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ABSTRACT 

Accelerator Mass Spectrometry (AMS) is an ultra-sensitive isotopic analysis technique 

that allows for the determination of isotopic ratios of rare long-lived radionuclides such as 

radiocarbon. AMS has become an important tool in many scientific disciplines, due to its 

sensitivity of detecting isotopic ratios at the level of 10-15 by making use of nuclear physics 

techniques and methods. 

The objective of the present work was to design and implement a new AMS system at 

iThemba LABS, the first of its kind on the African continent. The system is described in detail 

along with the relevant ion optics simulations using TRACE-3D. Beam optics calculations 

were performed for carbon isotopes, using the TRACE-3D code, in order to optimize the design 

of the new spectrometer and assess its overall performance.  

The AMS technique was applied in two unique South African research projects in 

relation to archaeology and environmental air pollution studies. The AMS technique, combined 

with the Proton-Induced X-Ray Emission (PIXE) technique, was also applied in an 

environmental study with respect to the contribution of contemporary and fossil carbon in air 

pollution in the Lephalale District, close to both the newly built Medupi coal-fired power 

station (~5 GW, the largest ever build in South Africa), and the existing Matimba coal-fired 

power station.  

The discrimination of contemporary carbon and fossil carbon is accomplished by using 

the AMS technique in measurements of the 14C/C ratios of aerosol particulate matter. The 

absence of 14C in fossil carbon material and the known 14C/C ratio levels in contemporary 

carbon material allows us to distinguish between contemporary carbon and fossil carbon and 

decipher in this manner different anthropogenic contributions.  
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The contemporary carbon throughout our sampling campaign in the Lephalale District 

has been measured to be approximately 53% of carbon aerosol. As many studies have been 

performed of contemporary carbon and fossil carbon, no other contemporary and fossil carbon 

source assessment method provides the definitive results that can be obtained from radiocarbon 

measurements.  

PIXE analysis for the determination of the elemental composition of particulate matter 

in samples near the Medupi coal-fired power station in the Lephalale District was also 

performed for 6 elements, namely, K, Ca, Ti, Mn, Fe, and Zn. In the samples that were analyzed 

the particulate matter concentrations did not exceed the air quality standards regulation at 

Lephalale. The recommended daily limit air quality standard by South African legislation is 75 

µg/m3.    

Enrichment Factor (EF) analysis of soil with respect to Fe shows anomalously high 

values for Zn.  

AMS was also applied to archaeological studies of early herding camps of the khoe-

khoe people at Kasteelberg, situated on the southwest coast in South Africa, and are among the 

best preserved sites of their kind in the world. Sea-shell samples from the Kasteelberg B (KBB) 

site have been dated with AMS at Lawrence Livermore National Laboratory (LLNL) in an 

effort to elucidate the relationship between the herder-foragers of the inland and shoreline sites 

in terms of migration patterns. The radiocarbon dates obtained are in general agreement with 

the other studies that have been performed on the site, and show that the ages of artifacts are 

less than 2000 years. The samples for this study originate from various well defined 

stratigraphic-levels at square A3 at KBB. It was evident from excavation that the artefacts seem 

to be of the same period and there is no evidence of mixing from different stratigraphic layers.  
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Radiocarbon dates were calibrated using Calib 6.1 and each was corrected for marine 

reservoir effect. The date range between the earliest and most recent dates that were obtained 

span gap is approximately 400 years from AD 825 to AD 1209. The majority of the radiocarbon 

dates of the KBB site belong to dates of 1002-1100 AD, the other few belong to 825-958 AD, 

and the last single date of 1209 AD. The new AMS dates from this work suggest the high 

probability that indeed there was a hiatus between the two occupations designated as lower and 

the upper KBB. The significant changes seen in material culture styles as well as in the nature 

of occupation and change in accumulation rate of deposits therefore do not necessarily indicate 

a cultural replacement caused by the arrival of a new population. This implies that the 

occupants of lower KBB may also have been Khoe-speakers, and not local San.   
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CHAPTER 1 

INTRODUCTION  

1.1        Accelerator Mass Spectrometry 

Accelerator Mass Spectrometry (AMS) is an analytical technique for measurements of 

isotopic abundances at extremely high sensitivity levels. Isotopic ratios in the range of 10-10 to 

10-15 are currently routinely achievable for a large range of different isotopes along the nuclear 

chart. As in conventional Mass Spectrometry (MS), atoms are extracted from a sample, ionized, 

accelerated, separated by mass, charge, and/or energy and finally detected. One of the major 

limitations of conventional mass spectrometry techniques, such as Inductive Coupled Plasma 

Mass Spectrometry (ICPMS) and Secondary Ion Mass Spectrometry (SIMS), is their inability 

to break below the ~10-9 isotopic ratio sensitivity regime due to isobaric and molecular 

interferences. While the Decay Counting (DC) technique can measure isotopic ratios as low as 

10-17, it suffers from its own inherent constraints which frequently result in long counting times 

as well as often requiring relatively large sample sizes (few hundred mg to g). 

In terms of the new needs among many fast-developing sciences during the 60ôs and 

70ôs, all the above limitations were overcome through the development of the AMS technique. 

This new spectrometry technique accomplished that by making use of electrostatic ñTandemò 

accelerators, which were traditionally used in nuclear physics research. The acceleration of 

ions to energies higher than those achievable with other conventional mass spectrometry 

technique made it possible to use nuclear physics instrumentation and methods to detect the 

isotopes of interest and at the same time, thereby eliminating molecular interference.  
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The idea of accelerator-based mass spectrometry can be attributed to Luis Alvarez and 

Robert Cornog at the University of California, Berkeley, when for the first time, they used a 

cyclotron as a mass spectrometer in an effort to detect naturally occurring 3He (Alvarez and 

Cornog, 1939).  

