, and has a footprint of approximately 7 m × 5 m. Nowadays,
it constitutes one of the few AMS facilities that performs biomedical analyses on a regular basis. Subsequently, a decisive breakthrough in the development of compact AMS
systems was achieved at ETH Zurich (Switzerland) by Synal et al., 2007 with the design of the Mini Carbon Dating System, known as MICADAS. This instrument has a
footprint of just 3.2 m × 2.6 m. An optimized version of the MICADAS dedicated to
biomedical analysis, dubbed BioMICADAS, has been developed in collaboration with
Vitalea Science, a former service provider for AMS supported pharmaceutical research
(Schulze-König et al., 2010a). While these systems are still not laboratory bench-top
instruments, they have become significantly more user-friendly.
Besides complexity, further crucial issues related to AMS are the limited sample
throughput and the low level of automation. 14 C measurements are generally performed using sample material which is first converted to graphite as target (Ognibene
et al., 2002; Young et al., 2014). The potential of this approach in ADME studies was
evaluated by Higton et al., 2012, who investigated the possibility of analysing metabolites circulating in plasma. However, the conversion of sample carbon to graphite is
deemed to be a very slow, resource demanding and expensive approach. Thus, it is
not particularly suitable for the analysis of large numbers of samples in an early clinical setting. In the course of the last decade, these limitations were addressed and
significant improvements were achieved, in particular due to the development of hybrid ion sources allowing measurements of samples in gaseous form (Ramsey et al.,
1987; Middleton et al., 1989; Ruff et al., 2007). This enables a direct injection of sample
derived CO2 into the ion source, allowing to bypass the graphitisation step and thereby
simplifying the sample preparation procedure.
To this end, new instrumentation has been designed to collect and subsequently
feed the gaseous sample material into the AMS instrument. Two main approaches
have been considered: the moving wire system (Sessions et al., 2005) with its adaptations for 14 C (Thomas et al., 2011) and the Elemental Analyzer (Ramsey et al., 2004;
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Uhl et al., 2004; Ruff et al., 2010a). The coupling of an Elemental Analyzer (EA) to a
gas capable AMS hybrid ion source allows a cornerstone simplification towards a combustion based AMS approach (henceforth referred to as cAMS) to biomedical studies.
This setup enables the direct measurement of the CO2 derived from the sample combustion (Ruff et al., 2010a) and provides the simultaneous quantification of its carbon
content, which is required for the determination of the specific activity. This approach
is adopted in particular by the company TNO (The Hague, Netherlands), which provides now routine gas measurements of biomedical samples for studies performed in a
clinical environment (van Duijn et al., 2014). Despite the ability of measuring samples
as CO2 directly rather than graphite, the sample preparation procedure and the subsequent analysis are still affected by issues. The sample collection as fractions through
off-line liquid chromatography in combination with long measurement times (around
8 minutes per sample) as well as the overall lack of automation limit the application of
cAMS, as highlighted by Ruff et al., 2010a.

1.1.3

Towards a new paradigm for the drug development process

The development of a new drug for life-threatening diseases consists in a long process studded with obstacles, requiring a huge investment in both time and costs. Estimates suggest that to get a new drug to the market, a time frame ranging between
10 to 12 years and a budget in the order of 1 billion dollar are necessary, after discovering a promising pharmaceutical agent (Di Masi et al., 2003). The different stages
of this process are schematically summarized in Fig. 1.1. During the development of
the new drug, rates and routes of metabolism and excretion in humans have to assessed to demonstrate its safety. Tracer studies are therefore required by the global
regulatory agencies, e.g. the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA), for drug registration and approval for new medicines.
Nowadays, early identification of relevant human metabolites is encouraged by the
health authorities guidelines. However, the conventional human ADME study is generally performed only late in the drug development (Phase II; Lozac’h et al., 2018). The
high costs, the necessity for a dosimetry assessment including a distribution investigation on rats, the good manufacturing practices (GMP) requirements as well as the high
failure rates for most of the drug candidates prevent an earlier study within the first
years of the drug development.
On the other hand, in recent years a positive trend has been observed, where an increasing number of researchers want to test new drug candidates on human as rapidly
as possible. As stated by Garner, 2010, there is a general agreement that the process of drug development needs to change radically. Reflecting this trend, a change

6

Chapter 1. Introduction

F IGURE 1.1: Schematic representation of the different phases characterizing the drug development process. The time lapse spanning from the
initial discovery of a promising pharmaceutical agent until the approval
of the medicament by the health authorities extends over 10 to 12 years.
Estimated costs can reach a level on the order of 1 billion $.

of paradigm enabled by the sensitivity of the AMS technique was proposed (Swart
et al., 2016; Lozac’h et al., 2018). The use of low radiolabel activities would allow
to significantly reduce the number of conventional metabolism studies on animals,
which could be performed directly on human volunteers instead, using micro-dose
compounds in studies embedded in a Phase I setting. Thanks to an earlier identification of the molecule with the optimum metabolism characteristics, this approach could
allow a smarter candidate selection of the studied pharmacological compounds and
provide early data for decision making about their further development. Preclinical
tests (Phase 0 studies) will be still carried out on animals, to exclude possible hazards
to the volunteers when a micro-dose is administered (Lappin et al., 2003).
Finally, the biggest obstacle for changing the actual paradigm may not be scientific,
but rather social and economical. As suggested by Garner, 2010, only once the mental
hurdle is overcome, the micro-dosing approach will become routine, resulting in a
more efficient drug development process. Since tracer studies imply the exposure of
human to radioactivity, one should always take into account the simple but crucial
reflections of Lappin et al., 2003 in support of the micro-dose approach:
Why should we ask human volunteers to take escalating doses of drugs in a Phase I study
only to kill off the compound because of inappropriate PK, when this information could have
been found with a micro-dose? Are we not unnecessarily exposing people under these circumstances?
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AMS applications of 41 Ca

Besides the more prominent radiocarbon, the isotope 41 Ca represents a highly sensitive tracer to investigate the calcium turnover in human bones (Weaver, 1998). Studies
addressing the changes in bone metabolism are of primarily importance to develop
novel strategies for osteoporosis prevention and treatment. In principle, the administered isotope tracer is partially incorporate into the bone material, while the not incorporated material is gradually eliminated from the body in urine, instead. A labeling
period of approximately 5 to 6 months is envisioned to ensure that most of the tracer
not bound in bones is expelled. Subsequently, the excreted tracer material originates
mainly from bones and is supposed to reflect their calcium metabolism. The radioisotope 41 Ca is particularly suited for tracer studies due to its long half-life on the order
of 105 years, making him quasi-stable on the time scale of the biomedical study, and
its very low natural abundance (41 Ca/40 Ca ≤ 10−14 ). AMS measurements of 41 Ca are
performed in general at terminal voltages above 3 MV, but the feasibility of analyses at
500 kV was demonstrated at ETH Zurich (Switzerland) by Schulze-König et al., 2010b
using the Tandy AMS system. The diffusion of more compact multi-isotopes AMS systems (MILEA; Maxeiner, 2016) might open the field to dedicated biomedical analysis
facilities combining both radiocarbon and calcium studies.

1.2

Towards compact AMS systems

The interest of the biomedical community for AMS is strictly related to the availability
of relatively simple instruments, which fit in a conventional laboratory environment
and which can be operated under routine conditions by personal without a special
training in accelerator physics. Early AMS instruments working at acceleration stages
of the order of several MV cannot fulfil these requirements: their complexity requires
a specific technical knowledge and their extended footprint fits rather in a whole hall
than in a dedicated space in an analytical lab. Consequently, the Laboratory of Ion
Beam Physics (ETH Zurich) decided, more than two decades ago, to focus on the development of instruments working at the low energy limit of radiocarbon detection
(Suter et al., 1997; Synal et al., 2000). The research was pushed in particular by the
increasing demand of radiocarbon dating analyses as well as the aim of providing an
instrument that could finally unfold the potential of AMS for biomedical analyses. The
design of compact AMS facilities relied initially on the idea that the background could
be potentially too high for precise dating purposes, but could still offer a good precision for biomedical applications, where the concentrations of the radioisotope are
significantly higher than in samples at natural abundance.
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1.2.1

Characteristics of radiocarbon AMS systems

An ordinary AMS system presents the same essential components to sort the isotope
of interest, in our case 14 C, from other isobaric interferences, independently of its size,
operating terminal voltage at the acceleration unit and field of application. The unparalleled sensitivity of AMS is achieved through different filtering elements, including:
1. Negative ion source: negatively charged ions are extracted from the sample target by bombarding it with focused Cs+ ions. This sputtering process provides
the first key filter method for 14 C detection and allows to eliminate the prominent isobar 14 N, as it does not form a stable negative ion configuration (Bennett
et al., 1977).
2. Low energy (LE) mass spectrometer: the negative ion beam leaving the source
includes different isotopes and molecules that need to be separated. Particles
are filtered with a dipole magnet by means of conventional mass spectrometry
according to their momentum over charge ratio. Elements having a mass corresponding to the investigated isotope, in our case 14 u for 14 C, will follow a reference path and are transported further through the next stages of the analysis.
Since the stable isotopes 12 C and 13 C are deflected on different trajectories, a pulsing system introducing a variable voltage offset in the magnet chamber provides
a quick switch between the carbon isotopes injected into the acceleration unit, allowing to analyse them in an alternating mode. A Faraday Cup (FC) downstream
the magnet allows to quantify the 12 C-current and, thus, the extraction efficiency.
3. Acceleration unit and stripper: the negative ion beam is accelerated on a high
voltage terminal at energies in the range from few keV up to several MeV towards a molecule dissociation unit. Here, the ions collide with a thin foil or a
gas target with an areal density of the order of a few µg/cm2 (e.g. 0.5 µg/cm2
of helium for the MICADAS system). Molecular interferences, consisting mainly
of the isobars 13 CH and 12 CH2 , are consequently suppressed through the interaction of the beam particles with the stripper material. Collisions of the incoming
particles with the target atoms lead to a charge exchange, where the negative
charged ions are mainly converted into positive charge states. Thus, the positive
ions undergo a second acceleration in a process known as tandem acceleration.
4. High energy (HE) mass spectrometer: a second mass spectrometer is used after
the stripping process to separate the 14 C ions from the residual fragments of the
dissociated molecules. Measurements of the stable isotopes currents (12 C and
13 C) are performed after this stage to quantify the transmission of the system as
well as the respective isotopic ratios 13 C/12 C and 14 C/12 C.
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5. Electrostatic analyzer (ESA): to achieve a pure mass separation, the previous momentum filter has to be coupled with an electrostatic analyzer to sort the particles
according to their energy over charge. Ions having the same energy are focused
on a given trajectory by the electric field generated between the plates of a capacitor. Thus, the background contribution of 13 C+ ions, which are eventually
on the same path as 14 C after gaining enough energy through multiple scattering
or multiple charge state transitions within the accelerator, can be significantly
reduced.
6. Detector: 14 C ions are detected typically within a gas ionization chamber. By entering the detector area, particles transit through a thin silicon nitride foil (order
of tens of nm) allowing a high resolution measurement of the pulse height of the
incoming signal (Döbeli et al., 2004; Müller et al., 2015).

1.2.2

On the way to low energy AMS

The design of an AMS system is determined by the lower limit of the terminal voltage
at which the interfering molecules such as 12 CH2 and 13 CH can be eliminated. By
stripping electrons off these molecules, they can be broken up and removed from the
ion beam. Since it was early recognized that the aforementioned molecules do not
form any bound state in charge states ≥ 3+ (Purser, 1977), the design of the first AMS
systems was based on tandem accelerators working at energies of few MeV that enable
the formation of such high charge states. Subsequently, the feasibility of 14 C dating at
lower charge states requiring terminal voltages just around 1 MV was demonstrated
by Suter et al., 1997. A first step towards compact instruments working at energies in
the keV range consisted therefore in the investigation of the destruction of molecular
ions in the charge states 1+ and 2+ (Synal et al., 2000). A successive breakthrough
in the reduction of operating energy at the accelerator stage and instrument size was
achieved with the development of the MICADAS system at ETH Zurich (Synal et al.,
2007). The instrument works at a terminal voltage of 200 kV, which can be provided
by commercially available high-voltage power supplies.
A key property for compact AMS systems is that 13 CH and 12 CH2 molecular interferences are destroyed in multiple collisions with the atoms of a stripper gas, instead of
reaching high charge states for which no stable molecules states exist. Initially, argon
(Ar) or nitrogen (N2 ) were used as stripping gas. Subsequently, it was determined that
molecular dissociation cross sections in helium remain constant down to low energies
(Schultze-König et al., 2011). These are sufficiently high for sensitive AMS. Moreover,
due to the lower nuclear charge of helium, scattering cross sections are considerably
reduced compared to the aforementioned conventional heavier gases. Thus, He is an
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optimum candidate as stripping gas and allows to lower the minimum terminal voltage with which AMS is still feasible. Improvements with low energy He stripping were
reported not only for the MICADAS (Bard et al., 2015), but also for applications with
heavy ion AMS (Vockenhuber et al., 2013).
On the path towards the lowest energy limit at which radiocarbon detection is possible, the prototype of an extreme compact machine dubbed myCADAS was developed in the frame of M. Seiler doctoral studies (Seiler, 2014). The instrument followed
in practice a pure mass spectrometric approach, where no additional acceleration stage
is used and, therefore, ions are accelerated only at the ion source. Due to the high yield
observed for the 1+ charge state at low energies (Hvelplund et al., 1972; Wittkower
et al., 1973), helium was used as stripper gas in a process taking place at an energy
of about 45 keV (Seiler et al., 2015). However, heavy distortion of ion trajectories and
large scattering angles arise at such low energies, because of the interaction of ions
with the stripper gas atoms. Thus, the measurement efficiency was limited by the
beam transport losses within the stripper canal. Finally, a transmission of roughly 40%
and a dating capability up to 40000 years were achieved (Seiler et al., 2015).
Strategies to further optimize the design of AMS systems were investigated by S.
Maxeiner in the course of its doctoral work (Maxeiner, 2016). As a result, a multiisotope facility at 300 kV (MILEA) and a radiocarbon dedicated instrument for Low
Energy Ams (LEA) at 100 kV were designed. In the latter energy range, an increase of
the yield of the 1+ charge state up to 75% was found, suggesting not only that compact radiocarbon AMS systems are possible, but that they could provide even higher
efficiency than the current systems (Maxeiner et al., 2015a).

1.3

Aims of the thesis project

In this project, the conventional routine for AMS gas measurements is questioned as a
whole, including instruments, measurement procedure and sample preparation. The
aim is to develop a novel approach addressing primarily, but not exclusively, biomedical AMS analysis and the specific requirements of the pharmaceutical drug development programs. To take into account the needs of world leading pharmaceutical
developers, a collaboration with Novartis Pharma AG (Basel, Switzerland) has been
established and a joint effort to improve drug development procedures was launched.
The performed measurement campaigns are intended as a point of contact between the
communities, where both fields can profit mutually from the knowledge of the counterpart.
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The work of this thesis can be subdivided into four major topics, corresponding to
the chapters of this dissertation:
Chapter 2: As a starting point of this work, the cAMS approach for the analysis of
biomedical samples generated from ADME studies is evaluated in collaboration with
Novartis Pharma AG (Basel, Switzerland). The performance of MICADAS is compared
in a head-to-head study with the conventional techniques based on liquid scintillation
counting (LSC).
Chapter 3: Based on the results from the previous chapter, where sample throughput and automation are highlighted as limiting factors for cAMS, improvements are
proposed to upgrade the conventional EA-AMS setup for gas measurements. A novel
gas interface, the Double Trap Interface (DTI), is designed for a quasi continuous sample analysis. To speed up the measurement routine, the combustion cycle of the EA is
optimized, as well as the analysis and cleaning procedures. The performance of multiple analyses per single cathode is investigated for extended shifts of unattended measurements. The aim is to achieve a sample throughput that allows a fast and reliable
analysis of the hundreds of individual samples generated in ADME and PK studies.
Chapter 4: A prototype of the compact instrument LEA has been assembled in collaboration with Ionplus AG (Dietikon, Switzerland). Characterization studies of the
system are performed for terminal voltages at the acceleration stage ranging between
50 kV and 65 kV. Properties of the beam as dimensions and phase space volume are
studied. Particular attention is given to the optimization of transmission and isotopic
currents. The background of the system and the stability of the measurements is assessed with acceptance tests, where reference and blank material samples are analysed.
The system capability for gas measurements is investigated in preliminary tests optimizing the measurements conditions.
Chapter 5: The performance of the new DTI instrument and of the dedicated analytical methods are evaluated during two measurement campaigns conducted in collaboration with Novartis. The methodology is assessed with respect to linearity, reproducibility, accuracy and precision. Two approaches are considered for the sample
preparation: from human matrices (blood, plasma, urine, and feces) spiked with different 14 C-radiolabeled compounds (1st study) and from fractions following UHPLC
separation of a solution simulating a metabolites profile (2nd study). A 3rd study is presented, which allows a comparison of the results obtained with MICADAS and LEA,
respectively.
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Validation of the cAMS technology
In chapter 1, the importance of early ADME studies on human volunteers in the development process of a new drug was highlighted. However, such studies take place
currently only after preclinical studies on animal species. This hinders an early detection of human-specific metabolites that could be potentially hazardous. To address
this gap, a different approach is suggested, which allows a decision based on early data
about the further development of a specific drug. The idea is to follow a micro-tracer
approach instead, where a therapeutically relevant dose of the drug is spiked with very
low amounts of radiocarbon and subsequently administered to healthy volunteers or
patients in an early stage of the drug development process (Phase I setting). The fate of
the labeled compound in the organism is then investigated in an ADME study based
on AMS analysis as suggested by Lappin et al., 2003 and Garner, 2010. AMS analysis
of sample carbon converted to graphite has been accepted by health authorities as a
method to provide data for human ADME studies (Zollinger et al., 2014; Graham et
al., 2011). However, the potential of the method could not be reached, as the graphitisation process is time consuming and requires significant amounts of carrier carbon
addition (on the order of hundreds of micrograms) to allow for sample handling. The
validation study presented in this chapter addresses the possibility of performing direct measurement of samples generated in ADME studies in gaseous form. Hence, the
CO2 released by the sample’s combustion is not converted to graphite, but fed directly
to an AMS MICADAS system. The study was designed and performed in collaboration
with Novartis Pharma AG (Basel, Switzerland).

Chapter adapted with permission from publication Evaluation of cAMS for 14 C microtracer ADME
studies: opportunities to change the current drug development paradigm, Lozac’h F., Fahrni S., De Maria D.,
Welte C., Bourquin J., Synal H.-A., Pearson D., Walles M. & Camenisch G., Bioanalysis, 2018.
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F IGURE 2.1: Schematic representation of the setup used for conventional
AMS gas measurements at ETH Zurich (Switzerland). Gaseous CO2 obtained by sample’s combustion with EA is loaded on the molecular sieve
trap of the gas handling system GIS. Subsequently, it is released by thermal desorption into a syringe regulating the carbon mass flow into the
hybrid ion source of a MICADAS AMS system. Source: Lozac’h et al., 2018.

2.1

Conventional AMS gas measurements

Nowadays, AMS gas measurements are a well established technology with a broad
spectrum of applications in atmospheric science (Salazar et al., 2015), environmental
and climate research (Haghipour et al., 2019), as well as protection of the cultural heritage (Hendriks et al., 2019). The advantage of gas measurements is given mainly by
the less demanding sample preparation and the higher throughput. Additionally, this
approach is particularly suitable for radiocarbon dating when only few micrograms of
sample material are available (Ruff et al., 2010b), as for example in the case of valuable
art objects (Hendriks et al., 2016).
The experimental setup used in the scope of the evaluation of cAMS analysis applied to ADME studies is schematically represented in Fig. 2.1. The coupling of the
combustion unit EA with the hybrid ion source of a MICADAS AMS system is provided by the gas interface GIS (Wacker et al., 2013).

2.1.1

Elemental Analyzer

The procedure to determine the 14 C content of a sample starts with the combustion of
solid or liquid sample material, which is normally wrapped in tin or aluminium cups,
with an EA. In this specific study, a Vario Micro Cube model (2006, Elementar, Germany)
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featuring a feeding wheel with 80 sample positions was used. The combustion of the
samples takes place at 920 ◦ C in a helium atmosphere temporarily enriched with oxygen. The released gases are transported through the system by a permanent flow of
helium used as carrier gas. First, the gases transit through a reduction tube at 550 ◦ C,
where oxygen in excess and nitrogen oxides react with pure copper, forming copper
oxide and pure nitrogen, respectively. Subsequently, the remaining gases (N2 , CO2 ,
and H2 O) undergo a chromatographic separation in a tempered column. While nitrogen passes through this column without being retained, CO2 and water are trapped at
temperatures lower than 50 ◦ C. Carbon dioxide is thermally released at 80 ◦ C, while
water remains on the column and is flushed at higher temperatures instead. More in
depth details to the combustion and gas separation process are to be found in Ruff
et al., 2010a. After separation, the different gas amounts are quantified with a thermal
conductivity detector. This process allows to determine the total carbon content of a
sample, which is necessary to derive the sample activity from the isotopic ratios measured by AMS (see appendix A). The combustion method, in particular the thermal
release of the gases, has been optimized for biomedical analysis and requires about
8 minutes per cycle.

2.1.2

Gas Interface System

Fig. 2.2 displays a schematic representation of the EA-AMS coupling. The CO2 leaving
the EA is transferred to the gas handling system GIS (Wacker et al., 2013). Pure CO2 in
helium is loaded on an external zeolite molecular sieve trap (zeolite X13, Sigma Aldrich
Corporation, St. Louis, USA). A two-way valve allows only the CO2 peak through the
adsorption trap, while the other gases (N2 and H2 O) are directly purged into the atmosphere. Subsequently, the collected gas is thermally released by heating the trap up to
450 ◦ C. A continuous helium back-flush transports the CO2 into a syringe (Hamilton,
Reno, USA) used as storage vessel (Ruff et al., 2007) and hinders at the same time a
back diffusion within the capillaries system. The syringe is mounted on a stepping
motor, such that its volume is adjustable. Thus, an optimal ratio of 5% CO2 in helium (Fahrni et al., 2013) can be achieved as a function of the sample size, allowing
dynamic measurements in a mass range from few micrograms up to 100 µg of carbon
(Ruff et al., 2010a). A constant carbon flow into the ion source of the AMS system is
achieved by keeping the feeding pressure constant over the measurement time. To this
end, the volume is continuously adjusted by moving the syringe plunger. To avoid
cross contamination between consecutive samples, an extensive cleaning procedure is
performed after each analysis.
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F IGURE 2.2: Schematic representation of the EA-AMS coupling with the
gas handling system GIS. Gaseous CO2 is thermally released from the external trap and loaded into a syringe mounted on a stepping motor. The
adjustable volume of this storage vessel allows to obtain an optimal mixture of 5% CO2 in helium according to the sample size and provides a
constant carbon mass flow into the AMS system.

