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ABSTRACT

Accelerator mass spectrometry (AMS) has been used routinely for 
radiocarbon measurements for several years. During this period it has 
become evident neither the accuracy nor the range of the technique were as 
great as had originally been hoped. This thesis describes both theoretical 
work to understand the reasons for this and practical solutions to overcome 
some of the problems.

The production and transport of the ions used in the measurements are 
found to be the most crucial stages in the process. The theories behind 
ion production by sputtering are discussed and applied to the specific case 
of carbon sputtered by caesium. Experimental evidence is also examined in 
relation to the theories. The phenomena of space charge and lens 
aberrations are discussed along with the interaction between ion beams and 
gas molecules in the vacuum. Computer programs for calculating phase space 
transformations are then described; these are designed to help 
investigations of the effects of space charge and aberrations on AMS 
measurements. Calculations using these programs are discussed in relation 
both to measured ion beam profiles in phase space and to the current 
dependent transmission of ions through the Oxford radiocarbon accelerator. 
Improvements have been made to this accelerator and these are discussed in 
the context of the calculations.

There are many reasons for wishing to produce C~ ions directly from 
carbon dioxide. The most suitable type of source for achieving this is 
the Middleton High Intensity Sputter Source. Experiments to evaluate the 
performance of such a source are described and detailed design criteria 
established.

An ion source designed and built specifically for radiocarbon 
measurements using carbon dioxide is described. Experiments to evaluate 
its performance and investigate the underlying physical processes are 
discussed. The source is found to have a high efficiency enabling small 
samples (<100 jag of carbon) to be measured. The cross contamination is 
measured to be low (<0.1Z) and the background currents are small; the 
implications of these results are discussed.



Quelli che s'inamora di pratica saza 
scietia so como '1 nocchiere che 
etra navilio sanza timione e 
bussola, che mai a certezza dove si 
vada

[Leonardo da Vinci]

(Those who fall in love with 
practice without science are like a 
sailor who enters a ship without a 
helm or a compass and who never can 
be certain whither he is going)
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Note on cross references;

The format for cross references is:

part"I " chapter":"section" ." subsection

where the more general labels are only used when necessary. Thus 
subsection 4 of section 3 of chapter 2 in part I is referred to as 1/2:3.4 
from part II, as 2:3.4 from chapter I/I and just as 3.4 from within chapter 
1/2. In a similar fashion figures, tables and equations are referred to 
as :

part"I"chapter":"figure number

part"I"chapter":"section"."subsection"."table number 

part" /"chapter" .-"section" . "subsection" . "equation number

Note on units;

In general S.I. units have been used throughout this thesis. However 

pressures are given in atmospheres. It should be noted, therefore, that:

1 atmos. = 1.013 x 10 5 N m" 2
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PREFACE

In 1959 C.P. Snow talked of the great gulf that existed between 'the 

Two Cultures' and, of research which spanned this bridge, he said [1]:

'In the history of mental activity, that has been where some of 
the breakthroughs came. The chances are there now. But they are 
there, as it were in a vacuum, because the two cultures can't 
talk to each other.'

And yet in the decade preceding this, one such breakthrough had taken 

place, for it was in 1949 that W.F. Libby put forward the idea of 

radiocarbon dating [2]. The great antiquity of man had been appreciated 

since the early part of the nineteenth century (see for example the 

writings of Sir John Lubbock [3]). However, the advent of radiocarbon 

dating allowed the passage of archaeological time to be measured directly 

and to be measured in absolute terms. The importance of this to 

archaeology has been enormous: in the words of G. Daniel [4]:

'It is no exaggeration to say that the discovery of radiocarbon 
dating is the most important development in archaeology since the 
discovery of the antiquity of man and the acceptance of three 
technological ages. '

These words were written in 1967, the same year in which H.E. Suess 

produced the first calibration of radiocarbon dates [5,6]. The effect of 

this on prehistory was almost as profound as the initial discovery and over 

the next decade our understanding of the relationships between the 

prehistoric cultures of Europe and the civilisations of the Aegean and the 

Near East had to be completely revised.

It would be wrong to suggest that the history of radiocarbon, or 

indeed of archaeological science as a whole, has been without its 

inglorious moments. In a sense the gulf of which C.P. Snow talked has
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taken its toll: archaeologists have at different times been both too 

trusting and too dismissive of the scientific evidence and scientists have 

paid to little attention to the archaeological dimension of the problems 

which they are trying to solve. Increasingly, however, there is a 

realisation that the uncovering of the past cannot be neatly divided into 

the disciplines of science and archaeology, and that many of the problems 

must be tackled by those familiar with both fields.