It was only in 1977 that Richard Müller, a student of Luis Alvarez, recognized that 

cyclotrons could be used to accelerate cosmogenic nuclei such as 10Be, 3He, 14C, to energies 

such that background isobaric interferences could be separated by using solid state detectors 

(Müller, 1977). Richard Müller was also responsible for accomplishing the first successfully 

radioisotope date experimentally obtained using 3H (Müller, 1977). Following that, 

experimental work performed with electrostatic Tandem accelerators by two groups at 

McMaster and Rochester led to the successful detection of 14C and opened up a modern era of 

high sensitivity cosmogenic isotope detection (Nelson et al., 1977; Bennett et al., 1977). Most 

AMS systems in use today are laboratory- or facility-sized, with the majority of the AMS 

systems being used for 14C measurements and a few also measuring other isotopes, such as 

10Be and 26Al. There are now much smaller spectrometers being designed specifically for 

biological tracing applications with tritium and radiocarbon (Suter et.al, 1997). The numbers 

of existing AMS facilities that can measure a breadth of isotopes spanning the whole periodic 

table is Ò 12. 

The basic idea behind AMS is to extract radionuclei of interest out of the sample and 

count them directly, instead of counting their decays. The measurement time therefore can be 

reduced by orders of magnitude and the same stands for the size of the sample. As an example, 

using AMS a sample of 1 mg of carbon that is 50,000 years old will require a measuring time 

of about 30 minutes to produce a 1% precision radiocarbon measurement: by comparison, 

decay counting would require 1 g of the same carbon and 2 days of measurement time to 

produce a measurement with similar precision.  
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In terms of radiocarbon detection, the isobaric interference from 14N is detrimental to 

the use of conventional mass spectrometry systems. In an AMS system the accelerated 

radiocarbon is initially in the form of a negative ion 14C-. It is a fortunate fact that the life time 

(~5x10-14 s) of negative 14N ions is too short to allow it to get into the accelerator and therefore 

the possible 14N isobaric interference is eliminated in the first stages of 14C AMS 

measurements. In terms of molecular isobaric interferences, the abundance of molecular ions 

of similar mass as 14C produced in the ion source, that is 12CH2
- and 13CH-, is much higher than 

that of the 14C- produced. However, the interfering 12CH2
- and 13CH- molecular ions are injected 

into the positive terminal Tandem accelerator together with the 14C-. At the centre terminal of 

a Tandem there exists a so-called ñcharge exchange canalò, consisting of a thin foil (~4 Õg/cm) 

or stripping gas (N2, Ar, etc) where atomic collisions take place between the incoming 

accelerated ions and the atoms of the foil or gas. During these collisions, electrons are stripped 

off the incoming ions and in this manner the accelerated species become positively charged, 

and are then subsequently accelerated a second time, away from positive terminal to the exit 

part of the accelerator. In addition, during these atomic collisions the interfering molecules, 

such as 13CH- and 12CH- in the case of radiocarbon measurements, dissociate and do not 

interfere in subsequent mass analysis of positively-charged 14C ions. In AMS measurements of 

other isotopes, isobaric interferences, such as 10B in 10Be measurements may also be resolved 

using appropriate nuclear physics techniques such as gas ionization detectors or gas-filled 

magnets or stopper foils.  

A major disadvantage of AMS lies with the cost of operation in terms of the setting-up, 

maintenance of the system and it is also technically complicated. Therefore, the most 

significant technical developments during the past years has been the trend towards smaller 

AMS system.  In addition, sample preparation for radiocarbon in comparison to decay counting 

is small in size, more demanding and time consuming. This involves many different steps, 
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ranging from chemical pre-concentration and pre-treatment for enrichment or removal of 

contaminants respectively, to the graphitization or solidification of the radiocarbon interest 

which usually found in gaseous form which originates from a combustion process. Moreover 

the best decay counter can still achieve higher precision and lower backgrounds than an AMS 

system assuming a suitably large pure sample can be found.  

The AMS techniques have almost completely superseded the older decay counting 

techniques and have extended the use of cosmogenic isotopes within the scientific community 

in addressing more complex scientific problems. AMS techniques allow for measurements of 

extremely low nuclide concentrations in very small size samples; such measurements were 

otherwise impossible to perform before the development of AMS.  

The most important application of AMS has been in connection with radiocarbon 

measurements, where it has replaced decay counting as the primary analysis tool in almost all 

applications. AMS of long-lived radioisotopes has become an important tool in many scientific 

disciplines, such as archaeology, geosciences, hydrology, oceanology, paleoclimatology and a 

wide range of environmental applications. In addition, the efficient AMS detection of 

radioisotopes with longer half-lives, such as 10Be, 26Al, 36Cl, 41Ca, and 129I, as well as other 

interesting unstable isotopes up to actinides, has opened up a large variety of new applications 

which could not be undertaken with conventional MS or decay counting systems.  

       The expected research outputs with particular relevance to southern Africa cover a wide 

range of scientific disciplines as listed below. As can be seen, these applications are of 

paramount importance to South Africa and prompted the development of the only AMS facility 

presently within the African continent; it is located at iThemba LABS within the campus of the 

University of the Witwatersrand. Brief descriptions are presented below of the roles that AMS 

measurements will play in a number of fields of study of particular relevance to South Africa. 
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Climatic Studies 

Research in global and regional climate change is based on long-lived cosmogenic 

isotopes in the atmosphere such as 14C, 10Be and 36Cl. These isotopes enable studies of longer-

term climatic change and geologic processes and it make it possible to establish current and 

past ocean circulation patterns that are strongly coupled to climate, such as global patterns of 

changes associated with the El Ninõ effect. In such ocean circulation studies, South Africaôs 

unique geographical location being at the meeting point of the Atlantic and Indian Oceans will 

allow important studies of oceanographic changes of global importance.  

 

Characterization of anthropogenic and fossils sources of atmospheric pollution 

  Radiocarbon applications to atmospheric aerosol research relate primarily to the 

determination of fossil and contemporary components.  Urban air pollution is a complex mix 

of organic molecules which are emitted by vehicle exhausts, by fossil-fuel and biomass 

burning, and many other industrial processes. Efforts to reduce/remediate urban air pollution 

require knowledge of the contributions from many different sources. Since about 90% of South 

Africaôs energy is produced in coal-fired power stations, energy production results in an 

enormous CO2 gas emission to the atmosphere. The CO2 emitted from coal and other fossil fuel 

burning (e.g., vehicles) is essentially 14C-free and, hence, AMS 14C measurements can 

distinguish between such energy production emissions and emissions from the combustion of 

more recent materials, such as biomass burning. 

 

Characterization of Regional Groundwater Systems 

The advantage of AMS for Isotope Hydrology would lie principally in the ability to 

measure very small samples of 14C and in the ability to measure longer-lived and/or low-level 
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isotopes such as 36Cl. Isotope hydrology studies are vital for the entire Southern African region 

with a strong desert and semi-desert nature and scarce water resources. 