2.2

Principle of the validation study

In the conventional approach for ADME studies, the investigated pharmaceutical compound is labeled using amounts of radio-tracer that can be identified using decay counting techniques. The quantification of the drug-related material within the organism is
usually determined by a direct analysis of radioactivity in different biomatrices (for
instance blood, plasma, urine, and feces). The mass balance is subsequently calculated from both the total administered radioactive dose and the total radioactivity in
urine and feces collected at given time intervals after administration of the labeled
drug. Finally, the metabolites profiles are reconstructed by analysing samples generated with liquid chromatography techniques, that separate the different drug-related
components present within the biological matrices.
The micro-tracer approach to ADME studies based on the more sensitive AMS technique follows the same principle, but requires lower radioactive dose. cAMS can provide both a quantification of the total radiocarbon content of single labeled samples,
as well as the analysis of fractions of chromatographic profiles recording information
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about specific 14 C-related components in a variety of biomatrices. To demonstrate the
applicability of this technology to biomedical studies, a head to head comparison of
both conventional and cAMS methodology was performed in an ADME study conducted on two groups of rodents. The validation study was designed in collaboration
with Novartis Pharma AG and contains two branches (see schema in Fig. 2.3):
1. Group 1: a radio-tracer approach using a conventional dose and classical radioactivity detection by means of liquid scintillation counting (LSC) and TopCount
technology;
2. Group 2: a micro-tracer approach using a 40000 lower dose and cAMS analysis in
combination with high sensitivity low level liquid scintillation counting (LLLSC).

F IGURE 2.3: Schematic concept of the two arms of the ADME study designed to evaluate the cAMS technology. A head to head comparison was
performed between two groups of rats after the administration of a conventional dose (Group 1) and a 40000 lower dose (Group 2). Samples stemming from Group 1 were analysed with TopCount technology, while those
of Group 2 with cAMS using a MICADAS system.
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2.2.1

Materials and methods

The ADME studies were performed by Novartis Pharma AG, who conducted the experiments of the conventional arm of the comparison study and provided the samples
for cAMS analysis, too. In the following, a brief summary of the sample collection and
preparation methodology is given. More details are to be found in Lozac’h et al., 2018.
All sample preparation techniques followed the guidelines from Swart et al., 2016.
Chemicals Sodium benzoate, a non-volatile salt used as a carbon carrier for AMS analysis, and phthalic anhydride (PhA), a radiocarbon-free material used as blank for AMS
analysis, of the highest grade were purchased from Sigma-Aldrich (Steinheim, Germany). Acetanilide was acquired from Merck (K37102211, Darmstadt, Germany) and
used for calibration of the EA. Oxalic acid 2 (Oxa2, NIST SRM 4990C) was used as standard reference material for AMS analysis.
Animal dosing and sample collection The radioactive doses were of 20.8 MBq/kg
across the three rats of the conventional study (Group 1) and 564 Bq/kg across the
three rats of the micro-tracer study (Group 2), respectively. This corresponds approximately to a dose reduction by a factor of 40000 in the case of the AMS analysis. Blood
was collected in anaesthetized rats at 0.25, 0.5, 1, 4, 8, 24 and 48 hours post-dose. Animals were housed in metabolic cages for urine and excrements collection. These were
collected quantitatively during a time interval of 48 hours post-dose. Feces were directly homogenized after addition of a 1% aqueous cellulose solution (about 10 times
the feces weight).
Matrices for metabolite identification and profiling The metabolite profiles were
extracted from plasma, urine and homogenized feces pools by means of ultra-high
performance liquid chromatography (UHPLC). The chromatographic separation was
performed using an Acquity chromatographic system1 (Waters, MA, USA). The column effluent was collected in 6 seconds fractions (GX271 fraction collector, Gilson AG,
Mettmenstetten, Switzerland). Metabolite structures were characterized by combining
UHPLC with mass spectrometry analysis (Xevo QtoF, accurate-mass quadrupole timeof-flight, Waters). All UHPLC instrumentation and operations were managed under
UNIFITM (Waters, version 1.8).
Fraction collection and analysis UHPLC fractions were collected in well plates containing solid scintillator (LumaPlate, 96 wells, PerkinElmer, WA, USA) for Group 1 and
1 The

system is equipped with a HSS T3 column (2.1 mm × 150 mm, 1.8 µm particles), protected with
a pre-column (2.1 mm × 5 mm) of the same stationary phase.
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pre-cleaned tin cups (PerkinElmer) for Group 2, respectively. With regard to the AMS
measurements, a solution of sodium benzoate was manually pipetted in the tin cups
and dried prior to the fraction collection. The amount of added carbon carrier was on
the order of 40 µg(C) and served both as dilution for fractions presenting high 14 C concentrations, as well as for quantification of fractions where no tracer 14 C is contained.
Total activities were quantified by cAMS, LLLSC or LSC. The appropriate technique
was chosen in accord to the required sensitivity and dynamic range. In the case of the
conventional study (Group 1), and for other complementary samples (e.g. for dose
formulation or cage wash quantification), the activities were measured by LSC (TopCount technology, Perkin Elmer). All low-level 14 C measurements (Group 2) were performed with the proto-MICADAS instrument at the Laboratory of Ion Beam Physics
(ETH Zurich).

2.2.2

Experimental procedure of the cAMS analysis

UHPLC fractions collected for the exemplars of Group 2 were shipped at ETH Zurich
for cAMS analysis. Measurements were performed over a period of 3 weeks. Most of
the samples were analysed with a counting time of 5 minutes and a total sample-tosample time of just under 8 minutes. In addition to ADME fractions, standard reference
(Oxa2) and blank (PhA) samples were regularly measured to ensure stable measurement conditions and to quantify the instrumental background. Solid acetanilide was
used for carbon mass calibration of the EA, as precise mass determination is necessary to determine the sample activity (see appendix A). The cAMS measurements were
run in daily batches of 80 to 140 samples, for a total of 1755 samples (1608 ADME,
74 blank/acetanilide and 73 standard samples) measured within just 15 consecutive
workdays (see Fig. 2.4).
The measurement settings for the MICADAS instrument were optimized at the beginning of each measurement day during routine tuning operations. Subsequently,
at least two standard and two blank samples were analysed for normalization of the
measured isotopic ratios and for background subtraction, respectively. In parallel, possible leftovers of carbon accumulated within the EA or the external trap of GIS were
eliminated with a series of combustions without sample.

2.3

Results and discussion

AMS data were evaluated with the data reduction software Bats (Wacker et al., 2010a).
The evaluation was performed by combining all the measurements referring to the
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F IGURE 2.4: Summary of the measurement performance over the 15 consecutive workdays of the campaign. 1608 biological samples generated in
the scope of the ADME study were analysed. Additionally, 73 standards
and 74 blanks were measured to ensure the quality of the results. Daily
bars are subdivided according to amount and sample type. The trend-line
gives the cumulative number of analysed biomedical samples.

same chromatographic profile, which was analysed in general over several days. Sample activities are calculated from the measured isotopic ratios 14 C/12 C and 13 C/12 C
after normalization of the standard values. Contrary to the conventional decay counting methods, cAMS is a destructive method. Thus, a repetition of the analysis of an
individual sample is not possible.

2.3.1

Head to head comparison

Although a 40000-fold lower radioactivity was used in the micro-tracer branch of the
study (Group 2) than in the conventional one (Group 1), similar results were obtained
from cAMS (Group 2) and LSC (Group 1) quantification. This demonstrates the potential of the cAMS technology for ADME studies. The metabolite profiles reconstructed from the analysed fractions are presented in Fig. 2.5 and Fig. 2.6, for Group 1
and Group 2, respectively. Overall, some small differences were observed in the plasma,
urine and feces metabolite profiles between the two groups. Possible explanations for
the discrepancies are addressed in the following.
Certain peaks such as P 12.8 (Fig. 2.6a) or P 3.7 (Fig. 2.6d) were clearly identified as
artefacts. In the current analytical setup, the UHPLC effluent was collected in fractions
of 6 seconds. Knowing that a chromatographic peak is distributed in average over
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15 seconds for an UHPLC system, radioactivity should be observed in at least two consecutive fractions. However, in the case of P 12.8 and P 3.7 a 14 C/12 C ratio higher than
the background was observed in only one fraction. Consequently, these peaks were
considered as artefacts coming from an external contamination after the fraction collection. The peak at 24.8 minutes was only detected in the Group 2 analysis (Fig. 2.6d).
Its shape is not well resolved or symmetrical, despite the fact that at this retention time
the chromatographic eluate is expected to be nearly 100 % organic, resulting usually in
a peak shape that is sharp and symmetrical. Hence, P 24.8 could be a component released from an earlier injection and may be a chromatographic artefact as well. Other
peaks such as P 8.1 and P 8.4 (Fig. 2.5d and Fig. 2.6d) were more pronounced in the
cAMS analysis, but were also identified by conventional mass spectrometry and ascribed to metabolites. The small differences between the groups could be explained
here by the general variation of metabolism between two animal groups (Baille et al.,
2011). Alternatively, it is possible that some differences are due to minor sample contamination, as sample preparation and metabolite profiling were performed in a facility where radioactivity is routinely handled.

2.3.2

Dynamic range of the cAMS technology

In the current evaluation study, the lower limit of quantification (LLOQ) of the cAMS
approach is predominantly limited by the sample preparation, rather than by the sample combustion or the AMS analysis itself. During this process, partial contamination can be introduced from higher activity sources (e.g. throughout the sample pools
generation, centrifugation, drying, handling with tweezers, etc.), resulting finally in
the variability of the background of the metabolite profiles. The background level
of the collected chromatographic fractions was always above the natural abundance
(> 1 F14 C), independently of the considered biomatrix or sampling time. In the case
of the profiles derived from pools sampled long after the dose administration, e.g.
plasma after 24 h or the cumulative collection of urine and feces over 48 h post-dose, a
lower background could be identified for fractions collected at higher retention times,
when almost all of the biological matrix is already eluted. For such final fractions, a
background around 0.3 F14 C was identified.
The measured sample background does not correspond however to the effective
background of the EA and MICADAS instruments, which is for routine gas measurements at least on a order of magnitude lower (below 0.01 F14 C). To monitor this value,
blank material samples (PhA) were analysed at several times during each measurement day throughout the three weeks of the evaluation study. These samples were
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( A ) Metabolite profile in plasma pool at 0.25 hours post-dose.

( B ) Metabolite profile in plasma pool at 8 hours post-dose.

( C ) Metabolite profile in urine pool across 0-48 hours post-dose.

( D ) Metabolite profile in feces pool across 0-48 post-dose.

F IGURE 2.5: Metabolite profiles determined in plasma, urine and feces
pools using conventional TopCount technology after a single oral dose on
rats of the Group 1. Source: Lozac’h et al., 2018.

2.3. Results and discussion

( A ) Metabolite profile in plasma pool at 0.25 hours post-dose.

( B ) Metabolite profile in plasma pool at 8 hours post-dose.

( C ) Metabolite profile in urine pool across 0-48 hours post-dose.

( D ) Metabolite profile in feces pool across 0-48 hours post-dose.

F IGURE 2.6: Metabolite profiles determined in plasma, urine and feces
pools by cAMS analysis after a single oral dose on rats of the Group 2.
Source: Lozac’h et al., 2018.
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not processed along with the other samples at Novartis Pharma AG, but were prepared through pipetting of aliquots containing around 200 µg of carbon directly at ETH
Zurich. Hence, the PhA samples were not exposed to tracer material or handled trough
the same equipments as the ADME samples during their preparation. Nevertheless,
the pipetting and drying process, as well as the storage of the blank samples may
have introduced some contamination. Fig. 2.7 summarizes the measured values of the
PhA samples. A significant variation of the blank level can be observed, depending
strongly on the contamination introduced in the system by cross-talk and memory effects due to the analysis of the 14 C-enriched biological samples. The cross-talk between
consecutive samples was determined for PhA samples measured across the fractions
of the metabolite profiles and is of the order of 1% with respect to the activity of the
previously analysed sample. This effect does not impact however the analysis of chromatograms, since the cross-talk is usually masked by the broadness of the peaks associated to a specific metabolite, which are usually extended over two or more fractions.
The upper limit of quantification (ULOQ) of the cAMS methodology is given essentially by the highest 14 C/12 C isotopic ratio that can be measured with the AMS
instrument (i.e. the highest count rate). To avoid a severe contamination of the instrument, a maximal activity on the order of 1000 F14 C is imposed for the cAMS analysis
of biomedical samples. However, for practical reasons and to avoid a long term memory on the system, a maximal ratio around 100 F14 C is suggested. Addition of diluting
carbon could increase the ULOQ, allowing the analysis of samples at higher 14 C concentrations. In order to avoid any influence on the sample preparation, the diluting
amount of carbon should be introduced just before drying the collected aliquots or
even through a separate tin capsule added during the combustion with EA. This strategy may be suitable to prepare and analyse samples labeled with a known amount of
radioactivity. On the contrary, it is more complicated for the dilution of LC-fractions,
because the radioactivity profile associated to the metabolites is not known a priori.
In summary, the AMS instrument would allow measurements over a dynamic range
spanning 4 or more orders of magnitude. However, the sensitivity of the cAMS approach is significantly limited by the background of the analysed samples, which is
well above the detection limit of the AMS technology itself. The prevention of contamination is therefore crucial, especially for metabolite profiling where eluate fractions
need to be collected and dried. As a general rule, it is recommended that micro-tracer
studies should be only carried out in facilities where no or only ultra-low levels of radioactivity have been used, as suggested by Young et al., 2001. Additionally, specific
measures should be taken to prevent or minimize any external or cross-contamination,
for example blank injections before the preparative UHPLC run and specific protection
while drying the fractions.

2.3. Results and discussion
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F IGURE 2.7: Evolution of the instrument background determined using
blank material samples (PhA) measured over the three weeks of the evaluation study. Blank samples were measured several times per day to monitor the level of contamination. Data show that blank values on the order
of 0.01 F14 C can be quantified with the cAMS approach. However, the
contamination introduced by the high activity biomedical samples of the
ADME study leads to overall increased blank values. The associated crosstalk is in the order of 1%.

2.3.3

Measurement stability

Standard reference samples were analysed to monitor the stability of the measurement
conditions and to identify eventual drifts both within as well as between the measurement days. Besides the standard samples (Oxa2) analysed with cAMS throughout the
campaign, measurements were taken also with a reference gas mixture (Oxa2, 5% CO2
in helium) coming directly from a gas bottle. This allows to eventually identify deviations arising from the AMS instrument itself from those due to the EA-GIS-AMS
coupling, since standards are normalized with the nominal value of oxalic acid 2, that
corresponds to 1.3407 F14 C (Stuiver, 1983).
A summary of the data collected over the three weeks of the campaign is given in
Fig. 2.8. No significant change was observed over the 3 weeks of the campaign, which
is a positive indication of stability. Most of the samples have a scatter around the mean
value which is lower than 1%, with a relative standard deviation across the replicates
of 1.4%. If the statistical uncertainty is taken into account, most of the samples are
characterized by less than 1σ deviation from the average.
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F IGURE 2.8: Evolution of the standard values (Oxa2) measured over the
three weeks of the measurement campaign. In general, most of the samples have less than 1% scatter around the mean value of 1.338 F14 C. The
series numbers from S 1000 to S 6000 refer to the different chromatographic
profiles, which were evaluated separately.

2.4

Summary

The cAMS approach has been successfully validated for 14 C quantification in metabolite profiles generated with UHPLC from pools of different biomatrices (i.e. plasma,
urine and feces). The linear dynamic range of cAMS quantification overlaps with that
of LLLSC, such that these technologies can be used complementary to cover the required wide dynamic range of radioactivity in an ADME study, as previously outlined
by Swart et al., 2016. The head to head comparison between the micro-tracer approach,
based on cAMS, and the decay counting approach, using conventional radioactivity
amounts, produced similar results from the two dosing groups. The minor difference
observed on the quantification of the total radiolabeled components could be explained
by a slightly different metabolism between the two groups of rodents or a low-level
contamination, which could be identified only at the very-low concentrations of the
late time points. Hence, sample preparation and prevention of 14 C contamination hold
the key to exploit the full capabilities of the cAMS method. The determination of the
rates and routes of excretion (mass balance) as well as the identification and quantification of drug-related components in plasma and excreta were successful. The results of
the ADME studies proved to be comparable although in Group 2 (micro-tracer) a 40000fold lower radioactivity was dosed. In this study, the radioactive dose was chosen to
test the limits of the cAMS technology, especially for metabolite profiling at later time
points. In regular studies, an approximately 100-fold higher radioactivity would be
dosed, which will likely increase the signal to noise ratio of the measurements, leading
to improved overall study outcomes.
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The performed evaluation study successfully proves that cAMS could be employed
to routinely assess the ADME properties of a drug in animals and humans. This technology offers significant advantages over the standard human ADME approach, which
could have a major impact on the costs and timelines while planning a human ADME
study. More importantly, it would also allow to embed the human ADME in a Phase
I setting. As the amount of total administered labeling dose is sufficiently low to be
considered non-radioactive, the study could be conducted in any clinical Phase I center that is able to collect blood and excreta accurately for at least 7 days. One of the
main added values of the new proposed concept would be that in micro-tracer studies
patients or healthy volunteers are not exposed to higher amounts of radioactivity, as it
is currently the case in conventional human ADME studies.
In conclusion, we believe that modern miniaturized combustion AMS technology
has the potential to make a substantial impact on the overall drug development. In
order to be more competitive and accessible for external users, the cAMS methodology requires however further technical improvements, which will be described in the
next chapters of this work. The development of a new gas handling system as well as
of a compact Low Energy Ams (LEA) instrument will be addressed in chapter 3 and
chapter 4, respectively.
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Chapter 3

Towards a novel approach for high
throughput AMS gas analysis
The performance achieved during the validation study described in chapter 2 demonstrated the potential and eligibility of the cAMS approach in relation to metabolism
studies. Nevertheless, a big effort in terms of measurement time as well as manpower was required to obtain these results. Two major points were identified, that
would make the AMS technology more appealing for such pharmaceutical projects:
the achievement of a higher sample throughput, to speed up the analysis routine, and
the improvement of the automation level, to reduce the inputs required from the operator. Therefore, the experimental setup and the analytical methods were re-thought, to
develop a novel measurement procedure addressing specifically the peculiar requirements of biomedical studies.

3.1

Double Trap Interface

The previously used gas handling systems were based on sequential measurement
routines that require a high overall measurement time of at least 8 minutes per sample. Additionally, these sequential routines are prone to the cross-contamination introduced during the gas feeding process and, thus, require extensive and time consuming
cleaning procedures. This slows down significantly the measurement procedure.
These instruments were conceived for long measurement times to acquire the necessary counting statistics for precision radiocarbon dating. However, biomedical studies are not expected to fulfil the same high precision requirements and, thus, a simpler
gas handling system was envisioned. Aiming rather at a high sample throughput, a
novel instrument dubbed Double Trap Interface (DTI) was designed.
The work presented in this chapter was submitted in parts to the Journal Drug Metabolism and
Pharmacokinetics for publication Double Trap Interface: A novel gas interface for high throughput analysis
of biomedical samples by AMS, De Maria D., Fahrni S., Lozac’h F., Marvalin C., Walles M., Camenisch G.,
Wacker L., Synal H.-A.
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F IGURE 3.1: Schematic representation of the experimental setup optimized for high throughput cAMS analysis. The Double Trap Interface
(DTI) couples an EA with the hybrid ion source of a MICADAS instrument. The CO2 released from the sample combustion is subsequently collected within one of the two external traps featured by DTI with a zeolite
molecular sieve. The gas interface controls the thermal desorption of CO2
and its mass flow directly into the AMS instrument.

3.1.1

A new coupling instrument for EA-AMS

The DTI is intended as an alternative to the conventional gas handling system GIS
(Wacker et al., 2013), that is dedicated to applications requiring fast measurements as
well as the analysis of samples with an enhanced 14 C content. Analogously to the GIS,
the DTI is foreseen to couple an Elemental Anlyzer (EA) to the hybrid gas ion source
of a MICADAS instrument (Ruff et al., 2010a). Fig.3.1 gives an overview of the novel
experimental setup and of the performed tasks.
The EA is used as combustion unit and is responsible for the separation of the gases
as well as the quantification of the carbon content of each sample. The CO2 stemming
from the sample combustion is collected with the DTI, which is equipped with two
external traps that contain a zeolite molecular sieve. While one trap is loaded, the gas
interface controls the thermal desorption of CO2 and its mass flow into the hybrid ion
source of a MICADAS instrument. Finally, AMS analysis provides the quantification
of the isotopic ratios 13 C/12 C and 14 C/12 C, from which the sample activity can be
determined.

3.1. Double Trap Interface

3.1.2
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Design of the Double Trap Interface

The developed prototype of DTI follows the principle design idea of the instrument
GIS (Wacker et al., 2013). Aiming for a minimal design, the novel instrument features
only the EA-AMS coupling function, i.e. no cracker or carbonate systems are available. The DTI is characterized by two fundamental principles that revolutionize the
approach to the measurements:
1. The direct injection of the sample material from the external traps into the ion
source, without an intermediate storage in the syringe. Its time-consuming cleaning procedure can be consequently skipped, allowing for a more streamlined
work-flow.
2. The alternating operation based on two external traps working in parallel, that
allows to decouple the combustion and the measurement procedures. This alternating mode provides a continuous and fast routine.
Fig. 3.2 displays a schematic representation of the compact design of DTI. This is
optimized for minimal dead volume of all system components, such as tubing, valves
and absorption traps. The traps have an inner volume of about 0.5 mL and are filled
with only 10 mg of zeolite (X13, Sigma Aldrich Corporation, St. Louis, USA). A more
detailed representation of the two modes of the system, i.e. to load the trap (loading
phase) and to measure the sample material (measurement phase), is to be found in Fig. 3.3.
A two-way 10 port valve (V0, Fig. 3.2 and Fig. 3.3, VICI, Houston, USA) enables to
switch between the two phases. The configuration of the gas lines is presented in
Fig. 3.3a for measurements with trap 1 and in Fig. 3.3b for measurements with trap 2,
respectively. An additional two-way valve (V-EA, Fig. 3.2 and Fig. 3.3, VICI, Houston,
USA) has been introduced in the transfer line between EA and DTI. The valve allows
only the CO2 to reach the trap, while purges the other gases coming from the EA into
the atmosphere.
Helium (Purity/Grade 4.6, 99.996%, PanGas AG, Switzerland) is used as carrier as
well as cleaning gas. A mixture containing 5% of 14 C-depleted CO2 in helium (Messer
AG, Lenzburg, Switzerland) is used as an additional flushing and cleaning gas. The
system is evacuated through a single vacuum line, which is located downstream of the
traps after a flow regulating valve (V-Trap, Fig. 3.2 and Fig. 3.3). The use of a scroll pump
allows to achieve a vacuum level on the order of few mbar. The pressure within the
system is monitored with a pressure transducer (Keller AG, Winterthur, Switzerland)
placed between traps and source capillary.
A heating coil is used to increase the temperature of the traps up to 400 ◦ C for
a controlled thermal desorption of the stored CO2 . By omitting the flow-regulating
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F IGURE 3.2: Schematic representation of the Double Trap Interface (DTI)
coupling an EA with the gas ion source of an AMS-system. V0 allows
to switch between the loading and the measurement phase, while V-EA
allows exclusively the CO2 peak coming from the EA to reach the traps.

syringe (Ruff et al., 2007), the released CO2 is introduced directly into the ion source
of the coupled AMS system. In the DTI, the gas flow into the AMS reduces the gas
pressure in the trap. This can be over-compensated by addition of He, with the aim
to have a fairly constant CO2 flux into the source. The gas flow is determined by
a system of pneumatic valves (VICI Valco, Houston, USA) and capillaries (stainless
steel, ID: 0.51 mm). Special capillaries treated with sulfinert coating technology (Restek,
Bellefonte, USA) are used for the inlets dedicated to the transmission of the sample
material, because of their inert substrate.