All of the major advances in archaeological understanding which I have 

alluded to above have come about through the application of conventional 

radiocarbon dating. Over the past four decades there have been substantial 

improvements in this technique (for an overall discussion of the techniques 

and principles see ref. [7] and references therein), but then in 1977 the 

new method of radiocarbon dating by accelerator mass spectrometry was 

discovered [8,9]. The principles of the method are described elsewhere 

[10,11,12], but essentially the aim is to count the 1Zf C atoms in a sample 

directly instead of counting only those that decay. The main advantage of 

this is that there is a reduction in the sample size that is needed to 

measure the age to a particular accuracy. This, in turn, means that for a 

sample of given size one can, in principle, make a more precise radiocarbon 

measurement; this precision should also allow the age of samples of greater 

antiquity to be determined. In practice, there are difficulties both with 

the age range and with the accuracy, and a discussion of these and ways to 

overcome them will form the basis of this thesis.

Before describing the scientific research that has been undertaken, it 

is important to look at the archaeological context of this work.
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1. Accuracy and Age Range

The accuracy of radiocarbon dates is clearly of paramount importance. 

If the technique is to be of value in solving problems in the historical 

period, accuracies of less than a hundred years are often necessary and, 

given the vagaries of the calibration curve, this is frequently not 

possible. For periods such as the Post Roman Dark Age, for example, 

identical radiocarbon measurements might be made on material from several 

centuries [13]. In other periods conventional radiocarbon measurements can 

achieve this aim and accelerator mass spectrometry can already or will soon 

be able to do the same. In going back from the historic to the prehistoric 

periods the need for absolute accuracy might be expected to diminish. 

However, in the study of relative chronologies and in looking at the 

development of sites or whole 'cultures', the greater the temporal 

resolution, the more can be seen.

The age range over which radiocarbon dating is useful is virtually all 

of the upper paleolithic right up to recent centuries. However, at present 

the techniques of accelerator mass spectrometry cannot reliably be used 

beyond about 50,000 years, and this puts the emergence of homo sapiens 

sapiens just out of reach. Although a few conventional laboratories can 

date back further than this, the sample sizes required are almost 

prohibitively large (25 g or greater) especially given that the 

preservation of organic material of such an age is almost always very poor.

2. The Importance of Large Numbers of Samples

The ability of accelerator mass spectrometry to use only small amounts 

of material has a large impact on the number of potential samples available 

for dating. Already the ability to look at many different samples on a
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site in order to get a clearer understanding of the chronological structure 

is providing new insights into the problems of archaeological 

interpretation (see, for example, the series of measurements from Abri 

Pataud [14]). In many ways this would seem to be one of the most important 

contributions which radiocarbon dating has to make. Furthermore, the 

investigation of time spans need not only be applied to archaeological 

sites: art historical work of this kind is also possible and is much more 

valuable than simple authenticity tests. Examples of this are work done on 

Islamic doors at the Ashmolean Museum [15] and on the bindings of the 

Domesday books [16].

It is clear that the detailed examination of chronological structure 

requires the examination of many different samples, preferably of different 

types. Except in a minority of sites, the amount of surviving organic 

material is very sparse, and so it is important that one should be able to 

measure the age of samples even if they are very small so that one can make 

maximum use of the available material. This approach can have its 

difficulties because of the mobility of small samples within archaeological 

layers [17] and because of the contamination to which they are prone. The 

first of these problems can only really be tackled by choosing samples of 

primary, rather than associative importance or by measuring a large number 

of samples so that a distribution can be built up. The second can be 

tackled by greater chemical selectivity.

Finally it is worth bearing in mind that many of the above benefits 

can only be realised if there are the resources to measure large numbers of 

samples.
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3. Sample Selection

Fortunately the activities of man are very often closely associated 

with organic materials; it is this which makes radiocarbon such a valuable 

tool. The most obvious example is his skeletal remains, and human bones 

are certainly a very rich source of material for dating. However, human 

occupation is sometimes continuous over long periods and human remains are 

frequently difficult to associate with the activities under examination. 

In some ways, therefore, it is more important to date the buildings, tools, 

food and other objects which make up the material culture. Except in the 

case of large scale structures, this usually requires one to make use of 

small samples.

Although an exhaustive list of the types of archaeological samples 

suitable for radiocarbon dating would be out of place here, it is useful to 

introduce some real examples into this discussion:

3.1. Human Remains

These are most important when the date at which human occupation of 

any kind is of interest, for example in the case of early man in America. 

Much work on this particular area has now been done (see for example [18]) 

and has helped to clear up some of the controversy. Radiocarbon dating 

will certainly play a vital role as more evidence comes to light. The 

surviving organic fractions of such bones are frequently small and so the 

required chemical selectivity (see below) necessitates the use of small 

samples.