 

Anthropology, Archaeology, History and Preservation Technology 

 AMS has made significant contributions in dating precisely the transition to the 

cultivation of crops, the age of stone tools, prehistoric rock painting, and other events and 

artifacts of historical and prehistorical importance. The requirement of microgram-sized 

samples makes the technique nearly non-destructive and enables its use in measurements of 

sensitive artifacts such as the Sanôs paintings and historic pottery. The San peopleôs paintings 

are one of the few well-preserved artifacts from hunter-gatherer societies, and the ability to 

date possible small amounts of organic carbon will give unique insight to migration periods of 

both the San people and newcomers of Bantu origin.  

 

AMS in Biosciences 

The high sensitivity of the technique for long-lived isotopes allows one to five orders 

of magnitude increase in the sensitivity of DNA adduct detection in carcinogenesis studies. 

This allows the testing of assumptions concerning physiological responses to small doses of 

carcinogens in relation to specific nucleotides; such AMS studies can be carried out at ng/kg 

exposure levels. Importantly, AMS in pharmacokinetic studies and in highly-specific radio-

immunoassays could play an extremely important role in research in relation to the two highest 

killer diseases in South Africa, tuberculosis and HIV/AIDS. 

 

Research in Earth Sciences and Geosciences 

The high sensitivity of AMS makes it possible to use 10Be measurements in establishing 

erosion rates of rocks, dating of young volcanic flows, marine and lake sedimentation rates, 



7 

 

which would contribute significantly to Earth Sciences and Geoscience research in Southern 

Africa and its station in the Antarctica.  

 

Potential Isotopic Tools for Paleontological dating with AMS 

Investigations to use 36Cl and particularly 26Al/ 10Be as chronometers for paleontology 

are possible. South Africa is home to the world largest pool of Australopithecus Africanus with 

the Sterkfontein cave as a prime example. The Sterkfontein fossil site has produced the largest 

concentrations of early hominid fossils from a single locality (Berger et. al, 2002) and its dating 

is estimated to be around 3.5 million years, which is older than member 3 hominids (i.e. 3 

million years) from Makapansgat (Vrba, 1982). 

 

Nuclear Facilities and Safeguard related activities with AMS 

South African government is considering building four new 20 GWe new nuclear 

power stations for electricity, in addition to the two existing nuclear power stations at Koeberg 

which generate 5% of South Africaôs electricity. There are many long-lived radioactivities 

generated by nuclear facilities that are very hard to detect by conventional alpha, beta or gamma 

ray counting methods. As a result, their unintentional release occurs which, although of little 

significance biologically, provides information on the processes inside nuclear facility and 

nuclear power plants and reprocessing facilities emit these and other long-lived radioactivities 

into surrounding, which can be detected by AMS at sensitive levels provide valuable 

information. 
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Besides detecting long-lived radioactivities such as 129I and 36Cl, it is possible to detect 

rare long-lived isotopes of uranium and thorium using AMS because of the almost complete 

absence of isobars. Here, the destruction of interfering molecular ions and the fact that both 

negative and positive-ion ??? mass spectrometry are used, makes new measurements possible.  

Consequently, as part of nuclear safeguards protocol, the assay of 236U, 233U in uranium 

and 229Th, 230Th in thorium could be valuable for indicating the human use of these elements 

in the past. Since, uranium has been distributed in the environment as a result of nuclear 

activities including nuclear explosions, accidents at nuclear plants, dumping of nuclear waste 

and releases from nuclear facilities (Hotchkis et. al., 2000).  

The extension of early work by Zhao on ñDetection of Naturally-Occurring uraniumò 

will require some improvements in both the negative and positive ion- mass??? spectrometry 

if a goal of 1 ppt (10-12) is to be reached (Zhao et. al., 1994). Moreover, the relative abundance 

of Pu isotopes was measured at 1.25 MV. Then, at the Australian National University (Fifield 

et. al., 1996; 1997) the utilization of higher terminal voltage (4 MV) allowed to improve the 

sensitivity of the method, both for the detection limit as minimum detectable number of U 

atoms in the sample, and lower limit isotopic ratio measurable in samples at high concentration. 

Similar detection system has been developed at the Vienna Environmental Research 

Accelerator (VERA) (Steier et. al., 2002), at LLNL (Brown et. al., 2002), at the Australian 

Nuclear Science and Technology Organisation (ANSTO) (Hotchkis, 2000), at lower energies 

at the Eidgenossische Technische Hochschule-ETH in Zurich (Walker et. al., 2005). More 

recent measurements of 233U/238U ratios to as low as 10-13 (Tumey et. al., 2009). Because 233U 

has separate production pathways than 236U, it can provide valuable information on the 

particular source of anthropogenic uranium in a sample.   
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1.2        Objective s of present PhD research study. 

Within the above context, the objectives of the present thesis are to: 

¶ Develop an optimized design of a new AMS Laboratory based on the existing 6 MV 

EN Tandem facility at iThemba LABS, through beam optics calculations. 

¶ Establish a modern sample preparation laboratory with the main emphasis on the 

pretreatment and graphitization processes for radiocarbon AMS measurements of a 

variety of samples types.  

¶ Apply AMS and PIXE techniques in environmental studies related to the largest newly-

built coal-fired power station (~5 GW) at Medupi-Lephalale in South Africa.  

¶ Apply AMS techniques in dating studies of archaeological remains from sites of Khoi-

speaking settlements at Kasteelberg in the south Western Cape with the goal of 

contributing to resolving migration patterns and elucidating the transition process from 

hunting to herding in southern Africa. 

The last two applications in environmental and archeological studies, which have their own 

merit as scientific projects, constitute a first effort for cross-referencing and standardization of 

the new AMS system through comparisons of measurements made on the same samples at both 

the Centre of Accelerator Mass Spectrometry at Lawrence Livermore National Laboratory and 

the new AMS facility at iThemba LABS.  