3.1.3

Measurement routine for cAMS

The DTI revolutionizes the measurement procedure fundamentally and makes cAMS
more competitive for pharmaceutical studies. The two traps design makes a quasiparallel operation possible, resulting in a continuous analysis routine. The time flow
diagram shown in Fig. 3.4 summarizes the timing of the processes running in parallel
on EA, trap 1 and trap 2, respectively. While one trap is loading the sample CO2 from
EA, the sample collected previously on the other trap is being measured. Each step of
the analysis, including measurement, cleaning procedure, changing and pre-sputtering

3.1. Double Trap Interface

( A ) System mode to measure with Trap 1 and to load CO2 on Trap 2.

( B ) System mode to measure with Trap 2 and to load CO2 on Trap 1.

F IGURE 3.3: Schematic representation of the two modes of the DTI system characterizing its dynamic approach to cAMS analyses. The valve
V0 (VICI Valco, two-way 10 port) allows an immediate and simple switch
between loading and measurement phase of the external traps.
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F IGURE 3.4: Coordination and timing of the three processes running in
parallel during the measurement routine defined for DTI. An analysis time
of less than 5 minutes per sample is achieved for high throughput measurements. All processes are fully automated and controlled by a dedicated LabVIEW software.

of the cathode (i.e. the bombardment with Cs ions to remove impurities before sample
injection) was optimized for a high sample throughput.
A dedicated program written with LabVIEW (National Instruments, Austin, USA)
was implemented for an automated on-line routine that requires minimal inputs from
the operator. Each task of the measurement routine is controlled by a single program
module, which is also responsible for the communication with the coupled EA and
AMS instruments, as well as for the management of the entries in the database of the
laboratory.
Sample combustion The timing of the combustion cycle is managed by the program,
which is responsible for the coordination between loading and measurement phase. The
start of the combustion process is timed such that the trap can be immediately switched
to the measurement phase after that the loading of the sample CO2 is completed. This
avoids that the loaded trap is exposed to the internal helium stream purging V-EA,
which could remobilize some deposited carbon traces, and therefore introduce some
contamination, or flush part of the stored sample material. Moreover, the delay of the
combustion cycle allows to optimize the cooling procedure, such that the trap can be
further cooled down while waiting for the incoming CO2 .

3.1. Double Trap Interface
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CO2 release and injection The CO2 stored on the traps is thermally released by heating up to 400 ◦ C. The heating process takes place while the cathode used for the analysis is changed and pre-sputtered. The process of direct injection from the traps is software regulated. The feeding pressure is controlled through the pressure transducer
placed between traps and source capillary (see Fig. 3.2). A detailed discussion of the
different feeding strategies is to be found in section 3.2.2.
AMS analysis Biomedical applications have relatively low precision requirements
compared to dating samples below the natural abundance. A precision of 5% would be
sufficient for most of the biomedical applications. Thus, the measurement of a biomedical sample can be performed with a counting time of just 2 minutes. This represents an
optimal balance between the competing analysis speed and statistical precision of the
measurement. By considering that biomedical samples have generally an elevated 14 C
content, during 2 minutes of measurements several thousands of counts are detected.
This leads easily to a precision of the order of 1% for samples at high concentrations
and around 2% for samples close to the natural abundance. Anyhow, the measurement duration can be changed by the user at any time during the analysis. Although
the primary purpose of the DTI interface is to provide a high sample throughput, the
possibility of performing longer measurements has been tested, too. The observed behaviour over time indicates that measurements up to 10 minutes are feasible. However,
the procedure to over-compensate the decrease of the feeding pressure with additional
helium has still to be optimized to ensure stable measurement conditions even at a late
analysis time, when the sample material becomes significantly less abundant.
Cleaning procedure Once the AMS measurement of a sample terminates, the cleaning procedure at DTI starts immediately with the evacuation of the remaining sample
material. The parameters determining the duration of each cleaning step are dynamic
variables and can be modified by the operator. The trap and the capillaries, including
the source capillary coupling the DTI to the AMS system, are first flushed with the
14 C-devoid CO mixture, which removes the 14 C-enriched CO more efficiently than
2
2
He only. Successively, the mixture is evacuated and the system is flushed with helium.
Finally, the trap is cooled down to 15 ◦ C, while the entire instrument is still purged
with helium. The system is now ready to collect the next sample from EA.
In summary, the streamlined approach leads to an overall analysis time of 4 minutes
and 50 seconds per sample, which corresponds to a sample throughput of 12 to 13
samples per hour.
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3.2

Optimization of the measurement procedures

Each step of the measurement routine was considered for improvements in order to
achieve an optimal timing and coordination of the different measurement tasks. In
particular, three key aspects were addressed: the development of fast analytical methods for the EA (section 3.2.1), the implementation of a dynamic routine to control the
feeding of the gas into the ion source (section 3.2.2), and an alternative approach for an
optimized use of the sputter cathodes (section 3.2.3).

3.2.1

Combustion methods for fast EA analysis

The combustion of a sample and the subsequent separation of the released gases was
recognized as an important limitation of the sample throughput (see e.g. the validation study presented in chapter 2). Under the conventional GIS operational procedure
(described in section 2.1.1), the average duration of a full combustion optimized for
biomedical analysis was of 8 minutes. This makes all the efforts to speeding up the
AMS analysis superfluous. Therefore, a new combustion routine was developed for
the EA (model Vario Micro Cube, 2006, Elementar, Germany).
The duration of a cycle was reduced by removing or shortening all the processes
that are not strictly necessary for a proper combustion and gas separation. The combustion happens with a short oxygen injection of just 10 seconds (instead of the previous 30 seconds) within the combustion tube heated up to 920 ◦ C. Subsequently, the
released gases flow through a water trap followed by the reduction tube at a temperature of 550 ◦ C. For a fast gas desorption, the standby temperature of the adsorption
column used for the chromatographic separation of the gases was set to 80 ◦ C (instead
of 50 ◦ C). To release the CO2 , the temperature is increased to 150 ◦ C (instead of 80 ◦ C).
As biomedical samples are not expected to contain water, the aforementioned water
trap is sufficient to remove eventual traces of water vapour. Thus, there is no need to
increase further the temperature of the column to remove it. With this procedure, the
nitrogen-peak appears as first after about 80 seconds, while the carbon-peak arrives
after about 140 seconds. The overall duration of the combustion cycle is now of only
3 minutes and 20 seconds. Fig. 3.5 shows an example of a combustion run performed
using an acetanilide (C8 H9 NO; Merck, Darmstadt, Germany) sample1 .
The developed method still allows for a proper separation of the gas peaks for samples with a C-content up to 1 mg and a N-content up to 0.1 mg, respectively. However,
aliquots generated from biological matrices can contain more sample material, which
leads to an enhanced N- (for example in the case of urine) or C-peak. For such cases, an
1 Because

of its known content of N (10%) and C (71%), acetanilide is used as reference material to
calibrate the EA for a correct quantification of the N- and C-content of the analysed sample.
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F IGURE 3.5: Example of a combustion cycle of an acetanilide sample. The
developed analytical method has a duration of just 3 min and 20 s and
allows a proper separation of the N- and C-peak for samples up to 1 mg
for C- and 0.1 mg for N-content. The quantification of the released gases
is determined from the integrated area of the TC detector unit, which is
calibrated using acetanilide samples as reference.

alternative and more robust method is provided, that retards the desorption of CO2 . In
addition, the standby temperature of the adsorption column is reduced to 60 ◦ C, to prevent an early release of CO2 overlapping with the N-peak. This method has a duration
that is of just 30 seconds longer.

3.2.2

Carbon dioxide injection

Optimal ion currents and stable measurement conditions for AMS gas analysis are
obtained with a constant carbon flow around 1.6 µg per minute (at Cs-reservoir temperatures of 175 ◦ C) into the ion source (Fahrni et al., 2013). In the case of GIS, these
conditions are achieved by introducing the syringe that drives the mass flow and, simultaneously, provides an ideal mix of 5% CO2 in helium. As anticipated, the DTI
follows a novel approach for feeding the gaseous sample into the AMS system instead,
which is based on direct injection and, thus, does not make use of a syringe.
Two different approaches, either for small and big samples, are provided to regulate
the carbon mass flow. The specification related to the sample size is based on the
amount of carbon quantified by the EA. The mass threshold is not fix and depends
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strongly on the tuning as well as the measurement conditions of the AMS system.
Generally, it is set between 80 µg and 200 µg of carbon, but can be adapted at any
time by the user during the analysis. The DTI software determines automatically from
the measured carbon content the procedure that is more suitable for the analysis of
the individual sample. Thanks to the achieved level of automation, this differentiated
approach allows for dynamic measurements in a range from few 10 µg up to 1 mg of
carbon.
1. Small samples: The CO2 released thermally from the zeolite enters the source capillary after opening the valve located downstream the traps (see Fig. 3.3, V-Trap).
The gaseous sample builds the pressure within the capillaries system. If the measured pressure is below a given value, helium is shortly injected into the system
to increase the gas pressure and as consequence its flow into the AMS. To keep
the feeding of carbon into the source almost constant over the analysis time, additional helium is shortly injected in the system if the pressure sinks below a set
threshold. This parameter is generally determined during the tuning operation
of the AMS instrument, but can be adjusted at any time by the user during the
measurement operations.
2. Big samples: The DTI does not allow to reduce the sample size in an intermediate
step between trap and ion source. This means that all the carbon stored within the
zeolite is subsequently released into the AMS system. Therefore, the mass flow
has to be reduced, to avoid a saturation of CO2 within the ion source that would
lead to a collapse of the currents (Fahrni et al., 2013). To this end, the gaseous
sample is injected only for a limited time (normally for 20 seconds) into the ion
source, without the addition of helium. The flow is subsequently interrupted by
closing the valve located after the traps (V-Trap). If the pressure in the system falls
below a given threshold, the sample material is introduced into the ion source
with a short reopening of the aforementioned valve.

3.2.3

Optimized use of sputter cathodes

Conventional AMS gas analysis aiming at high accuracy requires the use of a different
gas cathode for each sample, in order to avoid memory effects. If the minimized measurement time for biomedical analysis is considered, this would imply that a magazine
holding the maximal number of 38 cathodes has to be changed approximately every
3 hours. However, in studies where fractions of chromatographic profiles are analysed,
the proportion of true valuable samples to background samples that do not carry any
significant information is comparably low. This was clearly observed also in the case of
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the profiles measured in the scope of the validation study presented in chapter 2. For
such cases, the analysis of multiple samples on the same cathode is explored in order to
extend the durability of a magazine, reduce the user inputs and save costs. To this end,
the software provides several options and criteria for an optimized management of the
cathodes, which are briefly presented in the following paragraphs. Fig. 3.6 summarizes
the criteria for reusing a cathode. These are displayed in relation with an exemplary
current profile for a better visualization of the decision process and its timing. Thanks
to the automation provided by the software, unattended measurement sequences of
about 8 hours are possible, with in theory up to 100 analyses per magazine.
A priori decision The basic option, that sets a fix number of analyses per cathode
independently of its level of degradation and relevance of the sample. The risk of
a clogged cathode, leading to a collapse of the current during the measurement and
consequently to the loss of the sample, suggests a maximum of four analyses per cathode. The option of measuring several samples on a single cathode allows to reduce the
analysis time to around 4 minutes and 30 seconds per sample, depending on the time
required by the pre-sputtering.
A posteriori decision In addition to the first option, the activity of the samples is
taken into account, too. To avoid a cross-contamination between consecutive samples
due to the use of the same cathode, this option allows to check its status after each measurement. The program checks in the database the 14 C/12 C isotopic ratio measured for
the last sample. If this value overcomes a given threshold, which is set per default to
2 F14 C, the next sample will be analysed on a new cathode. This is particularly important for the analysis of chromatographic profiles, where the information of interest is
carried by the fractions that contain labeled sample material.
Dynamic decision The option keeps the a posteriori decision, but provides a more dynamic approach. This is based on a continuous evaluation of the cathode’s conditions
and has not a fix limit for the number of analyses per cathode. The decision to change
it is taken by defining two additional criteria, which are based on the 12 C+ current
measured at two precise moments of the measurement procedure:
1. If the 12 C current (HE-side) measured during the pre-sputtering does not descend
below 1 µA;
2. If the 12 C current (HE-side) measured after releasing the CO2 into the ion source
does not exceed 2 µA. In this case, the gas flow is immediately interrupted. Subsequently, the system proceeds automatically to the change of the cathode and
continues the analysis of the sample on the new one.
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F IGURE 3.6: Summary of the options provided by the software to determine the level of degradation of the cathode. The checkpoints are displayed in relation with a current profile acquired during a conventional
measurement. Decision criteria 1) and 2) are based on a threshold for the
current measured during the pre-sputtering and short after releasing the
gas into the ion source, respectively. Point 3) refers to the significance
of the sample and to the possibility of interrupting the analysis of background samples. Finally, at point 4) the sample activity is checked at the
end of the measurement.

However, this option is rarely used, because no significant advantage was observed
by testing it. On average, the cathodes were anyway changed after a maximum of
four measurements. More than five analyses per cathode were never achieved. On the
contrary, the interruption of the measurement after the initial CO2 release increases the
risk of losing the sample and of introducing some contamination on the trap, while
waiting for the change of the cathode. Moreover, the analysis routine is significantly
delayed. The advantage of the previous options of ensuring a smooth routine reflects
finally on an better throughput.
Recognition of background samples A complementary feature for an even more
streamlined measurement routine was implemented in addition to the aforementioned
options. The software allows to recognize, short after the beginning of the AMSmeasurement, if the analysed sample can be identified as a background sample. The
decisive criterion is given by a threshold for the measured 14 C/12 C isotopic ratio. If
it lies below the set value, the sample is regarded as background, and the analysis is
aborted to speed up the routine and preserve the cathode.
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Cross-talk and memory effect

AMS systems are typically employed for studies of samples with natural 14 C/12 C isotopic ratios ranging from 10−12 down to 10−15 . For comparison, the 14 C concentrations
of conventional samples generated in biomedical studies typically range from 10−12 up
to 5 · 10−8 . To make the best use of AMS sensitivity and to minimize the radiation burden in clinical studies, the activities of the AMS samples should have 14 C/12 C ratios
ranging between 10−13 and 10−9 . The aim is to enable measurements over a dynamic
range of four orders of magnitude. While in principle samples with even higher labeling can be measured by AMS, the nature of contamination with traces of 14 C within a
lab and the sample handling equipment turned out to be the limit for the achievable
dynamic range under the present conditions applied in sample preparation and treatment. Besides the challenges of contamination in dilution series, the fraction collection
through liquid chromatography instruments may further increase the risk of contamination of one sample with the tracer from another one. Additionally, the analysis by
cAMS is a destructive process. Samples cannot be kept and measured in closed vials,
but have to be treated at least partially through the same equipment. Thus, the quantification of the system background and of the cross-talk between samples as well as
the minimization of long-term memory effects are crucial to ensure accurate results.
As suggested at the end of the evaluation study presented in chapter 2, a reduction of
the overall contamination is expected by moving the sample preparation and handling
procedures into a space, where samples do not enter in contact with tracer material
from studies using elevated radioactive doses of 14 C. On the other hand, technical improvements have to be implemented for the cAMS setup to reduce the memory of the
analytical instrumentation itself.

3.3.1

Cross-talk and background

Experimental procedure The cross-talk associated with the EA-DTI was studied by
observing the contamination on samples batches containing a standard at natural abundance (Oxa2, nominal activity 1.3407 F14 C, Stuiver, 1983) followed by three blank material samples (PhA). Different amounts of both compounds, covering a broad size range
from 50 µg to 400 µg of carbon, were weighed and wrapped in tin boats (Elementar,
Langenselbold, Germany) and analysed with the EA-DTI approach.
By developing the first prototype of DTI, the external traps were continuously exposed to the internal gas flow from the EA (helium, pressure around 1400 mbar) while
the system was switched in the loading configuration. Thus, traces of previous samples remobilized by the helium stream could get into the trap and could be eventually
absorbed within the zeolite molecular sieve. To reduce this specific kind of cross-talk,
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F IGURE 3.7: Summary of the blank values measured in the scope of the
studies for cross-talk and system background quantification. The different sets of blank samples analysed after a standard at natural abundance
are subdivided by vertical lines. Besides samples showing clearly an increased isotopic ratio due to the cross-talk (e.g. 1, 2, 4), the EA-DTI approach allowed to measure blank values down to 0.005 F14 C.

an additional two-way valve was introduced in the setup (V-EA, Fig. 3.2 and Fig. 3.3).
This valve allows the mechanical selection of the CO2 peak and avoids a long exposure
of the trap to the helium stream of the EA. Additionally, an eventual nitrogen peak does
not transit any more through the trap and is directly purged into the atmosphere.
In a second phase of tests, the impact of reused cathodes on the cross-talk was
investigated, especially in the case of a blank measured directly on the same cathode
as a previously analysed standard. The performance of multiple analyses on a single
cathode was compared with the results obtained for the approach based on individual
analyses.
Results The isotopic ratios measured for the blank samples during the cross-talk
studies are summarized in Fig. 3.7. Data are displayed following the order in which
the samples were analysed. The sets of blanks measured after a standard at natural
abundance are subdivided by vertical lines, which delimit the different tests. The first
blanks analysed after a standard are generally characterized by an increased 14 C content due to the cross-contamination. Otherwise, blank values are distributed in a range
from 0.01 F14 C down to 0.005 F14 C. This demonstrates that blank values around and
even below 0.01 F14 C can be achieved with the DTI approach. Thus, the background of
the novel interface is comparable with that of GIS, which is characterized by blank gas
values below 0.01 F14 C for the analysis method based on sample combustion with EA.
The background of the DTI instrument is not only suitable for biomedical applications,
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F IGURE 3.8: Evolution of the cross-contamination observed on three
blanks (PhA) that are measured after a standard sample at natural abundance (Oxa2). After optimization of the setup, the cross-talk between two
consecutive samples can be confined to a level below 1%.

but also for applications in the environmental research of the global carbon cycle, for
instance in studies that assess the proportion of biological to fossil carbon within the
environment.
The blank values presented in Fig. 3.7 have been subsequently used to quantify the
cross-talk between samples. The level of contamination is expressed in terms of percent
with respect to the activity of the standard sample that was analysed just before the set
of three blanks. Results are summarized in Fig. 3.8 and show a comparison of the crosstalk introduced in the system configuration with and without carbon peak selection, as
well as for single and multiple analysis per cathode. Here, the results are displayed by
grouping the data according to the position at which the blank sample was analysed
after the standard. Each test was repeated at least twice.
Significantly lower contamination was observed after the introduction of the additional purge valve (V-EA). The improvement is particularly apparent on the first blank
following the standard sample: the cross-talk is reduced from a value between 2% and
3% in the configuration where the trap is exposed to the continuous gas stream of EA,
to a value below 1%, if only the CO2 peak is selected. The introduced contamination
was also reduced by postponing the beginning of the combustion cycle, such that the
trap can be immediately switched to the measurement mode, as soon as it finishes to
load the CO2 . Promising results were obtained by investigating the cross-talk introduced for measurements on degraded cathodes, too. The evolution of the contamination is very similar for the sets of blanks measured individually on a single cathode
(single analysis) as well as for those analysed on a reused one (multiple analysis). In
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F IGURE 3.9: Evolution of the system background at the end of a measurement day during which biological labeled samples were analysed in the
order of increasing activity. The recovery of the system is quantified using a set of blank material samples (PhA). The cross-talk after a highly
enriched sample with a measured activity above 1000 F14 C is still in the
order of 1%.

particular, the cross-talk is below 1% even in the case of a blank being measured on the
same cathode as a standard sample (see Fig. 3.8, 1st blank, multiple analysis).

3.3.2

Memory effect

Besides the direct sample to sample contamination, the influence on the instrumental background of the prolonged analysis of 14 C enriched samples with activities well
above the natural abundance was studied, too. This is particularly important for
biomedical ADME studies, where fractions of chromatographic profiles are analysed.
These are characterized by isolated peaks with increased activities that are followed by
background samples. Thus, the contamination due to a single radioactivity peak must
be rapidly eliminated, to ensure the necessary sensitivity to resolve the successive fine
structures of the profile, if present.
Experimental procedure In a first study evaluating the EA-DTI approach2 , labeled
biomedical samples were measured in the order of increasing activity. At the end of
each measurement day, the memory of the system was quantified in a separated experiment. A set of blank samples (PhA) was used to investigate the recovery of the system
after that several samples with elevated activity were analysed.
2 The

study will be discussed in more details in chapter 5, section 5.1.
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Results The example displayed in Fig. 3.9 shows the evolution of blank values after
the measurement of spiked blood and urine samples with activities up to 1000 F14 C.
Despite the very high value of the previously analysed samples, the level of contamination is on the order of 1% on the first blank and below 0, 2% after the fifth one.
However, considering that the measured activity is still on the order of 2 F14 C after six
blanks, additional improvements are aimed to further reduce the contamination and
to allow a faster recovery of the system background. Furthermore, the carbon content
of the combusted samples has also a significant impact on the memory of the system.
For instance, labeled samples with an elevated sample size enhance the contamination
within the instrumentation. On the other hand, blank samples with an elevated carbon
content provide a better dilution of 14 C and, consequently, a more efficient removal of
eventual traces of the previously analysed samples. In general, it was noticed that the
use of blank samples with a carbon content above 300 µg helps speeding up the recovery process. In any case, a proper background could be re-established after these tests,
as we will see in chapter 5, where the studies performed with the EA-DTI approach are
discussed in more details.

3.3.3

Long-term contamination

Sources of additional long-term contamination within the system were investigated as
an increase of the number of 14 C counts per measurement cycle was observed in case of
prolonged counting times. This behaviour is only recognizable if blanks are measured
longer than the conventional 2 minutes and arises generally after a counting time of
3 minutes. Thus, it cannot be identified during the fast measurement procedure for
biomedical samples. The phenomenon is particularly pronounced after the analysis of
high activity samples.
Experimental procedure To determine the source of this contamination, the contribution of the zeolite traps was separately investigated. A set of blanks (PhA) was
measured after a standard at natural abundance (Oxa2) using only a single trap. Subsequently, a stainless-steel capillary (ID: 0.51 mm) was introduced to bypass the trap
and investigate the system by excluding completely its contribution.
Results The behaviour of measurements performed exclusively on a single trap is
comparable with the results obtained with the routine based on the alternation of traps.
This indicates that the contamination is not introduced predominantly by the traps. In
support of this thesis, the increase of the 14 C counts was observed even if the trap was
completely bypassed. This suggests that the effect arises in the gas lines preceding the
traps (see DTI’s schema in Fig. 3.3). The causes are to be found in the configuration
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of the capillaries in combination with the suboptimal flushing of this section of the
instrument. While heating up the traps, part of the sample material diffuses back in
the lines delivering the flushing and cleaning gases (He and fossil CO2 ), where it mixes
with them. Traces of previously analysed samples may then play a significant role only
in a later phase, as the sample material abundance decreases. To reduce this effect, a
proper cleaning and evacuation of the capillaries located behind the traps is required,
and will be object of further improvements of the DTI design.

3.4

Summary

A novel gas handling system (DTI) coupling an EA to the hybrid ion source of a
MICADAS instrument was designed for automated on-line cAMS analysis. The development of the interface was accompanied by a thorough revision of each step of
the measurement procedures. A head to head comparison between the performance
achieved with the DTI and the conventional GIS instrument is given in Table 3.1. The
analysis of a sample requires now less than 5 minutes, which corresponds to a throughput of 12 to 13 samples per hour. The possibility of performing multiple analyses on
a single cathode was successfully implemented. This allows to speed up further the
measurement routine and to reduce the manual inputs required from the operator. As
a result, up to 4 samples can be now measured on a single cathode, for potentially up
to 100 analyses per magazine.
The cross-talk between consecutive samples is generally in the order of 1%. This
value is independent of the activity of the previously analysed sample and was obtained after a standard at natural abundance as well as after a highly 14 C-enriched
sample. The fact that two consecutive samples are always measured on a different
trap indicates that the cross-talk is generated more by the addition of small contributions of the whole system, including the combustion unit, rather than being an intrinsic
consequence of the gas absorption process within the zeolite traps. A source of longterm contamination was identified in the actual design of the capillaries preceding the
traps, which hinder a fast recovery of the instrument background. This issue will be
addressed by an improved model of DTI featuring a better evacuation of the whole
system. Aiming for applications that require more precise results, an advanced mass
flow regulation system is under study, to ensure more stable conditions over a longer
measurement time.
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Comparison of cAMS methods
GIS

DTI

∼ 8 min

4 min 30 s - 5 min

Throughput

7 samples / h

12-13 samples / h

Time for 100 samples

∼ 13 h 20 min

∼ 8h

Samples per workday (9h)

67

110

Samples per cathode

1

up to 4

Samples per magazine

38

up to 100

Analysis time

TABLE 3.1: Head to head comparison between the performance of cAMS
analysis with GIS and DTI. The measurement procedures were significantly improved and allow now a fast and reliable method for high
throughput on-line analysis.
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Chapter 4

The next generation of compact AMS
systems for radiocarbon analysis
4.1

LEA: a new system for low energy radiocarbon AMS

The research at the Laboratory of Ion Beam Physics (ETH Zurich) has been always
oriented towards the development of more accessible and compact AMS instruments.
The efforts in the investigation of the low energy frontier of AMS resulted in the development of the myCADAS (Seiler et al., 2015). A minimal design was achieved by
skipping the acceleration stage at the stripping canal, demonstrating the feasibility of
the detection of radiocarbon at natural levels by a pure mass spectrometric approach.
Similarly to the MICADAS system, molecular interferences were suppressed through
multiple collisions with a target gas (helium). The crucial difference was that the energy gained by the ions was defined exclusively by the extraction energy within the
ion source. A background level of more than 40000 years was achieved. However, the
system was affected by significant beam losses due to angular straggling, resulting in
transmissions around 40%. Consequently, the instrument was not able to provide the
necessary stability of the measurement conditions for radiocarbon dating purposes.
The design of the novel Low Energy Ams system (henceforth referred as LEA)
takes a step back and reintroduces the acceleration unit. Aiming to an improved performance, the terminal voltage is chosen in the range between 50 kV and 65 kV, corresponding to an energy between 80 keV and 100 keV at the molecular suppression
stage. Simulations of the ion beam scattering in a stripper gas (Maxeiner et al., 2015b)
and preliminary tests performed to investigate electron loss and capture cross sections
(Maxeiner et al., 2015a) suggest an optical transmission of more than 70% in this energy range. This should make the system suitable for stable measurement conditions
as required for radiocarbon dating applications. A first prototype of the instrument
was developed at ETH Zurich and built in collaboration with Ionplus AG (Dietikon,
Switzerland). In this chapter, the design of the instrument as well as the tests and the
optimization of the system performance are presented.
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4.1.1

Radiocarbon AMS at 100 keV

The suppression of the 13 CH and 12 CH2 molecular interferences in the 1+ charge state
through collisions with a stripper gas was a breakthrough for the development of compact AMS systems. A significant contribution to the miniaturization process was given
by the observation of an increasing yield for the 1+ charge state towards low energies
(Schultze-König et al., 2011; Maxeiner et al., 2015a). Of particular interest for carbon
ions stripped in helium is the energy range around 100 keV, for which Hvelplund et
al., 1972 reported a 1+ charge state fraction Fq=1+ of 60%. The efficiency of AMS measurements in the 1+ state was extensively investigated both with myCADAS and MICADAS systems at stripping energies below 300 keV (Maxeiner et al., 2015a). Results
are summarized in Fig. 4.1a and confirm the increasing yield towards lower stripping
energies reported for early experiments by Wittkower et al., 1973. In combination with
the observation that cross sections for the dissociation of molecules in helium are constant over the energy range between 80 and 150 keV (Schultze-König et al., 2011), this
is very advantageous for designing compact instruments at stripping energies around
100 keV. The increase of the 1+ state was explained by Maxeiner et al., 2015a due to
the relatively stable electron loss cross section of the neutral charge state (σ0→1+ ) together with the decreasing electron capture cross section of the 1+ charge state (σ1+ →0 )
towards lower stripping energies.
A key property to evaluate the performance of an AMS system is the ion optical
beam transmission, which is given by the ratio between the measured transmission of
the instrument and the yield. Transmissions measured for both the myCADAS and
MICADAS systems (Seiler, 2014; Maxeiner, 2016) are displayed in Fig. 4.1b, together
with the corresponding ion optical transmissions. Especially for low energy AMS in
the sub MeV region, the stripping process affects significantly the overall transmission
of the system. First, due to the low terminal voltage, the phase space volume of the
ions entering the stripper tube is significantly less compressed compared to AMS systems operating at 200 kV or higher. This may cause ion losses already at the stripper
entrance. Second, the scattering of the ion beam with the gas particles of the stripper increases the phase space of the injected beam. This enhances the beam losses
attributed to an angular straggling of the ions. With increasing areal stripper gas density, multiple scattering events lead to a larger divergence of the outgoing beam. Thus,
at the stripper density required for sufficient molecules destruction, additional losses
are caused by the finite outgoing acceptance angle of the stripper canal tube (Maxeiner
et al., 2015a). Nevertheless, the increase in beam losses at low energies is compensated
partially by the gain in the charge state yield.
Besides of being the main contribution to the losses in transmission, the scattering
of ions with the walls of the stripper tube or their interaction with residual stripper gas
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particles can be a possible source for erroneous 14 C detection, too. Indeed, fragments
of molecules as 13 C+ could get enough energy to be deflected on the trajectory of 14 C
ions (Maxeiner et al., 2015b). Aiming at a maximized transmission and minimized
contribution to the detection background, the design of the acceleration unit, and particularly of the stripper canal, was therefore of crucial importance by developing the
new compact instrument LEA.

4.1.2

Design concept of LEA

The design of LEA is intended as an evolution of the MICADAS (Synal et al., 2007) and
the myCADAS systems (Seiler et al., 2015). The principle of detection is always based
on the dissociation of molecular interferences in the 1+ charge state through multiple
collisions. The characterizing feature of the instrument is the reintroduction of the
acceleration unit, which was omitted in the myCADAS. Analogously to MICADAS,
the stripping process is based on the tandem acceleration principle. However, ions
will undergo acceleration voltages of just 50 to 65 kV, instead of 200 kV. The targeted
energy range takes advantage of the properties of helium stripping at 100 keV and
allows a more compact design of the system (see Fig. 4.2). The LEA prototype has a
width of 3 m and a maximal length of 2.2 m at the LE-side.
Low energy (LE) side To realize a first prototype, the section upstream the acceleration unit was not redesigned and reproduces essentially the design of the MICADAS
system. It features the same compact ion source with an outer grounded box, where
a spherical ionizer produces the sputtering Cs+ beam. Negative ions are extracted at
energies up to 45 keV. The ion optic is adjusted by two lenses, extraction- and box-lens,
focusing the beam. Steering plates allow the correction of the beam alignment in both
the horizontal and vertical plane. As in the case of MICADAS, the hybrid ion source
enables the direct analysis of gaseous samples in form of CO2 , in addition to graphite
samples. The multi-cathode sample changer was newly designed and features now a
modified grip mechanism of the cathodes as well as a linear magazine with 44 positions (instead of 40).
The 1st mass analysis is performed with a dipole magnet having a deflection angle
of 90◦ and a mean bending radius of 25 cm (Danfysik A/S, Taastrup, Denmark). The
spectrometer features the same fast beam pulsing system as MICADAS, allowing the
injection of the different isotopes into the acceleration chamber in very short pulses.
The pulsing timing follows the 12 C-13 C-14 C sequence, such that loss in time due to the
discharge of the pulsing system are minimized.
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( A ) Yield of the 1+ charge state for the stripping of carbon in helium. Measurements performed at ETH (Maxeiner et al., 2015a; Maxeiner, 2016) at stripping
energies below 300 keV are compared with the observations summarized by
Wittkower et al., 1973.

( B ) Transmissions and ion optical transmissions measured for the myCADAS
(Seiler et al., 2015) and the MICADAS (Maxeiner, 2016) system. Constant
transmissions around 47% were reported down to 100 keV. Below this value,
the transmission through the stripper is limited by angular straggling. Experiments with the myCADAS system reported a transmission of 40% at 45 keV.

F IGURE 4.1: Summary of 1+ charge state yield and transmission for carbon in helium at stripping energies below 300 keV. Measurements in the
low energy range between 30 keV and 50 keV were performed with the
myCADAS, while in the energy range between 90 keV and 260 keV with a
MICADAS instrument.
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F IGURE 4.2: Schematic representation of the first prototype of the instrument LEA. This compact AMS system has an overall footprint of just
3 m × 2.2 m. The beam injector (LE-side) reproduces the one of the MICADAS system. The HE-side features a more compact design, due to the
new accelerator unit and the lower energy of the ions after the tandem
acceleration stage.

Acceleration unit The acceleration unit represents a key component of an AMS instrument, which defines the optical transmission of the system by means of the dimensions of the stripper tube and the compression of the phase space. The acceleration
chamber is constituted by a single aluminium block (71 cm of length) with an internal
structure that is directly milled. The removable deck allows to easily access the internal components, facilitating the work in case of modifications and adjustments of the
setup. Inside the vacuum chamber, the ion beam is accelerated with a high voltage
platform in a tandem configuration. A HV power supply generates the required terminal voltage. In the scope of the characterization of LEA, terminal voltages ranging
between 50 and 65 kV and stripping energies between 80 and 110 keV are investigated.
The scattering angles increase when the beam energy is reduced (Schultze-König et
al., 2011). Thus, the stripper canal was carefully designed to accommodate the highest
possible angular acceptance. Fig. 4.3 shows a schematic view of the transversal section
of the stripper tube. The stripper canal consists in a segmented tube with a total length
of 16 cm. The inner diameter measures 3.2 mm at the center, 4.8 mm at the entrance,
and 5.6 mm at the exit, respectively. The simulations of the beam transport indicate that
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F IGURE 4.3: Schematic view of the transversal section of the stripper tube.
The helium stripper gas is fed through a thin capillary in the central segment of the tube, where the optic of the system forms a waist of the beam.
The pressure gradient within the stripper canal is maintained by a molecular turbo pump.

most of the scattering events happen at the point of highest gas density (Maxeiner et al.,
2015b). For an optimum transport of the beam, the ion optic of the system is designed
such that a waist is formed in the central part of the stripper tube, in correspondence
with the smallest diameter.
The helium stripper gas, coming from an external gas bottle, is fed from ground
to the high voltage terminal via a thin capillary and enters the canal in the center. A
thin capillary (2 × 10 cm) is used to reduce the helium flow entering the stripper tube
after passing through the HV terminal. It replaces the leak valve that is used in the
MICADAS system instead. The vacuum inside the acceleration vessel is achieved with
a differential pumping system provided by three molecular turbo pumps (Pfeiffer AG,
Switzerland). To minimize the leakage of helium into the acceleration sections, the
density profile along the tube axis is maximal at the gas inlet in the central section
and drops to almost zero at the tube ends. The pressure gradient in the stripper tube
is maintained by a turbo pump with a pumping efficiency of 1200 L/s (model HiPace
1200), while the vacuum chamber is pumped with two turbo pumps (model HiPace
520, pumping efficiency of 520 L/s) located at the LE- and HE-side of the tandem acceleration stage, respectively. A vacuum level down to 2.6 · 10−7 mbar is achieved at
µg
a stripper gas density of about 0.4 cm2 , which is necessary for the suppression of the
interfering molecules. The gas flow within the acceleration unit of low energy systems
using helium as stripper gas was extensively investigated in the doctoral studies of
Maxeiner (Maxeiner, 2016). Residual stripper gas particles inside of the acceleration
stage contribute significantly to the detection background. Their interaction with the
beam particles causes charge exchange and scattering processes, which lead finally to
an erroneous detection of 14 C events. These phenomena are particularly significant at
low beam energies, where the respective interaction cross-sections are higher. Thus,
the density of the residual stripper gas must be kept low, especially in the case of a
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F IGURE 4.4: Schematic view of the transversal section of the accelerator
chamber. The conductance tube after the stripper does not end directly
into the acceleration gap. The additional distance is introduced to avoid
a high density of the residual gas at the acceleration stage. The measurement background due to charge exchange and scattering processes should
be consequently reduced.

light gas as helium, which is difficult to confine within the stripper tube. The density
of the gas is particularly high after tubes and apertures, but decreases with the distance from them. Thus, in the design of LEA it was planned to introduce an additional
distance that separates the conductance tube after the stripper from the second acceleration stage. This separation avoids the formation of a region with an enhanced gas
density inside the acceleration gap. The novel geometry of the LEA accelerator is displayed in Fig. 4.4 and should prevent that an excessive stripper gas leakage affects the
sensitivity of the instrument by measuring low isotopic ratios.
High energy (HE) side Positive ions leaving the acceleration unit are analysed using
a 2nd mass spectrometer. The filtering magnet has the same specifications as the LEmagnet (deflection angle of 90◦ and bending radius of 25 cm). This results in a more
compact design of the HE-side, if compared with the MICADAS system. Two Faraday
cups located at the focal plane of the magnet are used for quantification of the 12 C+
and 13 C+ stable isotopes currents. Integrators were implemented to perform measurements at currents up to 100 µA for 12 C+ and up to 1 µA for 13 C+ . A third Faraday cup
measures the current generated by the molecular fragments resulting from the dissociation of the 13 CH− molecules. After the stripping process, the related 13 C+ beam
follows a path lying between the 12 C and 13 C beams. This additional parameter can be
used to quantify the background given by scattered molecules reaching the detector
and, therefore, for successive data corrections.
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A spherical electrostatic analyzer (ESA) is used as further energy filter, sorting the
14 C ions from the 13 C+ molecular fragments having sufficient energy to follow the
same path as the rare isotope. This additional element allows to refocus the energy distribution of the beam and to improve the detection background. The 90◦ ESA used for
the LEA prototype corresponds to the one used for the myCADAS experimental setup
(Seiler, 2014). It is characterized by a bending radius of 250 mm and a gap of 35 mm
between the two electrodes. To minimize the detection background, rectangular slits
were introduced on both sides of ESA. These mechanical filters should stop eventual
molecular fragments deflected through multiple-scattering events towards the detector, which would lead otherwise to erroneous 14 C counts. The implemented slits have
a fix height (7 mm) but an adjustable horizontal width, which allows fast adjustments
of the setup.
Detector chamber The final particle detection takes place in a Bragg type gas ionization chamber, where the 14 C ions are identified. The compact and simplified detector
was explicitly designed for AMS applications at low energies (Müller et al., 2015). In
particular, it allows to detect radiocarbon ions at energies below 50 keV with an energy resolution of the order of 10 keV. Particles enter the detector chamber through
a homogeneous thin silicon nitride foil. The mounted detector window has a size of
4 mm × 4 mm and a thickness of 30 nm. The detector is filled with isobutane gas at a
pressure of about 9.3 mbar.

4.2

Characterization and performance of the LEA system

The compact design of LEA should not hinder the performance of precise 14 C measurements. Besides applications in the biomedical field, LEA is intended as an alternative
to the MICADAS system, which can fulfil the same high standards required by precise
radiocarbon dating. In the future, LEA could expand the use of AMS to new research
fields, due to its minor complexity and, eventually, reduced costs.
The initial tests performed at Ionplus on the prototype system were focused on the
determination of the detection limit as well as on the reproducibility and stability of
the measurements. Processed oxalic acid 2 (Oxa2, NIST SRM 4990C, USA) was used as
reference standard material, while phthalic anhydride (PhA) as blank. A blank level with
14 C abundances below 1.5 · 10−15 was achieved, corresponding to ages dating back of
more than 50000 years. In the case of standards, absolute 14 C/12 C isotopic ratios of
around 1.50 · 10−12 were measured with a precision of 1 ‰. The currents obtained
for the stable 12 C+ isotope were generally in the range between 25 and 35 µA, with
transmissions up to 52%.
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In this section, the experiments performed to investigate the properties of the novel
AMS system and the settings for optimal measurement conditions are presented. At
this point, it should be noted that the stripper tube was mounted in the inverse direction during the construction of the LEA prototype. The erroneous alignment has been
only noticed after the performance of the characterization tests. This does not affect
the validity of the presented results. The inverted position of the stripper tube affects
mainly the transmission of the beam and, therefore, measurements taken with the correct configuration are expected to provide improved results. First tests performed after
switching the orientation of the stripper tube report indeed an easier tuning of the system and measured transmissions resulting of about 2% higher.

4.2.1

Stripper gas profile

The sensitivity of an AMS instrument, and consequently its dating capability, is strictly
related to efficiency in removing the interferences with mass 14. As already mentioned
in the description of LEA’s design, the dissociation process of the isobaric molecules
takes place within the stripper tube and depends on the areal density of the helium
stripper gas. The correlation between these quantities was investigated using samples
of processed blank material (PhA) to determine the detection limit of the instrument.
Given that the stripper tube is located inside the acceleration vessel and a direct measure is therefore not possible, the only available reference for the areal density is the
pressure gauge within the accelerator chamber. This pressure depends linearly from
the absolute stripper density, since the flow in the stripper canal is mainly molecular
(Schultze-König et al., 2011).
Fig. 4.5 shows the fragmentation of the molecules as a function of the pressure measured within the acceleration unit. The increasing pressure leads initially to an exponential decay of the number of counts in the detector, which can be observed over an intensity range of more than four orders of magnitude. The attenuation of the molecules
intensity as a function of the areal density a of the stripping gas can be described using
a dissociation cross section σ:
N ( a) = N0 · e−σ·a
(4.1)
Dissociation cross sections for 13 CH molecules in helium were experimentally determined by Schultze-König et al., 2011 for stripping energies between 80 and 150 keV. It
has been found, that over the investigated energy range these are characterized by a
constant value of σ = (4.2 ± 0.2) · 10−16 cm2 .
Subsequently, the curve starts flattening and the blank level evolves. Events detected at this level are not associated to isobaric molecules any more. They can be
either true 14 C ions, or molecules fragments that reach the final detector due to high
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F IGURE 4.5: 14 C/12 C isotopic ratio measured for a sample of blank material (PhA) as a function of the residual pressure within the accelerator
chamber. The fragmentation of the interfering isobaric molecules allows
to reach a blank level on the order of 10−15 . Thus, radiocarbon dating back
to 50000 years is possible with LEA.

order scattering processes. The achieved blank level is of the order of 10−15 , meaning that ages older than 50000 years can be measured with LEA. It should be noted,
that this value corresponds to the background given by the processed blank, which is
limited by unavoidable contamination introduced during the sample preparation procedure based on graphitization. The remaining events are most likely 13 C ions having
the same momentum over charge ratio as 14 C and, therefore, following a similar path
through the HE-magnet. Despite a wrong energy to charge ratio, these particles can
reach the detector due to secondary scatter events.
For conventional operation of LEA, the helium flow from the gas bottle was set
such that the measured value of the pressure within the accelerator chamber is about
2.6 · 10−7 mbar. Equation 4.1 can be used to estimate the corresponding areal density
of the stripping gas. Assuming that the dissociation cross section σ does not depend
on the gas areal density, the value of a can be computed from the measured molecule
suppression factor N ( a)/N0 :
1
a = − ln
σ



N ( a)
N0


(4.2)

Here, N ( a) is the number of molecules at the operational pressure pop = 2.6 · 10−7 mbar
and N0 the one without helium stripper. These values can be computed as a function
of the measured pressure by using an exponential ansatz to fit the attenuation of the
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F IGURE 4.6: Measured transmission for the 12 C stable isotope current as
a function of the residual pressure within accelerator chamber. Significant
improvements of this parameter were achieved during the first weeks of
tests at LEA by optimizing the tuning of the system.

molecules intensity (see Fig. 4.5):
N ( p) = exp( A · p + B)

(4.3)

To compute N0 , it is necessary to determine first the background pressure p0 without
the stripper gas. The value of p0 has been quantified by evacuating the helium from
the accelerator chamber and is of about 4.3 · 10−8 mbar. The combination of equations
4.2 and 4.3 gives finally the gas areal density as a function of the measured pressure:
a( p) = −

A
( p − po )
σ

(4.4)

where the parameter A is the slope of the fitting line in Fig. 4.5. The gas areal density
at the point of operation (p = pop ) can be computed with equation 4.4 and corresponds
µg
to a ≈ 5.8 · 1016 cm−2 . As the atomic mass of helium is mHe = 4u, a value a ≈ 0.4 cm2
is obtained, in agreement with the observed areal densities for efficient molecule suppression in helium at low energies (Schultze-König et al., 2011).
The transmissions measured as a function of the residual pressure within the acceleration chamber are plotted in Fig. 4.6. Good transmission values for the 12 C stable
isotope of above 50% were achieved also at increasing densities of the stripper gas particles. Transmissions obtained during the initial tests are presented too, to display the
improvements achieved during the first weeks of experiments thanks to an optimized
tuning of the system.
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4.2.2

Beam profile measurements

The phase space of the beam was investigated downstream the tandem acceleration
stage in the focal plane of the HE-magnet at the position indicated with z0 in Fig. 4.2.
Since the HE-side of LEA presents a very compact design, no space for the introduction of a beam profile monitor was available. Consequently, the beam profile was determined with scans using the horizontal and vertical apertures, which are normally
used for the mechanical suppression of interfering scattered particles. The beam profile is taken at two different locations: in the focal plane of the beam at z0 (focus) and at
a position z1 upstream the beam axis, which is referred with the general indication of
pre-focus. The apertures are perpendicular to the beam axis and are separated by a distance D of 11.9 cm. These are mounted on callipers with graduated scale, which allow
to determine the beam dimensions by cutting gradually an increasing portion of the
beam. To this end, measurements of the relative 14 C/12 C ratio for a standard reference
sample (Oxa2) were performed in steps of 0.5 mm.
Fig. 4.7 displays the profile of the scan of both the x- and the y-axis at the position z1
(pre-focus). The relative isotopic ratios were measured at each aperture’s position over
2-3 measurement cycles of 10 seconds each. Data were normalized and, subsequently,
fitted using the error function. Assuming a gaussian beam intensity profile, the size
of the beam at the 2σ level is 2.4 ± 0.2 mm in both lateral beam dimensions. The size
of the beam was determined analogously at the position z0 . Table 4.1 summarizes the
estimated dimensions of the beam at the 2σ level.
Focus

Pre-focus

Width (2σ)

1.6 ± 0.2 mm

2.4 ± 0.2 mm

Height (2σ)

1.1 ± 0.2 mm

2.4 ± 0.2 mm

TABLE 4.1: Estimated dimensions of the ion beam at the 2σ level by
assuming a gaussian intensity profile. Measurements were performed
downstream the tandem acceleration stage at the positions indicated with
z0 (focus) and z1 (pre-focus).