In developing the new AMS facility at iThemba LABS, the previously existing 6 MV 

EN Tandem Laboratory was heavily modified, upgraded and redesigned in order to provide the 

needed elements for an AMS measurement capability. The upgrade included an entirely new 

Low Energy (LE) injection system, the replacement of the accelerator tubes and charging 
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system, and the design and implementation of a new High Energy (HE) beam transport system 

including new magnetic and electrostatic isotope separation elements and a multi-anode 

energy-loss gas ionization detector. The LE and HE beam transport systems were optimized 

through beam-optics computer modeling using the TRACE-3D code. The calculations 

comprised of two parts. The first part concerned the LE injection system from the ion source 

up to the ENôs central terminal and included the charge exchange canal. The second set of 

beam optics calculations was performed for a beam exiting the charge exchange canal with an 

implicit ñvirtual emittanceò, based on the results from the first calculations. These second 

calculations included the two HE acceleration tubes, a series of electrostatic and/or magnetic 

quadrupoles, the AMS 90° bending magnet, the 22.5° cylindrical electrostatic analyzer and the 

25° bending magnet before the energy-loss gas ionization detector. The main purpose of this 

thesis is the development of 6 MV EN Tandem accelerator to AMS system. Firstly, transport 

of the beam of interest using beam optics calculation in the LE system through the injection 

magnet which will match the acceptance of the accelerator. Secondly, the beam optics 

calculation will be performed on HE beam line to the end of detector. The intention is to have 

the AMS system, firstly for the measurement of 14C and thereafter AMS measurements for 10B, 

follow by 27Al and other isotopes.  

Graphite is the most common type of sputtering targets used in 14C AMS. The objective 

of iThemba LABS sample preparation laboratory is to produce graphite a targets by the 

catalytic reduction of CO2 by hydrogen over an iron-group metal powder (Vogel et. al., 1984). 

The goal of the iThemba LAB AMS facility is to reach a throughput for radiocarbon 

measurements of more than 3000 samples/years. The structure of iThemba LABS sample 

preparation will consist of 12 graphitization units and 12 individual sealed-tube combustion 

units. 
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The AMS techniques together with Proton Induced X-Ray Emission (PIXE) were 

applied to environmental samples from the Lephalale region where the largest coal-fired power 

station (~5 GW) in South Africa is being built at Lephalale. PIXE analyzes of atmospheric 

aerosol samples with respect to six elements, namely, K, Ca, T,  Mn, Fe, and Zn were performed 

to assess the sources of pollution in the region.  

An important issue in both scientific and policy terms is the relative contributions of 

anthropogenic and biogenic sources to the carbon aerosol. The distinction between ñwood-

burningò by the local communities and ñfossil fuel burningò due to combustion engines and 

coal-fired power stations is of vital importance in environmental studies and pollution 

legislation.  An analytical challenge is the very high level of accuracy and precision to which 

the very low abundances of 14C need to be quantified. The capability of AMS measurements 

on radiocarbon samples of environmental pollution using very small samples of microgram 

quantities is essential. The 14C/C will be used to discriminate the carbon concentrations 

contents between the contemporary and fossil carbon fractions of the aerosol samples collected 

at Lephalale. The measurements will help air quality legislation in the region. 

Archaeology research with respect to establishing migration patterns and evolution of 

social structures in South Africa can be of a complex nature particularly in connection with 

studies of hunter gather and early pastoral societies, as writing and therefore written history 

had not been developed.  

According to archaeological findings, sheep and pottery appeared in the region of the 

Cape about 2000 years ago. One of the important questions is in regard to their origin. Two 

different views have prevailed over the last 30 years. The first asserts that the so-called Khoi-

speakers introduced them during their migration from the north (Walker, 1983, Parkington, 

1984, Parkington et al., 1986, Smith, 1992, Boonzaier et al., 1996). The second asserts that 

certain livestock diffused southward and were partially adopted by Cape dwelling hunter-
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gatherers (Deacon et al., 1978, Deacon, 1984, Klein, 1986, Kinahan, 1995). Neither of these 

hypotheses enjoys sufficient supporting archaeological evidence to confirm or refute either 

beyond any reasonable doubt. Linguistic studies and the absence of the wild-progenitors of 

livestock in southern Africa indicate that both the Khoi-speakers and the earliest livestock must 

have come from the north, indirectly supporting the migration hypothesis that Khoi and 

livestock came together. The present work constitutes part of an attempt to test these two 

opposing hypotheses by establishing that either: 

a) that livestock and pottery appear together as a package at sites dating to around 2000 

BP (in support of the migration hypothesis), or 

b) the earliest livestock and pottery, it is argued, probably reached the Cape by process of 

diffusion (in support of the diffusion hypothesis) 

Recently Kamir Sadr and others (Sadr, 2007, Sealy and Yates, 1994; Smith, 2006) have 

produced test results in support of the migration scenario, and evidence suggests that the 

livestock, pottery and Khoi language spread as an integrated package around 2000 years ago, 

perhaps combined with a distinctive style of geometric rock art (Smith and Ouzman, 2004). 

Further, it has been suggested that this spread was a result of migrations from the far north of 

Botswana (Westphal, 1963), and possibly with ultimate origins in East Africa (Smith, 2008). 

Khoi-speaking hunter-gatherers appearance on late first/early second-millennium AD 

development in the Cape, preceded by many centuries in which sheep were exchanged among 

indigenous hunter-gatherer populations in Namibia and western South Africa (Sadr, 1998; 

Sadr, 2008). The alternative is that some of the first livestock diffused southward from one to 

another group of hunter-gatherers (Deacon et. al., 1978; Deacon, 1984, Klein, 1986; Kinahan, 

1995). The objective is to see whether livestock and pottery appear together as a package at 

sites dating to around 2000 BP. The test of this hypothesis depended to some extent on whether 

the switch from lower to upper occupation at KBB was a rapid event or whether an occupational 
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hiatus existed between the lower and upper deposits of KBB. The new AMS dates reported 

here suggest the high probability that indeed there was a hiatus between the two occupations 

designated as lower and the upper KBB. The significant changes seen in material culture styles 

as well as in the nature of occupation and change in accumulation rate of deposits therefore do 

not necessarily indicate a cultural replacement caused by the arrival of a new population. This 

implies that the occupants of lower KBB may also have been Khoi-speakers, and not local San. 

                                                             Outline of the thesis 
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CHAPTER 2 

RADIOCARBON DATING A ND CALIBRATION        

2.1        Radiocarbon in the environment 

  The most abundant carbon isotopes are 12C and 13C with a relative occurrence in the 

atmosphere of 98.89% and 1.11%, respectively. Both of these isotopes are stable. However, a 

heavier carbon isotope, 14C is radioactive and has a natural abundance in the atmosphere of 

about 1.2 x 10-12 relative to 12C. 