The phase space volume of the beam was computed at the position z0 , assuming
that the ion optics of the instrument forms a beam waist at this specific location. The
phase space can be determined from the estimated ion beam dimensions in terms of the
displacement from the beam axis and the relative angle of incidence (Optics of charged
particles 1987). The envelop of the beam along the optic axis, referred here as z-axis,
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F IGURE 4.7: Beam profile measured in correspondence of the position
z1 downstream the HE-magnet (pre-focus). Measurements of the relative
14 C/12 C isotopic ratio are normalized and fitted using the error function.
Scans of x- and y-axis are characterized by an estimated beam width at the
2σ level of 2.4 ± 0.2 mm in both directions. Position "0" corresponds to an
arbitrary reference position with respect to the optic axis of the beam.

can be described using a hyperbolic fit:
s
s ( z ) = s0 ·


1+

z
s0

2

α2

(4.5)

The term α corresponds to the divergence angle of the beam and can be computed
from the beam dimensions measured at the positions z0 and z1 of the two apertures
separated by a distance D:
s0
α=
·
D

s



s( D )
s0

q

2

−1 =

s( D )2 − s20
D

(4.6)

where s0 and s( D ) represent the displacement from the z-axis measured in the focus
and pre-focus, respectively. Under the assumption of being in a waist, the phase space
of the beam at z0 can be described by an upright ellipse with a volume of:
e = π·w·α

(4.7)

where w corresponds to the width of the beam at the 2σ level in the x- and y-direction,
respectively. The theorem of Liouville states that the volume of the phase space is a
conserved quantity. As a consequence of the increasing ion energy, the acceleration
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stage in an AMS system reduces the transversal phase space. Thus, the phase space
volume should be normalized with regard to the beam energy:
ε = π·w·

√

E·α

(4.8)

Table 4.2 summarizes the values computed at the position z0 for the divergence of the
beam as well as for the phase space at the 2σ level. The phase space is normalized
with a beam energy of 152 keV after the tandem acceleration stage (extraction energy
of 40.8 keV at the ion source and terminal voltage of 55.6 kV at the accelerator). The
relatively large uncertainties are due to the large uncertainties affecting the method
used to estimate the beam size.
√
α [mrad] e [π mm mrad] ε [e keV]
waist (x-axis)

7.5 ± 1.4

12.0 ± 1.3

148 ± 16

waist (y-axis)

8.9 ± 1.0

9.9 ± 1.1

121 ± 13

TABLE 4.2: Estimated phase space volume at the 2σ level by assuming a
waist at the position z0 downstream the HE-magnet. The phase space was
normalized with a beam energy of 152 keV after the tandem acceleration.

4.2.3

Detector scan

The vertical alignment of the detector was optimized to maximize the acceptance of
14 C counts. This operation was repeated several times throughout the characterization
tests of LEA, especially after some modification of the setup as e.g. the substitution of
the detector window. The results are summarized in Fig. 4.8. The arbitrary position "0"
refers to the initial alignment of the detector with respect to the beam axis, as it was
set during the construction of the LEA prototype. This reference position is however
affected by small variations, which are introduced when the detector is remounted
after some maintenance or modification.
The performance of the detector scan allowed to monitor the evolution of the measured 14 C/12 C ratio for the reference standard material Oxa2 throughout the tests
phase at LEA. As it is shown in Fig. 4.8, significant improvements were obtained during the first weeks of tests, when the measured isotopic ratio was increased from about
1.3 · 10−12 to about 1.5 · 10−12 . A lower ratio around 1.45 · 10−12 was observed in a
later moment instead (January 2020). The distributions of the 14 C counts are generally sharp, causing that the detection efficiency results to be very sensitive to the tuning of the instrument. The optic of the system is designed such that the focal point
of the beam is projected into the detector and, therefore, an estimated beam size of

4.2. Characterization and performance of the LEA system

63

F IGURE 4.8: Summary of the detector scans performed throughout the
characterization tests of LEA. The 14 C/12 C isotopic ratios measured for a
reference standard sample (Oxa2) are plotted as a function of the detector
alignment along its vertical axis.

1.6 mm × 1.1 mm is also expected at this position. However, although the opening of
the window of 4 mm × 4 mm should have enough acceptance for the beam, a plateau
is not recognizable.
The horizontal scans of the detector performed with the electrostatic analyser (ESA)
present a clear plateau for the detected 14 C events instead, as it is shown in the example reported in Fig. 4.9. The electric field between the ESA plates acts only on the
horizontal component of the plane perpendicular to the beam axis. Thus, the sharp
distributions observed for the vertical scans suggest that the interference affects only
the vertical axis. Further investigations are required to identify possible sources of discrepancy between the two axes. For instance, a broader 5 mm × 5 mm window may
lead to an improved acceptance of the detector.

4.2.4

Optimization of the injection ratio

The performance of the LEA system was optimized with respect to the injection ratio,
also referred as Er ratio. The injection ratio is a key property of an AMS system, because
it determines the focal length of the accelerator entrance lens. At a specific ratio, the ion
beam is focused into the center of the stripper gas canal, which is a crucial condition
for maximum ion optical transmission. The Er value is defined as the ratio between
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F IGURE 4.9: Example of a horizontal scan of the detector performed with
the electrostatic analyser (ESA). The normalized number of detected 14 C
events is plotted as a function of the potential on the positive ESA plate.
The electric field generated between the ESA plates acts only on the horizontal component of the plane perpendicular to the beam axis.

the extraction energy at the ion source, which is determined by the sum of ion- and
cathode-potential, and the terminal voltage V Accel at the acceleration stage:
Er =

EExtr
IonPot + CatPot
=
E Accel
V Accel

(4.9)

The HE-magnet of LEA was originally used at the injector of a MICADAS system
and is specified for a maximum magnetic field of around 500 mT. However, by using
the maximal available current of the power supply (Danfysik, System 9100), a magnetic
field intensity up to 865 mT could be reached. This is sufficient to bend 14 C ions with an
energy below 150 keV. In order to be able to analyse ions with higher energies, a more
powerful power supply (Danfysik, System 8700) was installed, allowing for magnetic
fields up to 1 T.1
The injection ratio was investigated as follows: given a fix configuration for the extraction energy, the 12 C+ current was maximized for different terminal voltages at the
acceleration stage. Optimized currents were obtained by performing a quick tuning
of the source optic, in particular of the extraction- and the box-lens. Subsequently, the
Er value was determined by finding the maximum 12 C+ current by varying acceleration voltage and strength of HE-magnet field accordingly. The study was repeated
for different configurations of both ion- and cathode-potential, as well as at different
sputtering temperatures for caesium. The results are summarized in Fig. 4.10. Data
1 For a long consecutive operation time, a maximal field intensity around 900 mT is however preferable to avoid potential damages to the coils of the magnet.
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F IGURE 4.10: Currents measured for the stable isotope 12 C+ as a function
of the injection ratio Er . The parameter is given by the ratio between the
extraction energy at the ion source and the terminal voltage at the tandem
acceleration stage. Tests performed using different extraction energies and
Cs-sputtering temperatures indicate an optimum for Er values close to 0.7.

are fitted with a 2nd order polynomial and indicate that an Er value close to 0.7 gives
optimum currents. In the case of the data referring to the initial tests, the behaviour of
the current as a function of Er is hardly recognizable. Data are therefore plotted more
as an indicator of the instrument’s conditions during the initial tests. The influence
of the ion potential on the 12 C+ current was investigated at −30.04 kV (see Fig. 4.10,
blue squares) and at −34.03 kV (see Fig. 4.10, green diamonds), by keeping the cathode potential (−7.07 kV) unchanged instead. The experiment at −34 kV was repeated
for a lower temperature of the Cs-reservoir. In summary, an optimum injection ratio
close to 0.7 is found for the LEA system, independently of the measurement settings.
This result confirmed our expectations, as an Er ratio of 0.7 was envisioned during the
design process of the instrument.

4.3

First radiocarbon measurements

LEA capability of performing conventional radiocarbon analyses was investigated by
measuring sets of different reference standard and blank samples under normal operation conditions. As a summary, the results of the acceptance tests will be presented in

66 Chapter 4. The next generation of compact AMS systems for radiocarbon analysis
this section, as well as a first comparison between radiocarbon ages of samples measured with both LEA and MICADAS.

4.3.1

Acceptance test measurements

Materials Three conventional reference standards for radiocarbon were considered
for the acceptance test measurements: oxalic acid 1 (Oxa1, NIST SRM 4990B), oxalic
acid 2 (Oxa2, NIST SRM 4990C), and the half-modern standard IAEA-C7 (C7, International Atomic Energy Agency). Oxalic acid 1 is used to determine the absolute radiocarbon standard value, which is defined as 95% of the activity of Oxa1. Thus, Oxa1
has the conventional nominal value of 1.0526 F14 C, which refers however to the year
1950. In order to determine the value of Oxa1 for actual AMS measurements, both
the decay of the material and a fractionation correction for a δ13 C of −19 ‰ have to
be taken into account (see e.g. Eriksson Stenström et al., 2011). A nominal value of
1.0398 F14 C is expected when normalized to −25 ‰ for radiocarbon dating. The nominal values of Oxa2 and C7 correspond to 1.3407 ± 0, 0005 F14 C (Stuiver, 1983) and
0.4953 ± 0.012 F14 C (Le Clercq et al., 1998), respectively. Additionally, phthalic anhydride (PhA) was used for quantification of the blank level. 7 samples of each material
were analysed, for a total of 28 samples. Samples were prepared at Ionplus AG using
the AGE graphitisation system (Wacker et al., 2010b).
Experimental procedure Fully automated measurements were run at LEA over two
days, to get at least 106 counts for the measurement of the Oxa1 standard samples. This
ensures a high statistical precision of the measured values of 1 ‰ or less on Oxa1 and
Oxa2. The acceptance test was repeated with a time delay of two weeks.
Results The raw data were evaluated with the data reduction program Bats (Wacker
et al., 2010a). The AMS analysis measures the relative isotopic ratios within a sample, rather than its absolute activity. Therefore, the results are determined with respect to the ratios measured for some standard materials, whose nominal activities are
known. To evaluate the acceptance tests, Oxa1 and Oxa2 were used as reference, both
singularly and together. Fig. 4.11 and Fig. 4.12 display the results of the 1st and 2nd
acceptance test, respectively. Additionally, a summary of the results is to be found in
Table 4.3, where the measurements of the single replicates are presented, as well as the
mean, the relative standard deviation (RSD), and the reduced χ2red across each set of 7
samples. The latter is used to test the statistical agreement of the replicates with respect
to the nominal value xnom of the corresponding reference material. The χ2 value was
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computed as:
χ2 =

( xi − xnom )2
∑
σi2
i =1
N

(4.10)

where xi corresponds to the results of the single measurements and σi to their uncertainties. The reduced χ2red value is given by χ2 /do f , where do f are the degrees of freedom, which in this specific case are N − 1 = 6. A good agreement between measured
and expected values should give a χ2red around 1.
In general, the performance of the acceptance tests demonstrated the stability of the
measurements with LEA under routine operation conditions. A precision below 0.4 ‰
was achieved for the average Oxa1 and Oxa2 values. The choice of the standard of
reference during the evaluation of data with Bats can have a significant impact on the
overall results. In the scope of the analysis of the first acceptance test, the results were
determined by using exclusively Oxa1 as reference standard. Nevertheless, despite
of this choice, the measurements of the Oxa2 samples resulted in excellent agreement
with the nominal value of 1.3407 F14 C. This is also confirmed by the reduced χ2red value
around 0.8. Data from the second acceptance test were evaluated using both Oxa1 and
Oxa2 standards as reference, instead.
The χ2red values above 1 suggest that the corresponding measurements uncertainties are not only affected by the counting statistics. In this case, the quality of the single
samples and of their preparation plays also a role. Values of χ2red lower than those reported in Table 4.3 could be obtained for example by excluding from their calculation
evident outliers, as e.g. replicate 3 for Oxa1 or replicate 6 for C7 in the first acceptance
test (see Fig. 4.11). For instance, the χ2red for the standard C7 is reduced from 3.3 to 1.8,
if the replicate 6 is not considered. This outlier contributes also in increasing the average of the C7 replicates, which results in the first test slightly above the nominal value
as well as the average of the second test. The reason for these outliers is unknown. The
introduction of a systematic error σsys = ±1 ‰ in addition to the statistical uncertainty
q
2 + σ2 ) for the individual standards measured during the second accep(σ = σstat
sys
tance test would lead to improved χ2red values close to 1. Under this assumption, these
would be of 1.3 (Oxa2), 1.2 (Oxa1), and 1.1 (C7).
The blank level improved from an average value of 1.61 · 10−3 F14 C in the first test
to 1.08 · 10−3 F14 C in the second test. This very low value corresponds to a dating
capability of more than 55000 years. Moreover, the result is particularly remarkable
due to the overall quality of the blank samples, which present at such a low level
a small standard deviation across the 7 replicates of just ±0.04 · 10−3 F14 C. This is an
outstanding result, even if compared with the blank statistics acquired with MICADAS
(see e.g. Sookdeo et al., 2020), and was obtained through an optimal tuning of the setup
and a very careful preparation of the blank samples.
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F IGURE 4.11: Results of the 1st acceptance test performed at LEA. Three
different radiocarbon standard reference materials (Oxa1, Oxa2, IAEA-C7)
as well as the blank material PhA were considered for the measurements.
7 replicate samples of each material were analysed over two days. More
than 106 counts were collected for the standard Oxa1 samples to ensure the
statistical precision of the measured values. The red line refers to the mean
value of the 7 replicates and σ to its statistical uncertainty. The standard
deviation sdt is used to quantify the scatter across the replicates.
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F IGURE 4.12: Results of the 2nd acceptance test performed at LEA. Three
different radiocarbon standard reference materials (Oxa1, Oxa2, IAEA-C7)
as well as the blank material PhA were considered for the measurements.
7 replicate samples of each material were analysed over two days. More
than 106 counts were collected for the standard Oxa1 samples to ensure
the statistical precision of the measured values. The standard deviation
sdt is used to quantify the scatter across the replicates.
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Acceptance test 1

Acceptance test 2

material

F14 C

σ

F14 C

σ

Oxa2 - 1
Oxa2 - 2
Oxa2 - 3
Oxa2 - 4
Oxa2 - 5
Oxa2 - 6
Oxa2 - 7

1.3399
1.3399
1.3395
1.3400
1.3415
1.3424
1.3415

±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰

1.3395
1.3438
1.3387
1.3404
1.3426
1.3421
1.3387

±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰
±0.9 ‰

mean:
RSD:
χ2red :
Oxa1 - 1
Oxa1 - 2
Oxa1 - 3
Oxa1 - 4
Oxa1 - 5
Oxa1 - 6
Oxa1 - 7
mean:
RSD:
χ2red :
C7 - 1
C7 - 2
C7 - 3
C7 - 4
C7 - 5
C7 - 6
C7 - 7

1.3407
0.8 ‰
0.8
1.0386
1.0402
1.0364
1.0394
1.0407
1.0424
1.0408
1.0398
1.7 ‰
3.4
0.4965
0.4964
0.4956
0.4947
0.4948
0.4976
0.4965

±0.34 ‰

±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±0.38 ‰

±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰

1.3408
1.4 ‰
2.8
1.0395
1.0422
1.0402
1.0410
1.0387
1.0380
1.0387
1.0396
1.4 ‰
2.5
0.4948
0.4960
0.4969
0.4957
0.4942
0.4951
0.4955

±0.34 ‰

±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±1.0 ‰
±0.38 ‰

±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰
±1.4 ‰

0.4960
1.9 ‰
3.3

±0.53 ‰

0.4955
1.6 ‰
1.6

±0.53 ‰

PhA - 1
PhA - 2
PhA - 3
PhA - 4
PhA - 5
PhA - 6
PhA - 7

1.58 · 10−3
1.65 · 10−3
1.54 · 10−3
1.59 · 10−3
1.81 · 10−3
1.57 · 10−3
1.50 · 10−3

±2.49%
±2.47%
±2.54%
±2.49%
±2.34%
±2.49%
±2.56%

1.04 · 10−3
1.14 · 10−3
1.08 · 10−3
1.10 · 10−3
1.07 · 10−3
1.10 · 10−3
1.03 · 10−3

±2.98%
±2.86%
±2.96%
±2.91%
±2.93%
±2.85%
±2.96%

mean:

1.61 · 10−3

±0.9%

1.08 · 10−3

±1.1%

mean:
RSD:
χ2red :

TABLE 4.3: Summary of the acceptance test measurements.
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LEA vs MICADAS: a first comparison measurement

The dating capability of LEA was investigated in the scope of a comparison measurement. To this end, the same graphite samples that had been previously analysed under
routine operation conditions at LIP (ETHZ) with a MICADAS instrument were remeasured with LEA at Ionplus. Overall, 17 dating samples over an age range from −800 BP
to 12000 BP were analysed.
Fig. 4.13 displays the deviation in years of the ages determined with LEA with respect to the ones measured with MICADAS. The values obtained with the two AMS
instruments are in very good agreement, with most of the measurements performed
with LEA showing a deviation that is less than ±25 years. In the case of 14q
out of the
2
17 samples, the age difference lies within the statistical uncertainty σdev = σL2 + σM
due to the uncertainties on both measured ages. This good agreement comes a bit
unexpected, as the results of LEA might be affected by some contamination as a consequence of the absorption of atmospheric CO2 by the sputter caesium deposited on the
cathodes during the previous analysis. Finally, a correlation between radiocarbon age
and deviation was not observed.
This first comparison study demonstrates the potential of LEA to achieve the dating
performance of MICADAS. Further investigations are planned, where samples prepared in duplicate will by analysed with MICADAS and LEA, respectively.

4.4

Gas measurements

Besides the scientific interest in the study of low energy radiocarbon AMS, the intention by developing the LEA system was to provide a more accessible instrument for
external users interested in performing in-house analyses of biomedical samples. Consequently, the instrument capability of performing fast measurements of samples in
gaseous form is crucial. In this section, the preliminary tests investigating the properties of gas measurements at LEA are discussed. In particular, the focus is on the
optimum C-mass flow into the ion source and on the analysis of reference standard
and blank material samples. Measurements were performed using both the gas interfaces GIS and DTI. The cross-talk for the coupling of the latter interface is discussed in
projection of future biomedical applications. In chapter 5, a first study involving the
analysis of labeled biomedical samples will be presented, for a direct comparison with
the results obtained in the measurement campaigns performed at ETH Zurich using
the proto-MICADAS.
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F IGURE 4.13: Comparison between the ages of 17 samples that have been
re-analysed with LEA after measurements with a MICADAS instrument.
The age range of the batch spans from −800 BP to 12000 BP. Negative
radiocarbon ages refer to bomb peak samples that contain 14 C from anthropogenic sources, which increased its concentration above the natural
abundance. The ages determined with LEA are in very good agreement
with those obtained in the previous analysis, and are generally characterized by a difference of less than ±25 years with respect to the values
measured with MICADAS.
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GIS-LEA coupling

The feasibility of gas measurements was initially investigated by coupling a gas interface GIS (Wacker et al., 2013) to the hybrid ion source of LEA. General settings were
determined with a set of measurements performed using a standard (Oxa2, 5% of CO2
in He) and a blank (5% of 14 C-depleted CO2 in He) reference gas mixture, which are
provided directly from gas bottles. In this way, a stable carbon mass flow can be ensured over a long analysis time and, simultaneously, contaminations due to the sample preparation and handling are avoided. The aim of the first test was to optimize
the measurement conditions. The currents of the stable isotopes 12 C+ and 13 C+ were
maximized with respect to the temperature of the Cs-reservoir, the tuning of the ion
optic, and the feeding pressure that regulates the carbon flow into the ion source.
Tuning of the system The Cs-reservoir was heated up stepwise to 165 ◦ C to increase
the measured ion currents. These were optimized by tuning first the ion optic of the
system (extraction- and box-lens, steerer) and, subsequently, the intensity of the magnetic field of both LE- and HE-magnet as well as the beam pulsing. The feeding pressure of the GIS syringe was initially set to 1200 mbar. However, it was quickly noticed
that currents increased with an inverse proportionality with respect to the pressure.
12 C+ currents ranging between 5.5 µA and 7 µA were achieved for an initial feeding
pressure slightly below 1000 mbar and a carbon mass flow of 2.15 µg/min.
Standard and blank values A set of measurements was taken for both standard and
blank gas (see Fig. 4.14). In order to provide enough statistical precision, measurements
of the standards were run to collect at least 20000 14 C counts. Data were processed with
the reduction program Bats (Wacker et al., 2010a). Standards are normalized using the
nominal value of Oxa2, which corresponds to 1.3407 F14 C (Stuiver, 1983). Despite of
being the very first gas measurements performed with the LEA prototype, the values of
the reference samples are in good agreement and present a relative standard deviation
of less than 0.5% across replicates.
Measurements with the 14 C-depleted gas were performed immediately after the
analysis of the standards. The analysed gas was provided directly from a gas bottle
coupled to the GIS and therefore no contamination arising from the sample preparation and combustion process is expected. Nevertheless, a small cross-talk is apparent
due to some residual reference gas in the syringe and feeding capillary. This can be observed in Fig. 4.14 for the first three blanks that were analysed subsequently the standard samples. The blank values are close to 0.01 F14 C and correspond to dating ages
around 36000 years. The blank level improves for the successive analyses, demonstrating that blank values below 0.004 F14 C are achievable for gas measurements with
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F IGURE 4.14: Results of the first gas measurements performed with a GIS
instrument coupled to the hybrid ion source of LEA. A standard (Oxa2,
5% of CO2 in He) and a blank (5% of 14 C-depleted CO2 in He) gas provided directly from gas bottles were used for the analyses. Standards are
normalized with the nominal value of Oxa2. Blanks were measured immediately after analysing the reference samples.

LEA. An analogous value for the blank gas is obtained for routine measurements with
MICADAS, too.