The possibility of production of 14C in the Earthôs atmosphere by cosmic-ray neutrons 

was first suggested by Montgomery and Montgomery (1939), soon after discovery of cosmic-

ray neutrons (Locker, 1933; Rumbaugh and Locker, 1936). Korff pointed out that most of the 

slow cosmic-ray neutrons would lead to production of 14C because of the rather high thermal 

neutron cross section on 14N (Korff and Danforth, 1939; Bethe et.al, 1940):  

                                               14N + nŸ14C +p       (2.1) 

with 14C decaying back to 14N via b-decay according to  

                                   14C Ÿ 14N + ɓ- +ὺ                  (2.2) 

Subsequently, Libby developed the Nobel Prize winning radiocarbon dating technique 

(Arnold, and Libby, 1949), based on the 14C b-decay using decay counters. The fact that the 

14C has half-life (t1/2) of 5600 years, when coupled with routine measurement backgrounds, 

limits routine radiocarbon dating of old artifacts to ages less than 45,000 to 55,000 years ago. 

The decay of 14C follows the radioactivity exponential law 

                                                             A = A0 e
-ɚt                                                     (2.3) 
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 A0 is grams of radioactive isotope that has half-life of t of years, A refers to specific activities 

(i.e., decay per gram of material) and ɚ = ln2/t1/2 is the reciprocal mean lifetime of 14C.  

The current accepted half-life is not 5568 yearss, but is now 5730 yearss. However, 

Libbyôs half-life of 5568 (Libby, 1955) is still widely used in the radiocarbon community in 

calculations of radiocarbon dates. Because of this relatively long half-life, atmospheric 

circulation distributes 14C uniformly across the surface of the earth. The amount of radiocarbon 

in the Earth system is in an equilibrium state, with a balance of production and decay rates.  

For a Libby half-life of 5568 years, and when measured in 1950, radiocarbon ages 

before 1950 AD are calculated as (Stuiver and Polach, 1977):  

                                                               t = -8033.ln (                         (2.4) 

The time t refers to radiocarbon years before 1950 (according to the conventions of 

Stuiver and Polach (1977)). The conventional radiocarbon age (t) is expressed in radiocarbon 

years Before Present (BP), where Present is defined to be 1950. 1950 was chosen as reference 

year because of historical reasons in the years surrounding the publication of the first 

experimental results and also because following years the atmospheric radiocarbon 

concentration started to increase considerably due to atmospheric nuclear weapon tests. ASN is 

the measured value that is related to the sample material. AON is the measured value that is 

related to the internationally accepted primary standard for radiocarbon dating, OX I; whereas 

OX I is oxalic acid 14C standards. The actual measurements of sample and oxalic acid activities 

were not made in 1950. The measured ASN/AON does not change with time and it stays equal to 

the 1950 ratio because both sample and oxalic acid lose their 14C at same rate. Thus the 

calculated age (t), given by Eq. (2.4), is fixed number independent of the year of measurement. 

The industrial revolution of the late 19th century changed the 14C content of the 

atmosphere. The increased burning of fossil fuels, which are free of 14C (virtually all of the 14C 
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originally fixed in organic matter from millions of years ago decayed long ago), added a 

significant amount of 14C-free carbon dioxide to the atmosphere. As result, the atmospheric 

14C/12C ratio was lowered and thus, radiocarbon ages measured samples effected by this fossil-

fuel sourced CO2 will provide erroneously old estimates of the real ages of the samples (Suess, 

1955). The industrialization process has been not concluded yet, so this so called Suess effect 

is still present in all living organism (Levin et. al, 2008). Figure 2.1 shows the atmospheric 

history of 14C from AD 1511 to AD 1954 (Stuiver, 1993).  The strong decrease that occurs after 

AD 1880 is due to dilution by anthropogenic addition of CO2 during the industrial revolution 

by burning of fossil fuels. An oceanographic radiocarbon result that appears on vertical axis of 

Fig 2.1 are generally reported as delta 14C, activity ratio relative to standards (NBS oxalic acid, 

13.56 dpm per g of carbon) with a correction by anthropogenic CO2 with age corrections of the 

standard material to AD 1950. 

 

Figure 2.1:  Atmospheric history of 14C (Stuiver, 1993 as presented in Key, 2001). Most of the decrease since 

1890 is due to the addition of anthropogenic CO2 into the atmosphere by the burning of fossil fuels following on 

the industrial revolution. 
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However, atmospheric nuclear weapon testing in the 1950s and early 1960s carried out 

by the United States of America (U.S.A), the former Soviet Union, the United Kingdom (U.K.) 

and France, resulted in the production of significant quantities of thermal neutrons in the 

stratosphere. These thermal neutrons reacted with 14N to produce significant additional 14C in 

the atmosphere; this 14C formed CO2 and dispersed throughout the atmosphere, and was 

subsequently slowly equilibrated with components of the terrestrial ecosystem and the oceans 

(via CO2 gas exchange at the ocean surface). This additional ñbombò 
14C resulted in a 

substantial increase in the atmospheric 14C concentration. Figure 2.2 shows 14C bomb peaks as 

deviation of 14C (ȹ14C) from the natural (reference) value in atmospheric CO2 during the 

second half of the 20th century in the Northern Hemisphere (NH) and in the Southern 

Hemisphere (SH) (Levin and Hesshaimer, 2000). By 2009 the decreasing atmospheric 14C level 

was approaching the pre-nuclear and pre-industrial revolution ñnaturalò 14C level (Kutschera, 

2010). The measured 14C bomb ñpulseò in atmospheric CO2 in both the Northern and the 

Southern hemisphere (Levin and Hesshaimer, 2000), provides unique records reflecting inter-

hemispheric exchange across the Inter-Tropical Convergence Zone and re-distribution from 

the atmosphere into the oceans and the biosphere. The fact that all organisms that incorporated 

carbon from these reservoirs during the second half of the 20th century are labelled with bomb 

14C has been used in aging such organisms during this period; e.g., in studies involving the 

aging of cells in the human brain and the human body (Spading et al, 2005; Spading et al, 

2008). Certain air pollution investigations in particular would not have been possible without 

the use the AMS technique in that AMS allowed the measurement of 14C in very small samples 

(containing 10s of µg of carbon) which permitted the partitioning of the measured carbon 

between fossil-fuel and contemporary carbon sources (Bench, 2004; Bench et al., 2007). 
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Figure 2.2:  The 14C bomb peak: deviation of 14C (ȹ14C ) from natural (reference) value in atmospheric CO2 

during the second half of the 20th century in the northern hemisphere (NH) and the southern hemisphere (SH) 

(Levin and Hesshaimer, 2000). After the Nuclear Test Ban Treaty (NTBT). 14C rapidly distributed to other 

domains of the Earth system. The relatively slow radioactive decay of 14C is insignificant over this timescale; the 

shape of the bomb peak curve after 1963, was determined primarily by the mean residence time of 14C molecules 

in the atmosphere (~7 years) (Kutschera, 2010).  