4.4.2

EA-DTI-LEA coupling

The routine established for high throughput gas measurements described in chapter 3
was tested for automated on-line analyses at LEA. The biomed dedicated setup including EA and DTI was moved to Ionplus AG and coupled to the hybrid ion source
of LEA. The aim of the study was twofold. First, the performance obtained with the
proto-MICADAS instrument had to be reproduced for the new system. The interest
was particularly on the quantification of cross-talk and background contamination of
the novel experimental setup. Second, the cAMS approach based on LEA analysis had
to be evaluated. To this end, labeled samples generated from different biomatrices
were analysed in a short measurement campaign that will be discussed in chapter 5.
Modifications of the experimental setup
The purpose of the first experiments was to gain the necessary experience for performing routine gas measurements at LEA. In particular, the parameters for the direct
feeding of CO2 from the external traps of DTI into the ion source had to be adapted and
optimized for the LEA instrument. Consequently, minor changes were implemented
in both the experimental setup and the measurement routine. These include:
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– Flushing and cleaning gas: Pure helium (Purity/Grade 4.6, 99.996%) was used as
carrier gas as well as for cleaning the external traps and the capillaries system
of DTI. The necessary He is delivered from a first gas bottle. A second gas bottle provides the gas for flushing the sample material stored on the traps, such
that the pressure regulating the carbon flow into the ion source can be adjusted
independently from the pressure of the purging gas.
– Cleaning procedure: A more dynamic approach was implemented, which avoids
in particular a continuous helium flow from the gas bottle through the capillaries.
The DTI components are now cleaned with a series of short He injections alternated by sequences of about 10 seconds, during which the system is evacuated
through the vacuum line. Thus, leftovers of the previously analysed sample gas
should be removed more efficiently.
– Sample size reduction: Gas measurements performed with GIS at LEA indicated
that an optimum for the ion currents was achieved rather at a low initial feeding
pressure (around 1000 mbar) of the gas into the ion source. This feature is even
more evident for measurements with DTI, where the sample gas is released directly from the traps into the ion source, without an intermediate storage vessel
(i.e. the syringe) regulating the flow. To avoid that an enhanced carbon content
within the ion source leads to an immediate collapse of the currents (Fahrni et al.,
2013), the amount of carbon loaded on the traps has been reduced. This is especially important in the case of biological samples containing more than 100 µg of
carbon. To this end, the loaded trap is shortly pumped before starting the heating
procedure, such that only the amount of CO2 absorbed by the zeolite material is
available for the measurements.
The control software was adapted according to the aforementioned modifications,
such that the level of automation of the measurement routine is not reduced and no
external inputs are required during the analysis.
Experimental procedure
Besides investigating the optimal settings that provide high ions currents and stable
measurement conditions, the following major points were addressed for gas measurements using the EA-DTI approach at LEA:
– Tuning of the system: Due to the stability of the C-mass flow provided by the
feeding syringe, the tuning of the AMS system is preferably performed with the
instrument GIS. Additionally, the used reference gas mixture has already an optimal dilution of 5% CO2 in He, allowing for best measurement conditions (Fahrni
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et al., 2013). Aiming at a standalone gas interface, the possibility of tuning the
system directly with the DTI was now evaluated. Two approaches were considered: the feeding of a reference gas from a bottle through a trap heated up to
above 400 ◦ C, to avoid adsorption into the zeolite molecular sieve, and the direct
tuning with a reference material sample combusted with EA.
– Dynamic C-mass range: Systematic tests were performed to determine the effective
mass range in which stable measurement conditions are obtained with the EADTI approach. The possibility of performing proper analyses of small samples
with a carbon content down to few micrograms of carbon was studied. To this
end, a set of reference material samples (Oxa2) ranging between 5 and 100 µg(C)
was analysed under routine operation conditions. For sample sizes bigger than
100 µg(C), the material in excess was shortly pumped from the trap before the
heating phase.
– Cross-talk and memory: The cross-talk investigation follows the same procedure
as described in chapter 3. The contamination between consecutive samples was
studied on a set of three blanks (PhA) following a reference standard (Oxa2). The
sample material was weighted and wrapped in aluminium boats. The standards
had a carbon content between 100 and 200 µg(C). Sets of three blanks were prepared with masses around 200, 400, and 600 µg of material. The memory effect
of the system was investigated by observing the evolution of the blank level after
the analysis of samples with an enriched 14 C content. These samples were generated by pipetting 100 µL of a solution containing a reference standard at about
10 times the natural abundance (Wilhelm standard, 9.9278 ± 0.0002 F14 C), delivering about 130 µg(C) after combustion and quantification with EA.
Results and discussion
The system was tuned at the beginning of each test day. In a first approach, the reference gas with an optimum mixture of 5% CO2 in helium is fed directly from a gas
bottle through the hot trap at about 400 ◦ C. The C-flow can be regulated with short
injections of the reference gas into the ion source. Stable measurement conditions can
be achieved over an extended analysis time of more than 10 minutes, which is only
limited by the lifespan of the sputter cathode. The main disadvantage of this approach
is that the gas bottle has to be temporarily coupled to the system through one of the
helium feeding lines and, thus, a manual change is required both before and after the
tuning operation. Additionally, the reference gas is introduced in the capillaries delivering the flushing and cleaning gas. This is not suitable, as traces of the reference gas
worsen the level of contamination. A dedicated feeding line that regulates the injection
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of the reference gas directly from the gas bottle could eventually solve this issue and
may be considered in a future design of the DTI.
In the second approach, the tuning is performed directly using a reference material sample (Oxa2) combusted with the EA. Samples with a carbon content of about
100 µg(C) are particularly suited and allow tuning operations up to 10 minutes. This
approach does not imply any change of the setup, but it does not allow to distinguish
between issues due to the EA-DTI instrumentation or the AMS instrument itself. For
routine procedures, this approach was favoured, because it does not require any additional modification of the system.
Good ion currents were obtained with both approaches at Cs-reservoir temperatures around 162 ◦ C. The currents of the stable isotope 12 C+ were generally in the
range between 5 and 7 µA, but currents up to 9 µA were also measured. Under these
conditions, the necessary counting statistics required for biomedical studies could be
easily ensured.
Evolution of standard values Throughout the testing phase of the EA-DTI-LEA coupling, several standard reference samples (Oxa2) were analysed. Different sample sizes
were studied, covering a mass range between 5 and 100 µg(C). Data collected for the
standards over four days of systematic tests are summarized in Fig. 4.15. A significant
improvement of the measurement conditions as well as of the scatter across replicates
is clearly recognizable after the first day of tests. This was achieved thanks to the optimization of the settings for the feeding pressure, the management of the different
sample sizes, and the regulation of the helium dosing during the analysis time.
In general, most of the samples present less than 1% deviation with respect to the
daily average. To evaluate the scatter of the single repetitions, the χ2 -test was used
to take into account the statistical uncertainty of the measurements, too. The measured standard values are compared during each day with the nominal value of Oxa2
(1.3407 ± 0.0005 F14 C, Stuiver, 1983). The pronounced scatter of data that was observed
in day 1 leads to a high reduced χ2red value of 2.8. This is mainly due to the fact that
small samples of few µg of carbon as quantified after combustion with EA were analysed during this day. Measurements in this mass range are still feasible, but are more
affected by small samples contamination effects, which can lead to lower isotopic ratios (Welte et al., 2018). Reduced χ2red below 1 are obtained for day 2 and day 4. These
are essentially a consequence of the large statistical uncertainties of the measurements,
because the single repetitions are in good agreement with the nominal value of the
standard, instead. During the test phase, the aim was to reproduce the measurement
conditions of a routine with a high sample throughput, as in the case of biomedical
studies. Consequently, the standards were analysed for less than 3 minutes. This leads
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F IGURE 4.15: Summary of the data measured for the reference material
samples (Oxa2) during the four days of tests. An optimized control of
the feeding pressure as well as of the sample size allowed for significant
improvements with regard to the scatter across replicates after the first
day. Results of day 1 are also affected by the small size of some samples
(few tens of µg(C)), for which a lower isotopic ratio is measured.

to a lower counting statistics and, therefore, to larger uncertainties on the individual
samples.
Cross-talk and blank level The cross-talk refers generally to the contamination introduced on a sample measurement stemming from the preceding sample. During our
investigations, we were interested in how this contamination evolves not only on the
successive sample, but also on the following ones. The level of contamination was
determined on three blanks (PhA) following a reference standard sample (Oxa2). The
cross-talk is expressed in terms of percent with respect to the activity of the standard
sample, after subtraction of the estimated blank level of the system. This corresponds
to about 0.004 F14 C, if the lower detection limit of the measurements performed with
GIS is used.
The results of the tests are presented in Fig. 4.16. All the measurements were performed without technical modifications of the setup in between. Only the sample size
of the blanks was varying and, consequently, also the injection and the flow control of
carbon into the ion source. The cross-talk measured on the 1st blank after the standard
presents very contrasting values, which vary from below 1% to up to 2.5% and depend
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F IGURE 4.16: Quantification in percent of the cross-talk introduced on a
set of three blank samples (PhA) following a reference standard sample
(Oxa2). Experiments were performed during three days of tests without
introducing any physical modification of the setup in between. Batches
of blanks in a different mass range were used to study the influence of
the sample size and the feeding procedure on the level of contamination.
Blanks showing a carbon content less than 200 µg(C) result to be more
prone to contamination.

strongly on the mass of the analysed blank samples. Blanks in the mass range below
200 µg(C) are more prone to contamination and, therefore, present higher cross-talk
when compared with samples having a carbon content above 200 µg(C), instead.
Additionally, the amount of carbon loaded onto the trap determines the pressure in
the DTI system after thermal desorption of the sample material. The measured pressure decides if helium has to be shortly injected to flush the trap or not, in order to
optimize the initial increase of the ion currents in the AMS system. A short helium injection is normally required by small samples. Consequently, an additional contamination is introduced, as the flushing gas may mobilize carbon traces of previous samples,
which are deposited within the feeding capillaries preceding the traps. On the contrary, no additional helium is injected through the traps during the analysis of bigger
samples. Finally, a possible contamination that has occurred during the preparation of
individual samples cannot be completely excluded, too.
Fig. 4.17 summarizes the blank values measured in the scope of the cross-talk study.
The samples analysed after a standard are clearly recognizable due to the enhanced
14 C content caused by the cross-talk between consecutive samples. Otherwise, typical
blank values are found in a range below 0.02 F14 C, which is a suitable blank level for
most of the biomedical applications. The measurements have also shown that values
down to 0.006 F14 C can be obtained with the EA-DTI approach, which is a satisfactory
level for the intrinsic contamination of the instrumentation.
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F IGURE 4.17: Summary of the blanks (PhA) measured during the study
investigating cross-talk and blank level of the EA-DTI-LEA system. The
samples measured directly after a standard sample show clearly an enhanced isotopic ratio due to cross-contamination (in particular for the
replicates 1, 10 and 16). Otherwise, blank values down to 0.006 F14 C can
be achieved with the EA-DTI approach, which is satisfactory for most of
the biomedical applications.

Memory effect The long term contamination of the system arising after the combustion and analysis of a sample with an excessive 14 C content is regarded as memory effect. Labeled biomedical samples can have a dynamic range from the natural
abundance up to 1000 F14 C or even higher. To quantify the memory effect and the
time required to re-establish a proper background value, a first test was made using a
reference standard material with an activity of about 10 times the natural abundance
(Wilhelm standard). Fig. 4.18 displays the evolution in time of the 14 C concentration
measured for blank samples (PhA) after the analysis of such a standard.
As the DTI approach is based on alternated measurements on the two traps, the
st
1 blank was measured on a trap which was not previously exposed to high 14 C concentrations. Thus, the cross-talk on this sample is given exclusively by the combustion
unit and the capillaries system of DTI. The level of contamination is initially of the order of 2%, but falls quickly below 0.5% after the second blank sample. After four measurements, the blanks reach a level around 0.02 F14 C. This corresponds to the blank
level which we assumed as acceptable for biomedical analyses.
Two examples showing the recovery of the system after that labeled biological matrices were analysed at LEA are anticipated in the following (more in depth details
about the whole study are to be found in chapter 5). Fig. 4.19 and Fig. 4.20 refer to
the study of plasma samples (activities up to 60 F14 C) and urine samples (activities up
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F IGURE 4.18: Memory and recovery of the system determined on blank
material samples (PhA) measured after a standard sample at about
10 times the natural abundance.

to 90 F14 C), respectively. The biomedical samples were measured in the order of increasing radioactivity. Despite the relatively small cross-talk on the 1st blank, which
is already on the order of 0.5%, the background level of the system after four blanks
is still above 0.1 F14 C. This means an order of magnitude more than the blank level
of the instrument as it was quantified during the cross-talk study. On one hand, the
reduced percent of contamination determined for the 1st blank can be probably motivated by the bigger size of the blanks, if compared to the ones used after the study
with the Wilhelm standard. On the other hand, the prolonged analysis of samples at
high 14 C concentrations, and the consequent introduction of more radiocarbon particles within the DTI, results in a slower decay of the absolute isotopic ratios measured
for the blanks. The behaviour is clearly recognizable if the trend-line in Fig. 4.18 is compared with those observed in Fig. 4.19 and Fig. 4.20, respectively. As already discussed
in chapter 3, an improvement of the system recovery is necessary. A new prototype of
DTI is aimed, which allows for a more efficient evacuation of the capillaries located in
the instrument section preceding the traps.

4.5

Future improvements of LEA

The promising results obtained with the LEA prototype confirm the potential of compact AMS systems not only for applications requiring low precision, but also for dating
purposes. This encourages further developments and improvements of the system,
which would allow a decisive step towards an instrument with minor complexity and
costs. Thanks to a similar performance and a more affordable initial investment, the
future version of LEA could provide a valid and competitive alternative to the well
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F IGURE 4.19: Memory and recovery of the system determined on blank
material samples (PhA) following the measurement of labeled biological
samples (plasma, up to 60 F14 C).

F IGURE 4.20: Memory and recovery of the system determined on blank
material samples (PhA) following the measurement of labeled biological
samples (urine, up to 90 F14 C).

established MICADAS system. The current prototype features essentially the same injector design as the MICADAS and, thus, the envisioned developments will focus on
the LE-side preceding the tandem acceleration stage.

4.5.1

Towards a more compact AMS system

Three alternative configurations of LEA, featuring an increasing level of compactness,
are currently under investigation. The engineering study addresses the low energy
side of the AMS system and, in particular, the focusing of the beam into the stripper
canal. In the current prototype, the ion beam forms an intermediate focal point both
before being injected into the 1st mass filter (LE-magnet) as well as after leaving it. In
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the two first alternative versions, the possibility of omitting one of the intermediate
focal points will be individually investigated. The third version combines both the
previous ones in a prototype where the beam is directly focused into the stripper canal.
Thus, no more intermediate focal points will be present along the beam line, allowing a
compact coupling of ion source, LE-magnet and accelerator chamber. The introduction
of a Faraday cup within the accelerator vessel upstream the tandem acceleration stage
will still enable the determination of the system transmission. A technical challenge
is given by the implementation of the pulsing system at the LE-magnet. The use of
permanent magnets, similarly as in the more recent commercial models of MICADAS,
will allow a further reduction of the instrument size. The ultimate goal is to build a
prototype with a footprint of just 1.8 m × 2.3 m.

4.5.2

Vacuum characterization tests

A low vacuum level is essential to reduce the beam interactions with residual stripper
gas particles within the acceleration unit. In the current prototype, the accelerator
chamber is pumped using three turbo molecular pumps. However, aside from their
contribution to the fix construction costs, turbo pumps require space, hindering a more
compact design. Thus, the advantages and benefits of the approach based on three
pumps were evaluated by studying the blank level measured in relation to different
pumping configurations.
Turbo pump exclusion
As discussed in section 4.2.1, the vacuum measured within the accelerator chamber is
of 2.6 · 10−7 mbar at the stripper gas density that is required for sufficient molecular
suppression. In particular, two identical turbo pumps (model HiPace 520, pumping
efficiency of 520 L/s) are located at the LE- and HE-side of the acceleration unit to
evacuate efficiently the residual gas flowing from the stripper canal. To test the possibility of removing a turbo pump from the design, a gate valve was inserted between
the turbo pump T4 and the LE-side of the accelerator chamber (see LEA’s schema in
Fig. 4.2). This allows to mechanically exclude the aforementioned turbo pump from
the vacuum system. The aim is to achieve a more compact design of the acceleration
unit itself. This could be of crucial importance for the engineering implementation of
the prototype featuring a direct focusing into the stripper canal.
Experimental procedure In this evaluation test, a standard (Oxa2) and a blank (PhA)
sample are analysed under routine operation conditions. The turbo pump T4 is subsequently excluded from the vacuum system by closing the gate valve. The effect of
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an increasing pressure within the accelerator chamber is studied by observing the
evolution of the single run measurements. The displayed pressure increases from
2.6 · 10−7 mbar to 5.2 · 10−7 mbar. The value stabilizes over the course of the first run
after closing the gate valve. The experiment was repeated on a successive day after a
further optimization of the measurement settings.
Results The evolution in time of the measurements of the standard and blank samples are summarized in Fig. 4.21 and Fig. 4.22. The shaded regions highlight the passes
measured with a closed gate valve. Data were evaluated with the software Bats (Wacker
et al., 2010a). Standards are normalized with the nominal value of Oxa2 (1.3407 F14 C,
Stuiver, 1983). A total counting statistics around 1.4 · 106 events was targeted for the
standard samples, resulting in an uncertainty of the order of 1 ‰ on their mean values.
The χ2 -test was used to identify eventual deviations from the mean value which
cannot be related to the statistical uncertainty of the single passes. In the first measurement (Fig. 4.21a), the reduced χ2red value is of 1.0, if all the passes are taken into account.
The reduced χ2red values are 1.0 and 1.3, when measured with open and closed gate
valve, respectively. Thus, there is no evidence that the higher vacuum leads to effects
that can be clearly distinguished from the natural statistical variation of the measurements. Analogously, the second measurement (Fig. 4.22a) is characterized by a general
reduced χ2red value of 1.1. In this case, the reduced χ2red values are 0.9 and 2.8, for data
taken with the open and closed gate valve, respectively. Again, a clear effect on the
measurements performed by excluding the turbo pump T4 is not recognizable. The
high reduced χ2red of 2.8 is determined for four data points only and, thus, particularly
affected by the pronounced scatter of the measurement at pass 12.
Fig. 4.21b displays the isotopic ratios measured for the blank sample during the
first test. These are on the order of 2 · 10−15 and do not improve in time. Thus, a
possible increase of the blank level due to the worse vacuum would be hard to quantify.
Moreover, the χ2 -test gives values close to 1.0 for both the datasets collected with and
without excluding the turbo pump. In the second test, the measured blank values were
generally improving over time, and an average blank level on the order of 1.4 · 10−15
was achieved (see Fig. 4.22b). Immediately after the exclusion of T4, data present a
small increase of the measured isotopic ratios, which are however in agreement with
the average value. The blank value reaches finally a level close to 1 · 10−15 .
In summary, the performed tests did not allow to recognize an effect on the measurement conditions that can be unequivocally attributed to the exclusion of the turbo
pump. However, further investigations are required with regard to the design of a new
LEA prototype.

4.5. Future improvements of LEA

( A ) Evolution in time of the values measured for a standard sample (Oxa2).

( B ) Evolution in time of the values measured for a blank material sample (PhA). An average
blank level around 2.3 · 10−3 F14 C is achieved.

F IGURE 4.21: Data collected for the single passes during the analysis of
a standard (Oxa2) and a blank (PhA) sample. Measurements were taken
under routine operation conditions. The shaded regions refer to the measurements performed excluding the turbo pump T4 (acceleration chamber,
LE-side) from the vacuum system.
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( A ) Evolution in time of the values measured for a standard sample (Oxa2).

( B ) Evolution in time of the values measured for a blank material sample (PhA). An average
blank level around 1.4 · 10−3 F14 C is achieved.

F IGURE 4.22: Data collected for the single passes during the analysis of
a standard (Oxa2) and a blank (PhA) sample. Measurements were taken
under routine operation conditions. The shaded regions refer to the measurements performed excluding the turbo pump T4 (acceleration chamber,
LE-side) from the vacuum system.
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F IGURE 4.23: Blank values measured at different pressures within the acceleration chamber. Two turbo pump models were tested to evacuate the
residual gas from the stripper canal: the HiPace 1200 (pumping capacity
1200 L/s) and the HiPace 700 (700 L/s). The mean refers to the four blanks
measured before replacing the turbo pump.

Lower pumping capacity
In the actual prototype, a turbo pump model HiPace 1200 (pumping capacity 1200 L/s)
is responsible for maintaining the pressure gradient within the stripper tube. To further investigate the pumping of the accelerator chamber, this turbo pump was replaced with a HiPace 700 model, having lower pumping capacity (700 L/s) but better compression rate. As a result, the vacuum level increased from 2.6 · 10−7 mbar to
3.6 · 10−7 mbar. To quantify the impact of this change on the measurement results, a set
of three samples (1× Oxa2 and 2× PhA) was analysed before and after switching the
turbo pump model. Aiming at measurement conditions as similar as possible, measurements were performed in the same range of currents between 20 and 25 µA for 12 C
at the HE-side.
Fig. 4.23 summarizes the obtained blank values. Blanks measured at 3.6 · 10−7 mbar
show only slightly enhanced values with respect to the average of the four blanks
analysed before replacing the turbo pump. This can be ascribed to the different tuning
of the system as well as to the quality of the blank samples itself (blanks were shortly
ventilated while switching the turbo pump), rather than to the increased vacuum level.

88 Chapter 4. The next generation of compact AMS systems for radiocarbon analysis

4.6

Summary

A novel AMS instrument for radiocarbon analysis at stripping energies below 100 keV
was designed and assembled in collaboration with Ionplus AG. The Low Energy Ams
(LEA) system features the same detection principle for the rare 14 C isotope as the MICADAS system. Isobaric interferences are suppressed through a molecules dissociation process taking place within a stripper canal filled with helium. A lower terminal
voltage at the tandem acceleration stage, between 50 and 65 kV, allows a more compact
design of the instrument at the HE-side. In the present stage of the project, the injector
reproduces the MICADAS design.
The system takes advantage of the high yield observed for the 1+ charge state in
helium at stripping energies around 100 keV. This results in an ion optical transmission above 70% for measured transmissions around 52%. Thus, the beam losses due
to the lower phase space compression at terminal voltages around 50 kV, which leads
to more angular straggling, are partially compensated. First tests performed after correcting the orientation of the stripper tube, which was erroneously mounted during the
construction of the prototype, indicate that there is potential to improve these values.
An optimized tuning of the system allows stable 12 C+ currents up to 35 µA over
several days of measurements for solid targets. Acceptance tests using different reference material samples (Oxa1, Oxa2, IAEA-C7) demonstrated the stability of the measurement conditions. A precision better than 1 ‰ is obtained for the analysis of individual Oxa1 and Oxa2 standard samples. A blank level on the order of 10−15 , corresponding to a dating capability of more than 50000 years, was achieved at a stripper
µg
gas density of about 0.4 cm2 . The promising results encourage further developments
of the LEA system. A more compact prototype is envisioned, based on a direct beam
injection into the accelerator without any intermediate focal point.
With regard to possible applications in the biomedical field, the capability of performing high throughput analyses of samples in gaseous form was tested. To this
end, the hybrid ion source of LEA was coupled initially with a GIS interface and successively with the EA-DTI system. In general, currents between 5 and 7.5 µA were
measured for the gas samples. A satisfactory blank level below 0.01 F14 C was achieved
with both approaches. The cross-talk between samples of about 1% as well as the long
term memory arising after the analysis of 14 C enriched samples are issues that are related to the EA-DTI system and were already discussed in chapter 3 for the coupling
with the MICADAS. There is no evidence that the performance of measurements with
LEA had a particular impact on these features.
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Measurement campaigns
The performance of the developed method for biomedical cAMS analyses based on
the EA-DTI approach was evaluated during a thorough campaign of studies designed
and conducted in collaboration with Novartis Pharma AG (Basel, Switzerland). The
tests performed to characterize the novel DTI interface and to optimize the measurement procedure for smooth analytical operations used exclusively reference and blank
material samples. However, the potential of the method could be only demonstrated
by reproducing the settings of real biomedical studies, where a significant number
of 14 C enriched samples are analysed during several days. Over the past two years,
three major measurement campaigns were conducted, addressing each time different
aspects of the developed analysis routine. Motivation, experimental procedure and
results of these studies will be discussed in the next sections. A brief overview of the
experiments is given in the following:
1st study (Summer 2019): labeled samples generated from different biomatrices
are analysed in triplicate to investigate the stability of the measurements and the
reproducibility of the results. The linearity of the cAMS technology is assessed
with respect to conventional scintillation counting techniques.
2nd study (Fall 2019): fractions collected from chromatographic profiles separated using liquid chromatography (LC) techniques are measured, simulating an
ADME study. Different LC injections are tested to investigate the instrumental
background and the reproducibility of the results. From the technical point of
view, it is of particular importance to demonstrate the capability of performing
high throughput analyses.
3rd study (Summer 2020): the EA-DTI setup is coupled to the LEA prototype to
evaluate the capability of the novel AMS instrument to perform cAMS analyses.
The study reproduces at a smaller scale the methodology of the first campaign,
allowing a direct comparison with the results obtained with the proto-MICADAS
system.
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The partnership with Novartis allowed for mutual benefits for both involved parts.
On one hand, the expertise and capability of the pharmaceutical company to process
and provide the biomedical samples enabled us to evaluate the DTI approach under
routine operational conditions. On the other hand, the obtained results provide an
important dataset addressing the questions of the health authorities for acceptance of
the cAMS technology and, more generally, in support of a micro-tracer approach for the
clinical studies during the drug development process.

5.1

Study I: linearity, stability and reproducibility of the
EA-DTI technique

The aim of the first study was to demonstrate the reliability of the EA-DTI method in
terms of linearity of the cAMS technology, stability of the measurement conditions and
reproducibility of the results. In particular, the independence of the cAMS approach
from the chemical nature of the selected radiolabeling compounds and from the biological matrix of the samples was investigated. The study of linearity and robustness
of the cAMS technology was combined with analyses performed directly at Novartis using conventional counting techniques (LSC and LLSC) to cover a large dynamic
range for radioactivity quantification from 5 mBq/g up to 3 · 106 mBq/g.

5.1.1

Sample preparation

Samples were prepared at Novartis and shipped to ETH Zurich for the cAMS analysis. Four different human biological matrices (blood, plasma, urine, and feces) were
used to generate the samples. To demonstrate the independence of the cAMS method
from the 14 C-radiolabel, compounds labeled at single- (14 C), two- (14 C2 ) and multiplepositions (14 C6 ) were selected, having different physical and chemical properties. Stock
solutions of these compounds were prepared in DMSO (dimethyl sulfoxide, (CH3 )2 SO),
a colorless liquid solvent, and further diluted in water. Subsequently, the bulk material
of the four biomatrices was spiked with a known amount of the radiolabeled mixture at
8-9 concentrations (one compound per matrix each time). Each sample was prepared
in triplicate. 20 additional samples generated directly from the unlabeled biological
compounds were provided for each matrix for background determination and quality
control of the sample preparation process.
The work presented in this section was submitted in parts to the Journal Drug Metabolism and
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Experimental procedure

Measurements were performed at LIP (ETH Zurich) using the proto-MICADAS instrument. A total of 492 samples, consisting of 395 biological samples, 60 blanks and 37
standards, were measured within 6 working days with an average throughput of 12
to 13 samples per hour. The measurement time was set to 2 minutes, leading to an
overall analysis time around 4 minutes and 50 seconds per sample. A summary of the
performance is given in Fig. 5.1. In this first study, the focus was on robust and smooth
workflow conditions, rather than on high sample throughput. Each of the first four
measurement days was dedicated to the analysis of a single specific matrix, and two
replicates were measured for each sample. To investigate a possible drift over time, the
third replicates were kept for later analysis on days 5 and 6. Each sample was individually analysed on a single cathode, with the exception of five unlabeled samples for each
matrix that were measured for comparison on reused cathodes. To avoid the influence
of cross-contamination between consecutive samples, analyses over a day were performed according to the increasing activity of the samples. Standards were measured
at the beginning of each day after a tuning of the AMS system, which was performed
using the instrument GIS, and some maintenance of the combustion unit. Both the
standard gas from the bottle of GIS (5% CO2 in He) and samples of reference material (Oxa2) prepared for the combustion with EA-DTI were analysed to differentiate
between precision and accuracy due to AMS system or EA-DTI coupling. Variability
within single days was investigated by measuring an additional set of standards after
the measurement of half of the scheduled samples. The background level was monitored by analysing samples of blank material before and after the measurement of the
labeled biomedical samples, respectively.

5.1.3

Results and discussion

The raw data obtained from the AMS measurements were evaluated with the data
processing tool Bats (Wacker et al., 2010a). Results are expressed in terms of fraction
modern units (F14 C), which are calculated from the measured isotopic ratios 14 C/12 C
and 13 C/12 C after normalization with respect to the standard values. Because this
unit is used exclusively within the AMS community, the results have been converted
into specific activities (mBq/g) when reported to Novartis. This should allow a better
communication and understanding with partners from the pharmaceutical field. The
process of unit conversion is described in more details in Appendix A.

92

Chapter 5. Measurement campaigns

F IGURE 5.1: Summary of the measurement performance over the six days
of the campaign. 395 biological samples were analysed in total with an
average throughput of 12 to 13 samples per hour. Additionally, 37 standards and 60 blanks were measured to ensure the quality of the results
and to quantify the instrumental background. Daily bars are subdivided
according to amount and sample type.

Analysis of the triplicates
The scatter across the triplicate samples was quantified by computing the relative standard deviation across them. The distributions of the deviations from the average are
represented in Fig. 5.2. Results are expressed as isotopic ratios (F14 C) and specific activities per sample mass (mBq/g), respectively. Normal distributions were introduced
to facilitate the visualization of the scatter between the replicates. The majority of the
triplicates is characterized by a low scatter. Most of the samples reported in terms of
fraction modern units (F14 C) have less than 5% relative deviation across the triplicates.
This confirms the precision of the cAMS analysis method, taking also into account that
samples are characterized by uncertainties in the range between 0.4% and 1.5%, depending on the measurement time and the activity level. A drift in the measurements
over the two weeks of the campaign was not observed. The third replicate is generally in good agreement with the previously collected data, despite of being measured
several days after the first two. The data expressed as specific activity (mBq/g) show
a bigger scatter, since the uncertainties due to the sample and carbon mass quantification have to be taken into account, too. In this case, a broader distribution of the
data is obtained, with most of the samples showing less than 10% deviation. Outliers
were observed independently of the chosen units. The possibility of error tracing is an
additional benefit of the cAMS approach compared to the pure activity measurement,
as the simultaneous measurement of carbon mass and isotopic ratios allows for the

5.1. Study I: linearity, stability and reproducibility of the EA-DTI technique

93

F IGURE 5.2: Distributions of the relative standard deviation across the
samples in triplicate. Values are reported both in terms of isotopic ratios
(F14 C) and activities per sample mass (mBq/g). The plotted normal distributions give an approximation of the scatter between replicates.

determination of the source of deviations:
1. Contamination: the multi-step preparation, consisting of weighing an aliquot
into a capsule, drying the matrix and closing the capsule before the cAMS analysis, exposes the sample to different sources of contamination with tracer 14 C from
other and previous labeling studies. These samples are easily identified, as they
show different isotopic ratios, while the carbon content is similar to the other
repetitions.
2. Homogeneity: issues related to difference in solubility and homogeneity of the
biomatrix (e.g. clogged plasma) and the labeled parts of the sample can provide
misleading data, when reported in mBq/g. The erroneous sample is easily recognizable due to a suspicious carbon content that does not correspond to the one
expected for the biological matrix (see e.g. Kim et al., 2011). Thus, the deviation
of carbon content in a particular sample should be below e.g. 10% compared to
the same neat matrix. Criteria for acceptable carbon contents may be defined for
different biomatrices depending on their solubility.

Analysis of the unlabeled samples
Over the entire study, the analysis of the 20 unlabeled samples of each biological matrix
allowed for quality control of the sample preparation. The results of the replicates of
the different matrices are presented in Fig. 5.3. For blood (Fig. 5.3a), plasma (Fig. 5.3b)
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and urine (Fig. 5.3c), an average isotopic ratio around 1 F14 C was measured, which
corresponds to activities close to the natural abundance. This is expected since the
biomatrices are collected from living human beings. Higher activities with an average
of 2.2 F14 C were identified for feces samples, instead (Fig. 5.3d). The fact that all the
replicates show an enhanced 14 C content suggests that this value is likely due to a
contamination introduced during compound handling while preparing the aliquots.
On the contrary, the single outliers observed for the other biomatrices are probably associated with contamination introduced during the preparation of the specific
sample. Since the samples were measured according to their increasing activity, a contamination associated with the system’s cross-talk can be excluded. Samples characterized by a significantly lower value than the average may be related to an erroneous
weighing of the aliquot. The scatter between replicate samples is low for blood and
plasma (1.6% and 1.4%, respectively) and more pronounced for urine and feces (7.4%
and 3.8%, respectively). In general, contamination and homogeneity issues related to
the urine samples have been observed in all the studies presented in this chapter. The
low carbon content of about 0.8% can in part explain the difficulties in a clean handling
of this matrix.
Linearity of LSC, LLSC and AMS analysis
The results obtained from cAMS analyses were embedded in a larger study conducted
internally at Novartis Pharma AG to investigate the linearity of the measurements
over a broad dynamic range, which is covered by different analysis techniques. A
total of 133 blood, 152 plasma, 153 urine and 149 feces samples, covering a typical
dynamic range from 300 mBq/g(matrix) to 3 · 106 mBq/g(matrix) for LSC and LLSC,
and 5 mBq/g(matrix) to 1000 mBq/g(matrix) for AMS were analysed. The deviation
from the expected activities as well as the relative standard deviation across triplicate
measurements were excellent regardless of the technology employed. Thus, the results
support interchangeability between LSC, LLSC and AMS technologies in the scope of
an ADME study. Only AMS measurements from urine were characterized by a high
deviation from the calculated activity of −18.5%. Because a systematic error was observed across the urine series, the deviation can be ascribed to the sample preparation.
In conclusion, for AMS the sample preparation plays a crucial role. Here, a minor
imprecision during the sample handling, especially sample inhomogeneity and weighing, will have a significant impact on the quantification. Thus, two parameters should
be monitored to ensure the quality of the analyses. First, the relative deviation between
the triplicate measurements (reported in mBq/g) should be lower than 15%, which ensure an adequate weighing of the sample aliquot. Second, the carbon content of the
investigated sample should be within e.g. 10% from a mean carbon content value (at
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( A ) Scatter between replicates generated from unlabeled plasma.

( B ) Scatter between replicates generated from unlabeled blood.

( C ) Scatter between replicates generated from unlabeled urine.

( D ) Scatter between replicates generated from unlabeled homogenized feces.

F IGURE 5.3: Summary of the results obtained by analysing replicate samples prepared from unlabeled compounds of four biomatrices.
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F IGURE 5.4: Scatter of the standard values (Oxa2) throughout the measurement campaign. Values of both the standard gas mixture (5% of CO2
in He) measured with GIS and of the standards analysed with the EA-DTI
approach are in good agreement and show less than 1% scatter around the
mean value.

least n = 5) of the neat matrix (preferably a pre-dose sample from the same subject or
animal). Finally, the sample preparation may be affected by surface effects related to
the vessels used during this process and by compound characteristic such as protein
binding, solubility, matrix, etc.
Standards and blanks
Values of both standard reference materials, i.e. measured with the GIS interface directly from the gas bottle (Oxa2, 5% of CO2 in He) and EA-DTI derived (weighted
Oxa2), were in good agreement, with no significant deviations over the single measurement days as well as over the whole campaign (see Fig. 5.4). Most of the samples
have less than 1% deviation from the average, which is normalized with the nominal
value of Oxa2. The larger uncertainties of the samples analysed with the EA-DTI approach are due to the shorter measurement time (3 minutes) with respect to analyses
with GIS (around 10 minutes), reducing the counting statistics.
The blank level was monitored to be at least below 0.02 F14 C at the beginning of
each measurement day (see Fig. 5.5). Of particular importance was to show that proper
blank values could be reached independently of the activity of the samples measured
during the previous day, e.g. even when 12 samples with an activity from 200 up to
550 F14 C were measured in a row. Lower blank values were not required, because the
unlabeled samples presented a background that is above the natural abundance.

5.2. Study II: analysis of simulated metabolite profiles
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F IGURE 5.5: Blank level determined by measuring blank material (PhA)
samples at the beginning of each day of the campaign. Independently of
the labeling dose of the samples analysed on the previous day, a blank
value below 0.02 F14 C was targeted to ensure the quality of the measurements. The average value is on the order of 10−2 , i.e. 100 times lower than
the background measured for the unlabeled compounds.

5.2

Study II: analysis of simulated metabolite profiles

In the second study, the DTI performance in the analysis of chromatographic profiles
was assessed. The aim was to demonstrate the capability of achieving a high throughput due to an efficient use of the cathodes and an optimized management of the background samples. Simulated metabolite profiles were generated by liquid chromatography using different solutions for the LC injection. The reproducibility of the results
was investigated by analysing a LC run in duplicate. Additionally, measurements of
labeled samples were repeated for the biomatrices blood and urine, to further investigate the issue of potential contamination introduced during the sample preparation.

5.2.1

Sample preparation

Samples were generated at Novartis using ultra-high performance liquid chromatography (UHPLC) performed on an Acquity chromatographic system (Waters, MA, USA).
A concentrated solution (at a total of 1 Bq/µL initial solution) of four 14 C compounds
The work presented in this section was submitted in parts to the Journal Drug Metabolism and
Pharmacokinetics for publication Double Trap Interface: A novel gas interface for high throughput analysis
of biomedical samples by AMS, De Maria D., Fahrni S., Lozac’h F., Marvalin C., Walles M., Camenisch G.,
Wacker L., Synal H.-A.
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labeled at different positions1 was injected onto the LC-MS system. The total flow rate
was 0.45 mL/min and the post-column effluent was collected in fractions of 6 seconds.
The post-analytical column flow was fractionated in a 96 well Lumaplate (PerkinElmer)
and its radioactivity content measured using a micro-plate scintillation counter (TopCount). This profile is used as reference profile for comparison between AMS and
TopCount technology. The initial solution was subsequently diluted by a factor of one
hundred in water. An aliquot was injected on the same LC-MS system and subdivided
into 96 fractions. The fractionated analytical flow was collected directly in tin capsules
containing about 500 µg of carbon in form of sodium benzoate. This amount of carrier
or diluting carbon was introduced because LC fractions present a very low amount
of carbon. Two individual chromatograms were prepared. In addition, fractions were
collected for a blank run, in which only water was injected onto the LC column, to
quantify the level of contamination arising during the sample preparation as well as
the background of the added sodium benzoate.
Besides these chromatograms, 42 blood samples (labeled with two different 14 C
compounds), as well as 33 urine samples (labeled with a single 14 C compound) were
delivered for repetition of measurements of the 1st study. All samples were prepared
in triplicate. 10 samples generated from the unlabeled urine matrix were added to
quantify the level of contamination introduced during the preparation of the aliquots.

5.2.2

Experimental procedure

All the AMS measurements were performed in the course of six measurement days
(distributed over two weeks) with the EA-DTI approach at the proto-MICADAS at LIP
(ETHZ). More than 600 samples were analysed, including 423 LC fractions, 73 biological samples, 35 standards and 76 blanks. The overall measurement performance is
summarized in Fig 5.6. Labeled samples were measured on day 1 according to their
increasing activity. Each analysis was performed on a different cathode, and the measurement time was set to 2 minutes.
The following days were dedicated to the analysis of simulated chromatographic
profiles. Here, a dynamic and optimized use of cathodes (see section 3.2.3) was applied, allowing the analysis of a single profile (96 fractions) within a working day (9-10
hours, including maintenance and tuning operations). Measurements of up to four
samples were tested for a single cathode. Additional analyses were technically possible, but the risk of having a clogged cathode or a collapse of the currents during the
measurement suggested to limit the use of a cathode to four samples. The threshold
determining the reuse of the cathode was set to 2 F14 C. A throughput between 4 min
1 Two

compounds contained one labeled position each (14 C), another compound was labeled in two
positions (14 C2 ) and yet another compound was labeled in six different positions (14 C6 ).
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F IGURE 5.6: Summary of the measurement performance over the six days
of the campaign. 423 samples collected from different UHPLC injections
were analysed using a dynamic approach allowing multiple analyses per
cathode. In addition, 73 labeled biological samples, 35 standards and 76
blanks were measured, for a total of more than 600 samples. Daily bars
are subdivided according to amount and sample type.

and 4 min 30 s per sample, depending on the pre-sputtering time, was achieved for the
measurements of the fractions. The 12 C+ current measured during the pre-sputtering
was always below 1 µA. The option that allows to recognize and cut the analysis time
of samples which do not contain any radioactivity peak (see section 3.2.3) was tested,
too. This sped up significantly the measurement routine. The required manual inputs
were also reduced, and during each measurement day only one magazine change had
to be performed.
The analysis of the blank profile allowed in particular to test the dynamic measurement approach without a risk to loose some relevant samples. Moreover, in this specific case, all the fractions were supposed to not contain any radioactivity. Thus, each
measurement could be interrupted around 1 minute after the injection of the gaseous
CO2 into the AMS source. This leads to an overall reduction of about 30 seconds of the
analysis time per sample and preserves the cathode for the next analyses. Thanks to
this approach, up to 100 samples could be easily measured on a single magazine.
Standard reference material samples (Oxa2) were analysed both at the beginning
and at the end of the measurement of a chromatographic profile to identify an eventual
drift in the measurement conditions over the day. Additionally, the blank level of the
system was monitored by measuring blank material samples (PhA) at different times
of each measurement day. Standards and blanks were always analysed individually
on a fresh cathode.
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Results and discussion

Data were evaluated following the same procedure as described in section 5.1.3. Results are expressed in terms of fraction modern units (F14 C), but were converted again
into specific activities (mBq/g(C)) when reported to our partners at Novartis. Because
the exact mass of the LC fractions is not known, the activity is referred in this case to
the carbon content of the fractions as quantified with the EA.
Complementary analysis of labeled biomatrices
Biomatrices such as urine and, in part, blood were characterized by a pronounced scatter during the first measurement campaign. Therefore, these analyses were repeated
and the following results obtained:
– Blood: The relative deviation across triplicates from labeled blood was in general below 5%. Single outliers were identified presenting the characteristic issues
related to contamination and homogeneity described in section 5.1.3.
– Urine: Urine samples were characterized again by a large scatter across the samples in triplicate, which was prevalently above 10%. The result confirms the difficulty in properly handling this specific biomatrix. This was also noticed during
the analysis of the additional unlabeled samples2 , for which a contemporary 14 C
content is expected. Results are plotted in Fig 5.7 and present an average value
around 1.64 F14 C as well as a significant relative deviation across the replicates.
The level of contamination introduced by handling the urine biomatrix significantly limits the sensitivity of the cAMS approach, precluding the analysis of
samples at natural abundances.

Background of the LC injection line
The analysis of the aliquots collected from a blank (water only) UHPLC injection allows to characterize the possible sources of contamination within the UHPLC line, as
well as the contamination introduced during the manual addition of the carbon carrier (sodium benzoate) to the individual fractions. The results of the measurements are
plotted in Fig. 5.8. In general, the background level of the profile lies in the range between 0.25 F14 C and 0.5 F14 C, which is already more than 10 times the average value
of the blank level measured for the EA-DTI approach. Apart from the initial injection
peak (fractions 1 and 2), three additional peaks are clearly recognizable. Because they
2 One

of the samples showed a clear leakage of material from the tin capsule and, therefore, was
discarded from the measurements to avoid a potential contamination of the system.
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F IGURE 5.7: Analysis of samples generated from the unlabeled urine matrix. The enhanced isotopic ratios measured in particular for sample 5 and
6 indicate that a contamination occurred during the sample preparation.
The average value around 1.64 F14 C is already above the natural abundance, limiting the sensitivity of cAMS measurements.

are limited to a single fraction and there is no evidence of an enhanced background
around them, the peaks indicate a contamination of the single fractions during their
preparation. Finally, the sensitivity of the AMS analysis is limited not by the detection
limit of the measurement procedure based on the EA-DTI, but rather by the contamination occurring during the UHPLC handling and the sample preparation process.
Analysis of the chromatographic profiles in duplicate
Fig. 5.9 shows the profiles reconstructed for the LC-injection performed in duplicate.
Peaks can be identified at 10 different retention times and overlap very precisely for
the two injections, demonstrating the high reproducibility of the cAMS approach. In
particular, the peaks corresponding to the four radiolabeling compounds (14 C2 , 14 C6 ,
14 C(1) and 14 C(2)) are clearly recognizable. Activities measured for the different runs
slightly differed, but their variations in percent from the total integrated peaks are negligible. These variations are often observed and are likely due to injection volumes and
differences in retention characteristics of the compounds of interest on the analytical
column, which may cause some peak broadening.
The same profile structure was reconstructed for the reference profile for the LC-run
measured by Novartis, confirming the good reproducibility of the methods despite the
difference in absolute radioactivity used.
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F IGURE 5.8: Chromatographic profile reconstructed for fractions generated following LC-separation of a column injection of water. Samples
were collected with a rate of 6 s per fraction. The blank run was performed
to determine the background of the UHPLC line as well as the contamination introduced by adding the sodium benzoate as carbon carrier for the
cAMS analysis.

Standards and blanks
Fig. 5.10 shows the measurements of the standard reference samples, which are in good
agreement throughout the campaign. Independently of their source, i.e. measured
with GIS from the gas bottle or combusted with EA-DTI, the deviation of the replicates
from the mean value is generally below 1%. Standards analysed with EA-DTI are
characterized by larger uncertainties because of the shorter measurement time (max.
3 minutes), leading to less counting statistics.
The effective background of the instrumentation was monitored by analysing blank
material samples (PhA) at the beginning of each measurement day as well as at regular intervals during the analysis of the chromatographic profiles (see Fig. 5.11). A
blank level below 0.02 F14 C was targeted to ensure the quality of the measurements.
An average value of 0.012 F14 C was achieved throughout the campaign. Blanks measured after finishing the analysis of a complete chromatographic profile were in good
agreement with the values measured at the beginning of the measurement day. Blanks
used to monitor the background during the analysis showed enhanced isotopic ratios
instead, depending strongly on the activity of the preceding samples. Nevertheless,
the quantified cross-talk was generally on the order of 1% and thus reasonably low.
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F IGURE 5.9: Comparison between the chromatographic profiles reconstructed from fractions collected from an off-line LC-injection performed
in duplicate. The overlap of the peaks corresponding to the different radiolabeling compounds is extremely precise, confirming the high reproducibility of the method. The red line at 2 F14 C corresponds to the threshold set as a criterion for multiple analyses on a cathode.

Final considerations
The choice of 2 F14 C as threshold to reuse a cathode for multiple analyses allowed an
optimized throughput, in particular for the second half of the chromatograms, where
most of the fractions did not contain any peak of radioactivity. The multiple measurements on a single cathode still guaranteed a proper quantification of the isotopic
ratios and even small peaks close to the natural abundance could be identified. For
instance, the peak around fraction 70 (see the zoomed profiles in Fig. 5.9), which appears as a small bump that can be hardly resolved from the background, was correctly
recognized despite being analysed on a reused cathode.
The limit of detection provided by the instrumentation is lower than the determined background of the processed samples by an order of magnitude. Consequently,
to fully exploit the unparalleled sensitivity of AMS, it is crucial to improve the quality
of the sample preparation and to reduce the background introduced by the UHPLC
line as well as by adding sodium benzoate as carbon carrier. Furthermore, the addition
of about 500 µg of carbon significantly diluted the collected fractions. On one hand,
this provides safe 14 C concentrations (the maximum was around 70 F14 C), preventing
contamination of the instrumentation. On the other hand, this reduces the sensitivity
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F IGURE 5.10: Scatter of the standard values (Oxa2) during the measurement campaign. Values of the standard gas mixture (5% of CO2 in He)
measured with GIS as well as of the standard samples analysed with the
EA-DTI approach are in good agreement and show less than 1% scatter
around the mean value.