 

2.2        Dating and calibration 

Variations in the atmospheric 14C content through time, and inaccuracy in the half-life 

used to calculate radiocarbon ages cause 14C ages to deviate from the ñcalendar yearò timescale. 

Calendric ages can be derived from radiocarbon dates through the use of a ñcalibration curveò, 

a plot of, for example, 14C ages measured on tree rings vs dendrochronologically-determined 

calendar ages of those tree rings. Calibration of radiocarbon ages corrects for both the offset 

introduced by use of the Libby half-life and for the temporal variability of the atmospheric 14C 

content. 
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Figure 2.3:  Historical comparison of radiocarbon calibration curves published since 1986. The straight line 

would apply if radiocarbon and calendar ages were equal, and the ȹ values indicate approximate deviations of 

calendar ages from radiocarbon ages. The inset in the upper right corner shows a selection of the datasets used for 

construction of the radiocarbon calibration curve between 2 and 3 ka BP and IntCal09 calibration. Datasets: IntCal 

(Reimer et al., 2009), IntCal04 (Reimer et al., 2004), IntCal98 (Stuiver et al., 1998), IntCal 93 (Stuiver et al., 

1993), IntCal86 (Stuiver & Kra, 1986). Datasets for the inset: German Oak QL, Irish oak (PQ tree) and California 

Sequoia (Stuiver and Braziunas, 1993; Stuiver etal, 1998); German and Irish oak UB (Pearson et al, 1986; 

Piotrwska et al., 2010).  

 

           The construction of calibration curves relies on 14C dating of known-age archive 

samples such as dendrochronologically-dated wood, corals and speleothems (calendric ages 

from U/Th measurements), and annually-layered lake or marine sediments (calendric ages from 

layer counting). The updated calibration curve IntCal09 is described by Reimer et al. (2009). 

This curve (Fig. 2.3) shows clearly that the difference between radiocarbon age and calendar 

age generally increases with sample age, for example up to more than 1000 years for samples 

for samples 5k-10k years old. A characteristic feature of the calibration curves is the presence 

of periods where single 14C ages correspond to multiple calendar ages, known as plateaux 
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(periods of several hundred calendar years during which radiocarbon age is nearly constant) 

and wiggles (periods where radiocarbon age fluctuates rapidly) (Piotrowska et al., 2010). 

Calibration is a mathematical procedure that places the measured radiocarbon ages 

(taken with their error) on the experimentally drawn curve. Calibration of a single radiocarbon 

age is performed using statistical methods. In the probabilistic calibration procedure, calendar 

ages, corresponding to the radiocarbon age obtained for the measured material, are given with 

the probability distribution (68% and 95% confidence intervals (CI) for 1 sigma and 2 sigma 

errors respectively) (Stuiver and Reimer; 1986,1989). The calibration of a set of radiocarbon 

ages is usually performed with the help of dedicated statistical programs such as CALIB 

(Stuiver and Reimer, 1993), CALIB (Reimer et al., 2009) and OxCal (Bronk Ramsey, 2009). 

The calibrated radiocarbon averages are then reported as ócal AD/BCô or ócal BPô (calibrated 

years BP). Because of the wiggles on the calibration curve, the transfer to calendar time scale 

may have a complicated probability distribution; see Fig. 2.4 for typical calibration of 

radiocarbon age from Xia-Shang-Zhou (Guo et.al., 2000). The calibration of radiocarbon age 

to calendar age with the tree ring calibration curve will usually enlarge the age error due to the 

wiggles of the calibration curve. In a typical situation, the enlargement factor may be about 

two. That is to say if the 14C measurement has a precision of 0.4%, the 1Һ uncertainty in the 

radiocarbon age is about 32 a and the 68% CI 1Һ-equivalent width of the calendar age is about 

65 a and the full width of 95% CI (Ñ2Һ full range equivalent) of the calendar age will be about 

260 a. In some cases, the wiggles in the calibration curve may result in discontinuous 

confidence intervals and the probability distribution of the calibrated age may be bimodal or 

trimodal. In most cases, we have the best situation and the error of the calendar age is reduced 

considerably as show in Fig. 2.4. But more often, the data may fall into ñwiggle platformò 

section and even the 1Һ error could be more than 300 a as shown in Fig. 2.5. In such a situation 
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the high precision does not reduce uncertainty of the calendar age very much. So, generally the 

chronologist and/or archaeologist will not be satisfied with the radiocarbon dating. 

The idea of wiggle matching was suggested quite early. In principle, if we have series 

of sample with certain sequence, their radiocarbon age will go up or down with curveôs wiggles. 

So, we can fix their calendar age better by matching the group of radiocarbon ages with 

calibration curves. 

 

 

Figure 2.4:  Example of calibration of radiocarbon age with small error from Xia-Shang-Zhou (Guo et.al., 

2000). The calendar age is shown on the x axis, the measured radiocarbon age is represented on 

the y axis as Gaussian distributed variable; the calibration curve is drawn as in Figure 2.4. The 

distribution of probability of the calibrated age is represented; the calibrated time intervals 

corresponding to level of probability are also indicated and sigma 1 and 2 are represented. 
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Figure 2.5: Example of calibration of radiocarbon age with large error from Xia-Shang-Zhou (Guo et.al., 

2000). 
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    CHAPTER 3 

ACCELERATOR MASS SPECTROMETRY AT ITHEMBA  

LABS 

3.1        The New 6 MV EN Tandem AMS Facility at iThemba LABS-South Africa 

 

In 2005, the Schonland Centre for Nuclear Sciences, with its 6.0 MV EN Tandem 

accelerator laboratory, was donated by the University of the Witwatersrand to iThemba LABS 

(Laboratories for Accelerator Based Sciences). iThemba LABS is administered by the National 

Research Foundation (NRF) and the Department of Science and Technology (DST) of the 

Republic of South Africa (RSA). One of the major reasons for this transfer was the intention 

to establish an Accelerator Mass Spectrometry Facility, the first of its kind in South Africa and 

the African continent.  

Understandably, refurbishment of the Tandem for its new purposes, (it was designed 

originally to perform nuclear physics research), involved major modifications and funding in 

order to become an accelerator mass spectrometry laboratory. An AMS measurement with a 

Tandem accelerator follows a process that in many respects is different to the traditional 

nuclear physics experiments or ion beam analysis (IBA) measurements performed with the 

same equipment. The difference lies on the sensitivity of the technique to the high performance 

of each individual part of a Tandem laboratory. In AMS measurements, unlike in nuclear 

physics, the spectrometer is not confined in a nuclear reaction chamber with a detector at the 

end of the accelerated beam path. The AMS spectrometer is the entire Tandem laboratory. The 

process starts at the heavy ion source, which produces a high quality beam of the isotopes of 

interest and ends at the detection station of the accelerated isotope after the ions have run a 

physical distance of about 50 meters and gone through a series of high-voltage electromagnetic 

elements of exceptional precision which constantly accelerate, steer, focus, analyze and filter 
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the beam. Unlike in conventional measurements, AMS requires each component of the entire 

spectrometer to operate reliably and within high and stringent tolerances.  

In order to achieve this, major components had to be modified, upgraded or replaced 

keeping in mind that the major aim was to develop a system that performs high precision AMS 

measurements (better than ~0.5% uncertainties) with high sample throughput; the following 

were consider essential attributes of the refurbished system:  

a) high ion beam current,  

b) very high and very stable transmission,  

c) high terminal voltage stability,  

d) high resolution momentum analysis and 

e) satisfactory isobar separation.  

Consequently, the following existing components of the EN Tandem accelerator system were 

of major concern:  

¶ the negative Cs-sputtering ion source,  

¶ the accelerator tubes,  

¶ the charging belts system,  

¶ the high voltage column resistors,  

¶ the terminal voltage stabilization system,  

¶  vacuum systems throughout the spectrometer (from ion source to detector), 

¶ the dipole bending magnets and magnetic and electrostatic and magnetic quadrupole 

lenses and lenses 

¶ the energy-loss gas ionization detection systems.  
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 3.1.1 iThemba LABS Tandem accelerator and modified AMS system 

In developing the new AMS facility at iThemba LABS, the previously existing 6 MV 

EN Tandem Laboratory was heavily modified, upgraded and redesigned in order to provide the 

needed elements for an AMS measurement capability. The upgrade included an entirely new 

LE injection system, the replacement of the accelerator tubes and charging system, and the 

design and implementation of a new HE beam transport system including new magnetic and 

electrostatic isotope separation elements and a multi-anode Energy-Loss Gas Ionization 

Detector. Layouts of the original Tandem accelerator laboratory of iThemba LABS and the 

modified iThemba LABS Tandem AMS system are shown in Fig. 3.1.  

The first part of the AMS system at iThemba LABS is 64-sample ion source from 

LLNL/CAMS, because none of existing ion sources could be used for AMS. The LLNL/CAMS 

ion source is followed by an Einzel lens, steerers, beam profile monitor (BPM), Electrostatic 

Analyzer (ESA), Faraday cup, slits, injection magnet and a preaccelerating column. 

The accelerator is 6 MV EN Tandem, with accelerator tubes, and stripper canal, with 

Ar gas used for charge exchange of ions. 

The new HE beam was installed to separate the ion beam analysis line from other 

existing beam lines. The HE beam line components are the following; Electrostatic Quadrupole 

Triplets (EQTôs), BPMôs, pump stations, slits, AMS bending magnet, offset Faraday cup, 

Magnetic Quadrupole Doublets (MQDôs), ESA, Switching Magnet and detector as can be seen 

in Fig. 3.1. 
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Figure 3.1:  A layout of the original iThemba LABS Tandem accelerator and the modified iThemba LABS 

AMS facility. 
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3.1.1.1  Negative Heavy Ion Cs-Sputtering Source 

For the operation of the Tandem accelerator system, negative ions of the isotopes of 

interest are required so that they can be injected into the Tandem and accelerated by the positive 

voltage on the terminal of the Tandem accelerator. For the iThemba Tandem AMS system a 

Cs-sputter ion source is used; within this ion source, Cs+ ions are formed when Cs vapour is 

made to impinge on a hot metallic surface and the Cs+ ions are accelerated to about 9 keV and 

focused onto the sample material that forms part of a cathode (Pelletron, 2014). After 

implanting into the sample surface Cs+ ions lower the sample work function (due to the low Cs 

electronegativity), thus the emission of secondary electrons is increased; their capture by 

sputtered atoms (or clusters) with high electron affinity leads to the generation of negative ions. 

The negative ion yield depends on the electron affinities of the different elements. Higher yields 

of negative ions are observed for elements with a higher electron affinity and lower yields are 

observed for elements with a low electron affinity. The sputtering process and negative ion 

production is illustrated in Fig. 3.2. 

Fortunately, no interfering negative isobars or isobaric molecular ions can be formed 

for a number of isotopes of interest to AMS because of their negative electron affinities. This 

is the case with 14C, 26Al, 36Cl, 41CaH- and 129I and their interfering corresponding stable 

isobaric interferences 14N, 26Mg, 36S, 41KH- and 129Xe, respectively. It is a fortunate fact that 

the life time (~5x10-14 s) of negative 14N ions is too short to allow it to get into the accelerator 

and therefore the possible 14N isobaric interference is eliminated in the first stages of 14C AMS 

measurements. 36S does form and has to be suppressed using chemistry and detector/data 

acquisition configuration. The other important fact is that some isobars of concern like in cases 

like 36Cl and 129I are rare noble gases (i.e. 36Ar and 129Xe)) which are essentially not present in 
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the Cs-sputter ion sources. Additionally, since they generally form neither negative atomic or 

molecular ions, beams of such noble gases cannot be created with a Cs-sputter ion source.  