F IGURE 5.11: Background level determined for blank material (PhA) samples used to monitor the measurement conditions during the analysis of
the chromatographic profiles. A blank value below 0.02 F14 C was targeted
to ensure the quality of the results at the beginning of each day of the
campaign. The average value is on the order of 10−2 , i.e. an order of magnitude lower than the background measured for the blank LC-fractions.

5.3. Study III: evaluation of cAMS at LEA
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of the measurements and could potentially cover some fine structures of the chromatographic profiles. To this end, test analyses of chromatographic profiles with only 50 µg
of added carbon are planned for better resolution of the peaks.

5.3

Study III: evaluation of cAMS at LEA

In the scope of the third study, the established routine for cAMS analyses based on the
EA-DTI approach was evaluated for measurements with the novel AMS instrument
LEA. The aim was to show that LEA is capable to offer a performance which is comparable with that of the MICADAS system. A short campaign was designed on the model
of the 1st study (see section 5.1), addressing the same concepts of linearity, stability and
reproducibility of the measurements.

5.3.1

Sample preparation

The samples were prepared at Novartis following the same procedure described in
section 5.1. Just two biological matrices (plasma and urine) were considered for this
study, as well as a single labeling compound (14 C2 ). Samples were generated again
in triplicate: at 11 concentrations for plasma and at 9 concentrations for urine, respectively. 10 additional samples stemming from the unlabeled biological compounds were
provided for each matrix for quality control of the sample preparation procedure.

5.3.2

Experimental procedure

The samples were measured at Ionplus with the prototype instrument LEA. The two
matrices were analysed separately, due to their different carbon content (around 3%
for plasma and 0.8% for urine). Aiming at demonstrating rather the precision of the
new AMS instrument than optimizing the samples throughput, the measurement time
per sample was set to 3 minutes to increase the counting statistics. The possibility of
performing multiple analyses on a single cathode was not utilised (even in the case of
the unlabeled samples). The system was tuned at the beginning of each measurement
day with standard samples (Oxa2) processed with EA-DTI. The background level of
the instrumentation was monitored as usual by measuring blank samples (PhA).

5.3.3

Results and discussion

The evaluation of the raw data was performed with the data processing tool Bats
(Wacker et al., 2010a) following the procedure described in section 5.1.3. Results are
expressed in terms of fraction modern units (F14 C).
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( A ) Labeled plasma samples.

( B ) Labeled urine samples.

F IGURE 5.12: Deviation of the individual samples from the respective triplicate average. Most of the plasma samples present less than 2.5% deviation from the mean, while for urine samples deviations up to 7.5% are
observed. The triplicates that are missing from the results were not analysed, because of evident signs of material leakage from the tin cups when
delivered for measurements.
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Analysis of the triplicates
Samples in triplicate were measured at 11 concentrations in the range from 1 to 60 F14 C
for plasma and at 9 concentrations in the range from 2.5 to 90 F14 C for urine, respectively. The relative standard deviation across the plasma triplicates is generally below
5%. As in the case of the previous studies, urine samples were characterized by a more
pronounced scatter, with a relative standard deviation across the triplicates of above
10% at three concentrations. In such cases, a contamination of one of the triplicates
was clearly recognizable, highlighting again the difficulty for a clean handling of this
biomatrix. The deviation of individual samples from the triplicate average is shown in
Fig. 5.12a and Fig. 5.12b, for plasma and urine3 , respectively. Most of the samples generated from plasma present less than 2.5% deviation from the mean, independently of
their radioactivity. Individual urine samples affected by contamination lead to deviations up to 7.5% instead. Nevertheless, if the statistical uncertainty of the individual
samples is taken into account, several triplicates are in good agreement, demonstrating the reproducibility of measurements with LEA. Samples at lower concentrations
are affected by larger uncertainties, because of the lower counting statistics during the
3 minutes of measurements.
Analysis of the unlabeled samples
The results of the analysis of 10 replicates of both unlabeled biomatrices are plotted in
Fig. 5.13a for plasma and in Fig. 5.13b for urine. Plasma replicates have a mean value
around 1, 039 F14 C and a relative standard deviation of 2.4%. The data are in good
agreement with the ones obtained in the first study for the same matrix, in which an
average value of 1, 038 F14 C was observed (see Fig. 5.3b). The urine samples show an
average value close to 4 F14 C instead, indicating a general issue in the handling of the
bulk compound itself, rather than a contamination introduced by preparing some single aliquots. Moreover, an evident additional contamination was found for sample 1,
which is characterized by an isotopic ratio above 5 F14 C and was therefore excluded
from the determination of the average. A contamination arising from the instrumentation can be excluded. The unlabeled samples were measured at the beginning of the
day, immediately after the blank material samples (PhA), which were characterized
by 14 C concentrations below 0.02 F14 C. Moreover, the triplicates measured at the first
concentration present an isotopic ratio which is of less than 2.65 F14 C and, thus, lower
than the one of the unlabeled compound. The hypothesis of an error in the preparation
of the biological compound is supported by the suspicious carbon content determined
3 Results

are plotted for 8 concentrations only. One of the triplicates at the second concentration was
erroneously generated already at the level of the third concentration, leading to a huge deviation of
more than 50%.
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( A ) Plasma, unlabeled compound.

( B ) Urine, unlabeled compound.

F IGURE 5.13: Results of the analysis of the 10 samples generated from
the unlabeled biomatrices plasma and urine. Replicate samples of plasma
show low scatter around a mean value of 1, 039 F14 C. On the other hand,
urine samples present already a high average 14 C content of 3.97 F14 C),
which indicates a severe issue during the handling of this matrix.

by quantification with the EA. The unlabeled samples have an average carbon content
of just 0.25%, instead of the average 0.7% determined for the labeled samples. This is
a clear indication for some missing carbon within the unlabeled samples. Thus, the
introduced contamination is less diluted, explaining the enhanced isotopic ratios.
Standards and blanks
Values measured for the standard material samples at the beginning of the two measurement days are plotted in Fig. 5.14. The scatter of the standard samples is within 1%
deviation from the average and consistent with the uncertainty obtained by the counting statistics of the individual measurements. The blank level was monitored at the
beginning of the measurement days, too. The average value of 0.014 F14 C lies close to
the ones measured for blanks with the MICADAS system in the first (0.013 F14 C) and
second study (0.012 F14 C).

5.4

Summary

The novel methodology for high throughput cAMS analyses based on the EA-DTI approach was evaluated in the scope of three measurement campaigns. The close collaboration with Novartis Pharma AG allowed to address the questions of the health
authorities about the cAMS technology in relation to biomedical studies and, simultaneously, to evaluate this approach. In total, more than 1200 samples were analysed
throughout the three studies, including radiolabeled biomatrices, bulk biological compounds, fractions of LC-profiles, reference standards and blanks. Measurements were
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( A ) Reference samples (Oxa2).
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( B ) Blank samples (PhA).

F IGURE 5.14: Summary of reference and blank material samples analysed
at the beginning of the two days of the measurement campaign. Measurements reflect the behaviour observed during the previous studies conducted with the MICADAS system.

performed with an average throughput of 12 to 13 samples per hour, achieved by the
improved analysis time of just 4 minutes and 50 seconds per sample. The possibility of
performing multiple analyses on a single cathode was successfully tested, leading to an
even higher throughput and level of automation. This method would allow the analysis of about 200 samples, corresponding approximately to a complete chromatogram,
within one single measurement day. Unattended measurements could be run during
about 16 hours, requiring only a change of magazine after an 8 hours shift.
The reproducibility of the results was confirmed by analysing labeled samples generated from four biomatrices in triplicate at different concentrations (section 5.1). Several compounds with 14 C-labeling at different positions were used, showing the independence of the results from the chosen one. The study was successfully repeated on a
smaller scale using the new compact instrument LEA (section 5.3). The EA-DTI performance for the analysis of chromatographic profiles was assessed by measurements of
LC-fractions collected from off-line UHPLC injections simulating a metabolite profile
(section 5.2). Values of reference material samples were in general in good agreement
and did not show a drift in time neither during the single measurement days, nor
over the duration of a campaign. The sensitivity of the AMS instruments was continuously monitored throughout the different measurement series by analysing 14 C-free
blank material (PhA). The average blank value was on the order of 10−2 F14 C, which is
well below the minimum concentration of the analysed biomedical samples. A proper
background value could be always re-established, independently of the activity of the
previously measured samples.
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The conducted studies demonstrated that the cAMS technology is currently not
limited by the sensitivity of the instrumentation, but rather by the contamination introduced during the sample preparation and handling. In addition, the introduction of
high amounts of sodium benzoate as carbon carrier can reduce the sensitivity for identification of tiny amounts of radioactivity, which may become too diluted and consequently lost into the background. Tests using a lower addition of carbon carrier of
about 50 µg are planned for a better resolution of the structures of the chromatographic
profiles.
Finally, the application of the EA-DTI system is not limited to biomedical studies only. By combining an increased sample throughput with the sensitivity of AMS,
the methodology has a huge potential also for environmental tracer studies at low
radioactive doses. For example, it could be applied for the investigation of uptake,
whole-body distribution and depuration of nanoplastics by marine organisms (Al-SidCheikh et al., 2018). The applicability of the EA-DTI approach in this research field
was evaluated by performing some preliminary measurements for quantification of
14 C-radiolabeled nanoplastics within scallops tissues. Results were promising and triggered our interest for future collaborations.
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Conclusions and Outlook
New instruments and analytical methods were developed to make the AMS technology based on gas analysis more competitive for studies requiring a fast measurement
procedure rather than high precision results. The main target are biomedical companies interested in the in-house performance of metabolism and pharmacokinetic studies, which uses radiocarbon as tracer during the validation procedure of a new pharmaceutical compound. The sensitivity of AMS would allow to reduce significantly the
radioactive dose required to label the drug under investigation, leading potentially to a
shift of paradigm for the whole drug development process. Applications in the climate
and environmental research are also envisioned, for instance in relation to compound
specific analyses giving a deeper insight over the global carbon cycle.
The feasibility of a combustion based AMS (cAMS) approach for the analysis of
biomedical samples generated in ADME studies has been validated in collaboration
with Novartis Pharma AG (Basel Switzerland). The study was characterized by two
branches, for a head to head comparison of the results obtained using conventional
decay counting techniques and cAMS analysis. To this end, a 14 C-labeled compound
was administered to two groups of rats, using a conventional dose and a 40000-fold
lower dose, respectively. Despite the different amount of radioactivity, the metabolite
profiles reconstructed from the analysis of samples stemming from several biological
matrices, as plasma, urine and feces, were in excellent agreement for the individuals of
the two dosing groups. More than 1700 samples were measured over 15 consecutive
workdays, demonstrating the eligibility of the cAMS technology. Although this was
clearly a significant achievement, the study highlighted some weak points of cAMS,
which hinder to unfold its true potential. Looking forward to a system being more
competitive for drug development studies, two main limitations of the cAMS technology were addressed:
1. The necessity of an increased sample throughput and level of automation.
2. The development of a more compact and easy to operate AMS instrument.

112

Chapter 6. Conclusions and Outlook

The first point was addressed by developing the Double Trap Interface (DTI), a
novel gas handling instrument that couples an elemental anlyzer (EA) to the hybrid
ion source of an AMS system. The DTI is equipped with two external traps containing a zeolite molecular sieve. These are used to collect the sample material in form of
gaseous CO2 after the combustion and gas separation process performed with the EA.
The alternating use of the two traps allows to run in parallel the processes of loading
and measuring the sample CO2 . This results in a quasi continuous analytical procedure. To speed up the measurement routine, the sample material is released directly
into the ion source, skipping the use of a syringe as an intermediate storage and flow
regulation vessel. The development of the DTI prototype was accompanied by a redefinition of all the measurement procedures. A dedicated software was implemented,
which controls each step of the on-line sample analysis and increases the level of automation of the system. As a result, the time required for the analysis of a sample
was reduced from the conventional 8 minutes of the approach with GIS to less than
5 minutes. Thus, a throughput of 12 to 13 samples per hour has been achieved. A
fast analytical method was implemented for the EA, which requires now about 3 minutes and 20 seconds to complete the cycle of sample combustion and separation of the
released gases. This default method allows a proper separation of the nitrogen and
carbon content for samples up to 1 mg of C and 0.1 mg of N. Alternative methods have
been developed for biological samples with an enhanced carbon or nitrogen content,
respectively.
Nowadays, high precision radiocarbon dating requires that each measurement is
performed on a new cathode. In order to reduce the manual inputs from the operator
and, therefore, extend the duration of unattended measurement sequences, the possibility of performing multiple analyses on a single cathode was investigated. This is
particularly advantageous in the case of ADME studies, which require the analysis of
metabolite profiles. Here, the relevant information related to the metabolites of interest is contained in a small fraction of the measured samples, while the majority can be
considered as background. Thus, a more dynamic procedure was implemented that
evaluate the degradation level of the cathode and the possibility of reusing it. The decision is based essentially on two criteria: the current measured by the pre-sputtering
of the cathode and the activity of the previous sample. Up to 4 analyses per cathode
are now feasible, ensuring still optimal measurement conditions.
In biomedical tracer studies, samples with an enriched 14 C-concentration, which
can be of several order of magnitude above the natural abundance, are analysed. Thus,
the quantification of the cross-talk, which indicates the contamination between consecutive samples, is of crucial importance. The improvements of the DTI setup as well as
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of the cleaning procedure reduced the cross-talk to around 1%. The value was quantified by investigating the evolution of the blank level after the analysis of reference
standard samples (Oxa2) at natural abundance as well as after biomedical samples
with activities up to 1000 F14 C. It was determined that the cross-talk arises from the
contribution of the whole instrumentation, including the combustion unit, rather than
from individual components as e.g. the adsorbing traps. The size of the blank samples
plays also a role in the quantification of the cross-talk. A lower cross-contamination
is generally observed for blank samples with a carbon content above 200 µg. Despite
of being acceptable for applications in biomedical and environmental tracer studies,
the cross-talk arising within the instrumentation is not as suitable as wished. In particular, the increase of the 14 C counts observed for blank samples after 3 minutes of
analysis indicates a suboptimal evacuation of the capillaries system in the section preceding the adsorbing traps. This leads to a potential remobilization of material from
previous samples and, thus, to the introduction of an additional contamination within
the gas feeding lines. This issue will be addressed in a future design of the DTI. An
improved dosing system for the regulation of the carbon mass flow is also envisioned,
with regard to applications that require a longer analysis time. The opportunity of introducing an additional gas line, feeding a reference gas directly into the ion source for
tuning operations, will be considered, too.
A further automation to an on-line method is not aimed at the moment. For instance, the direct coupling of an LC-system to an AMS instrument is not viewed as
beneficial. Such methods will address additional issues related e.g. to reduced sensitivity due to the dilution of carbon and to the short analysis times, which will be
required to handle the continuous flow of eluates. Additionally, on-line couplings will
likely complicate the simultaneous measurement of carbon masses, which is required
for the precise calculation of the sample activity from the measured isotopic ratios. A
novel technique for sensitive quantification of 14 C in tracer study may be represented
by the emerging cavity ring-down spectroscopy (Kim et al., 2020). This technology is
based on excitation of gaseous CO2 particles in a optical cavity using a mid-infrared
laser, and requires a more compact and less complex instrument compared to an AMS
system.
The second point is strictly related to the aim of the AMS community to push this
technology towards the low energy limit. A prototype of a Low Energy Ams (LEA)
instrument operating at a stripping energy around 100 keV was assembled and tested
in collaboration with Ionplus AG (Dietikon, Switzerland). The detection of 14 C ions
follows the same principle as the MICADAS system, but the lower terminal voltage
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between 50 and 65 kV at the tandem acceleration stage allows a more compact design
of the HE-side. Molecular interferences are suppressed through collisions with atoms
of helium used as stripper gas. An areal density of helium within the stripper canal
µg
around 0.4 cm2 allows to achieve a blank level on the order of 10− 15, which corresponds
to a dating capability of more than 50000 years. At these terminal voltages, beam
losses due to angular straggling are more pronounced as a consequence of the lower
phase space compression. However, these losses are partially compensated by the
high yield of the 1+ charge state in helium at energies around 100 keV. The measured
transmission was around 52%, and indicates an ion optical transmission above 70%
for LEA. Currents of the stable 12 C isotope up to 35 µA (HE-side) were obtained after
optimum tuning of the system. Optimal ion currents were measured in particular for
a ratio between extraction energy and terminal voltage around 0.7. The stability of
the measurement conditions under routine operation was demonstrated in a series of
acceptance tests using different reference standard materials (Oxa1, Oxa2, IAEA-C7).
The results of the characterization tests indicate that LEA can fulfil the requirements for precise radiocarbon dating and, thus, can provide a valid alternative to the
MICADAS system. As a next step, the improvements of the transmission (+2%) and
tuning operation that have been observed by performing some preliminary tests after
the correction of the stripper tube configuration will be further investigated. Moreover, three alternative and more compact prototypes of LEA are currently under study.
The goal is to reduce the size of the injector upstream the acceleration unit by eliminating the intermediate focal points of the ion beam. In the most compact version, it is
planned to focus the beam directly into the stripper tube.
The performance of the developed instruments and measurement methodology
was evaluated under routine operation conditions during three measurement campaigns, which were conducted in collaboration with Novartis Pharma AG. In the scope
of these studies, the samples were generated with two different procedures: by labeling
biomatrices as blood, plasma, urine and feces at several concentrations, and by collecting fractions of simulated metabolite profiles through off-line liquid chromatography
techniques. More than 1200 samples, including reference and blank material samples,
were analysed over the three campaigns. The optimized measurement procedures allowed a throughput of 12 to 13 samples per hour and required only minimal external
inputs from the operator. The measurements of the simulated profiles demonstrated
that 200 sample analyses per day can be targeted with the EA-DTI approach, for a total
run time of about 16 hours achievable with a magazine change after an 8 hour shift
and continued unattended operation. The analysis of labeled samples in triplicate as
well as of LC-injections in duplicate demonstrated the reproducibility of the results
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obtained with cAMS. The comparison with the results of the experiments performed
by Novartis Pharma AG, in which high radioactive concentrations and decay counting
techniques were used, has shown that cAMS can be considered as a valid alternative in
the scope of ADME studies. This method can be implemented both instead of as well
as complementary to the conventional approach. Furthermore, the studies indicated
that the cAMS technology is not limited by the sensitivity of the instrumentation, but
rather by the contamination introduced during the sample preparation and handling.
It is our opinion, that moving the whole sample preparation procedure to an environment which has not been exposed to radioactivity from previous or parallel tracer
studies would improve this aspect.
A next study is planned, where samples generated in the scope of a real ADME
study on human patients are analysed. It is our hope, that this study will deliver the
definitive proof for the eligibility of the cAMS technology in biomedical micro-tracer
studies. This will lead to the shift of paradigm hoped for the drug development process
and will finally result in a more efficient selection of the promising pharmaceutical
agents as well as in the reduction of the administered doses of radioactivity.
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Reporting radiocarbon activities and
concentrations
A.1

Radiocarbon units

AMS measurements determine the isotopic ratios of a rare, radioactive, isotope to a
more abundant, stable, isotope in a sample. One of the advantages of this method
is that the rare radioisotopes are directly detected, without having to wait for their
radioactive decay to occur. On the contrary, the more common liquid scintillation techniques measure the radioactive decay, which is rare in an isotope like 14 C having a long
half-life of 5730 ± 40 years (Godwin, 1962). Thus, AMS allows a faster and more sensitive quantification, since enough counting statistics can be obtained without waiting
for decays of the long-lived radioisotopes.
Radiocarbon concentrations are commonly expressed in terms of the 14 C/12 C isotopic ratio. The concentration of a known certificated standard is used as meter. A
conventional absolute radiocarbon standard was established (see e.g. Mook et al., 1999),
which is defined as 95% of the activity of Oxalic Acid I after being corrected for its decay
to 1950. The last assumption is introduced because of the perturbation of the natural
14 C concentration in the atmosphere after this date, which was artificially increased
because of the bomb tests (bomb-peak) during the Cold War period. The activity of
the absolute radiocarbon standard corresponds to an average value of 13.56 disintegrations per minute (dpm) per gram of carbon.
Because AMS has its origin in radiocarbon dating, results are generally reported
in terms of percent Modern Carbon (Stuiver et al., 1977), a unit which takes also into
account isotope fractionation corrections. Isotope fractionation is a process that occurs
during both chemical reactions and physical processes, which may take place in nature
or in laboratory preparation. The consequence of fractionation is a partial separation
of the different isotopes, resulting in enrichment of one isotope relative to another. In
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radiocarbon dating, this effect has to be considered to be able to compare 14 C values
of different materials (Eriksson Stenström et al., 2011). Fractionation is expressed in
terms of the relative deviation δ of the 13 C/12 C ratio of the sample compared to that of
a reference standard material:

(13 C/12 C)sample
δ C = 13 12
−1
( C/ C)reference
13

(A.1)

The original standard material was carbonate from a marine fossil. It is referred as the
PDB (Pee Dee Belemnite) standard and has a ratio 13 C/12 C = 0.01124 (Craig, 1957).
To determine the age of a sample, its activity has to be compared to the activity of
tree rings of known ages and well-determined isotope fractionation. Terrestrial wood
has an average 13 C/12 C ratio of −25 ‰. Thus, 14 C/12 C ratios are conventionally corrected to this value:
 14 
 14 

2
C
C
13
= 12
· 1 − 0.025 − δ Cmeas
(A.2)
12 C
C meas
corr
Because the use of post bomb-peak 14 C analysis became more important in forensics
and environmental sciences, it was suggested for convention to introduce the unit
Fraction Modern (1 F14 C = 100 pMC), which reflects the natural abundance of 14 C in
the atmosphere (Reimer et al., 2004). 1 F14 C is the approximate concentration of naturally formed cosmogenic 14 C in the living biosphere and corresponds to an isotopic
ratio 14 C/12 C = 1.18 · 10−12 (Olsson, 1968).

A.2

Conversion of units

Biomedical studies involve the analysis of 14 C enriched samples, which are consequently above the natural abundance. Thus, the unit Fraction Modern (F14 C) is particularly suited for reporting AMS results of PK or ADME studies. However, this notation
can be misleading for persons working in the pharmaceutical or biomedical field, who
are more familiar to specific activities reported in disintegrations per minute (dpm) or
Becquerel (Bq) per carbon mass. For a quick conversion, one can use the following
relations:
1 Bq/g(C) = 60 dpm/g(C) = 4.42 F14 C
(A.3)
1 F14 C = 13.56 dpm/g(C) = 0.226 Bq/g(C)

A.2. Conversion of units
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The conversion of the measured 14 C/12 C isotopic ratios into Bq (per sample mass or
per carbon content) is based on the definition of the sample’s activity A:
A = N · λ,

(A.4)

ln (2)

where λ = T
is the decay constant and T1/2 = 5730 years is a consensus value for
1/2
the half-life of radiocarbon (Godwin, 1962). N represents the total number of 14 C atoms
in the sample and is derived from the measured 14 C/12 C isotopic ratio and the carbon
mass mC of the sample as:
14 C
N
(A.5)
N = 12 · mC · A ,
mmol
C
where NA ≈ 6.022 · 1023 mol −1 is the Avogadro constant and mmol the molar mass of
carbon. The presence of mC in equation A.5 evidences the necessity and the importance
of a correct quantification of this parameter in the measurement routine.
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