 

              

Figure 3.2:  Idealized drawing of the principle operation of ion source (courtesy of National Electrostatic 

Corporation).     

As a part of the Tandem refurbishment effort, the old single-sample 860B Cs-sputtering 

ion source at iThemba LABS was replaced with a new multi-cathode, high stable-current, and 

high-efficiency Cs-sputter ion source, which also exhibits low memory effects and includes a 

sample changer for fast switching between multiple samples. The following aspects, therefore, 

were of particular importance: 

¶ high stable currents in order to reduce systematic errors, especially when rare and 

abundant species are sequentially injected and analyzed, 

¶ negligible ñmemory effectsò necessary to guarantee that measurements in series of 

samples are free of cross contamination,  

¶ multi-cathode capability to rapidly switch the samples in order to reduce over-all 

measuring times, 
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¶  high ionization efficiency (the fraction of the atoms sputtered from the sample which 

becomes negatively charged), necessary to guarantee the ability to measure very small 

samples and 

¶ better focused as well as intense cesium beam spot at the cathode, which leads to 

improved ion beam production with lower emittance. 

Although several commercial sputtering sources for AMS applications have been 

developed over the years, mainly by National Electrostatics Corporation (NEC) and High 

Voltage-Engineering Europa (HVEE), careful review of their specifications during the present 

study showed that they could not match the capabilities of the source developed at Lawrence 

Livermore National Laboratoryôs (LLNL) Centre for Accelerator Mass Spectrometry (CAMS). 

The CAMS/LLNL source makes use of a spherical ionizer which provides inherently better 

Cs+ focusing than the standard NEC, 40-sample version of the MC-SNICS is difficult to 

maintain, since no provision is made for in-situ servicing and entire source must be dismounted 

for even minor routine maintenance. The spherical ionizer caused a marked improvement in 

the focusing of the Cs+ ions, leading to major gains in ion source efficiency and negative ion 

beam quality (low emittance) (Southon and Santos, 2007; Brown et al., 2000). Better 

confinement of the Cs within the ionizer assembly resulted in lower Cs consumption and, 

therefore, in significant reduction in arcing problems. Special care has been taken to improve 

the sample chamber; these improvements included proper shielding of insulators, increased 

high voltage gap clearances and the use of stainless steel as the construction material for the 

source body and sample wheel (Southon and Roberts, 2000). The vacuum in the ion source and 

injection lines was greatly improved by adding a Cryo-Torr 8 pump, by increasing distances 

between the ionizer assembly and immersion lens, and by slotting the sides of the immersion 

snout (Roberts et al., 2010). The improved vacuum also essentially eliminates high voltage 

arching within the ion source, as such arching could detrimentally effect the sensitive 
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electronics and computer interface modules sitting at high voltage in the source electronic 

racks. The improved vacuum is also a positive factor in preventing sample-to-sample memory 

effects. The cathode voltage in the CAMS/LLNL ion source usually operates at 5-10 kV; the 

extraction voltage is usually run at 40-50 kV. The insulator shields were designed to allow 

stable, long-term operations at higher cathode and extraction voltages and to reduce the need 

for frequent cleaning of the ion source due to insulator breakdowns. 

The geometry and target location of the CAMS/LLNL source are optimized to place the 

surface of the target graphite-catalyst matrix at a position just beyond the Cs+ focal point, which 

results in the sputtering being concentrated in an annular ring centered within the sample well 

with a less-sputtered cone in the middle of the target well (Fallon et al., 2007). The ion sourceôs 

Cs oven has been placed at the shortest possible distance from the ionizer, located outside of 

the source vacuum body directly below the ionizer, which allows any bending of the Cs vapour-

feed tube to be avoided (such bending has been a major cause of Cs clogging of vapour-feed 

tubes in older NEC ion source designs). In addition, the Cs vapour-feed tube actually consists 

of a tube running to the ionizer and an outer sleeve that terminates in the wall of the source 

vacuum body; the tube is heated by conduction from the Cs oven and the ionizer while the 

sleeve provides a vacuum insulation gap between the tube and the outer sleeve (which is 

exposed to surrounding cool air); this arrangement also reduces clogging of the Cs vapour-feed 

tube (Southon and Roberts, 2000). 

The CAMS/LLNL source design is equipped with a sample wheel or a ñcarouselò, into 

which up to 64 metal sample holders can be loaded for the measurement. AMS experiments 

require quick change between the samples, standards and blanks to minimize potential effects 

of machine parameter fluctuations. All samples holders within a wheel can be selected for 

measurement by the AMS data acquisition computer or manually by an operator. The sample 

wheel uses a fibre optic shaft encoder for accurate rotational indexing of the sample wheel and 
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a series of sequenced pneumatic cylinders for mechanical indexing of the wheel and insertion 

and retraction of sample holders (Roberts et al., 1994) 

The CAMS\LLNL ion source is characterized by its high ion beam current of carbon beam, 

of about 250-300 µA (Brown et. al., 2010), which outclasses commercial designs which 

typically have best output ranging from 100 µA to 150 µA.  In addition, the emitted negative 

ion beam from the CAMS/LLNL ion source has a relatively low emittance with an estimated 

value of ~100 ˊ mm mrad for the 39 keV carbon beam as tested and measured at iThemba 

LABS on a home-made ion source test bench, as shown in Fig. 3.3. The sample-to-sample 

memory effects are also essentially negligible for most applications of the ion source.  
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Figure 3.3:  Photographs of the CAMS/LLNL ion source and during the testing of the ion source at iThemba 

LABS.  
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3.1.1.2  Lower energy injection systems for AMS     

 After leaving the source, the beam of negative ions/isotopes of interest, together with 

the interfering isobars or molecules, is transported by the LE injection system into the Tandem 

accelerator. Figure. 3.4 shows the LE injection system of iThemba LABS and Fig. 3.5 shows 

a photograph of the iThemba LABS LE injection system. In the present design, the energy of 

the negative ions in the LE injection system is about 50 keV as defined by the extraction voltage 

of the ion source of about 50 kV.  

 

 

 

Figure 3.4:  The injection system for 6 MV Tandem accelerator at iThemba LABS. 

 

 



34 

 

 

Figure 3.5:  A photograph of injection system for 6 MV Tandem accelerator at iThemba LABS. 

 

 
























































































































































































































































































