3.2. Building materials

Some of the most impressive parts of the archaeological record are the 

building structures which survive. These can, however, almost always be
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dated using fairly large samples and so, until the accuracy of AMS dating 

exceeds that of conventional techniques, the main interest in applying the 

accelerator method to these materials is for 'known age' measurements [16].

3.3. Tools

Many of the existing chronologies are based on tool and weapon types 

and these make up a substantial portion of the surviving material culture. 

By their nature tools and weapons are often small or contain little organic 

material.

Examples of this kind of sample are the bone and antler points from 

Northampton and Sproughton [19], Finds of this kind are fairly rare and, 

because of their small size, their association with other material can be 

uncertain. Direct radiocarbon dating of the tools themselves is clearly 

desirable, and this is really only possible if small samples of material 

can be used.

Another type of sample which is fairly rare but which might help to 

tie down the typological chronologies of the Bronze Age is that of bronze 

tools which retain a little organic material, such as the socketed and 

pegged Bronze Age spearhead found at Jackscar Cave [18].

3.4. Clothes

Finds of clothes from the prehistoric periods are very rare. Cloth 

from an archaeological site is also fairly vulnerable to contamination and 

must therefore undergo extensive chemical pretreatment before radiocarbon 

measurements are made. For both of these reasons it is important that 

small samples can be dealt with satisfactorily. This is also often true 

for cloth from the historical periods which may be valuable for other 

reasons. This is the case for the 'Turin Shroud'.
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3.5. Food

The three classic periods of the Stone Age are defined by the methods 

of food production. When one is studying changes in these methods, it is 

clearly ideal if one can base the chronology of the study on the food 

itself rather than on associated material. One of the finest examples of 

this is the dating of individual seeds which can be recognized as being 

cultivated species such as the hordeum spontaneumidistichon grains from 

Netiv Hagdud [16]. The scope for this kind of work and similar studies on 

floral remains is enormous if sample size can be sufficiently low and if 

the number of samples is high enough to give reasonable geographical and 

temporal distributions.

Bones discarded on archaeological sites provide one of the most 

important types of material for the correlation of radiocarbon age with 

stratification. There is often a continuous distribution of these 

throughout an occupation site, and faunal bones are not as subject as human 

bones to special treatment such as burial. Depending on the state of 

preservation and the species concerned, small sample techniques are very 

often necessary after the required chemical treatment.

3.6. Faunal Remains

In addition to the value of animal bones in the dating of associated 

material, they provide the archaeologist with useful information on the 

animals in the environment and under domestication at the time of 

occupation. It is, therefore, clearly valuable to be able to discover the 

age of bones from particular species directly so that the domestication of 

animals can be traced or, in earlier periods, the presence and exploitation 

of wild species be studied.

The bones of interesting species are often rare and so one may be 

forced to date bones in a state of preservation which is far from ideal.
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3.7. Charred Material

Fire is an important pointer to human activity. Fortunately charred 

remains also tend to survive well. It is for this reason that a large 

proportion of radiocarbon measurements have been made on charcoal or other 

burnt materials. Small samples of charcoal, however, tend to move about 

within the soil after deposition (see for example the dates for Hengisbury 

Head [18]), and it would clearly be unwise to base too much on small 

quantities of material of this kind.

Charred bones provide material which is possibly less mobile and yet 

still often requires small sample techniques.

Charred seeds can sometimes survive in conditions where ordinary seeds 

would not and can be a valuable source of material although obviously again 

mobility is a problem unless the stratigraphy is really undisturbed (see 

for example the dates for Wadi Hammeh [16]).

Sometimes small amounts of charred material can be found physically 

attached to artifacts and this can allow vessels to be dated by association 

with their charred contents (for example the sherd from Montechito [15]).

3.8. Carbon from Industry

Crude pottery often contains small amounts of organic material as a 

temper and this could in principle be used to make direct measurements on 

the age of pottery where therrnoluminescence dating may not be applicable or 

not sufficiently accurate. At present more work needs to be done on the 

extraction methods for this to be a routine technique.

Metal-smelting involves the use of charcoal, remains of which can be 

found in the slags associated with metalworking sites. Such charcoal has 

been dated [15], although perhaps a more important contribution which AMS 

can make in this field is the direct dating of carbon dispersed in metals
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and slags. Work on the carbon found in iron has shown that this is 

possible [20] but clearly more research needs to be done.

3.9. Tree Rings

Tree rings play a vital role in the process of radiocarbon dating. 

The calibration curves derived from long sequences of rings have been built 

up using conventional radiocarbon techniques and are now extremely accurate 

[13]. It seems unlikely that there will be a pressing need to repeat this 

work using AMS. Tree rings do however provide a valuable source of 'known 

age' material.

There is also an exciting new possibility which arises from the 

ability to measure the radiocarbon content of small samples: by making such 

measurements on a sequence of rings one should be able to match the 

fluctuations to those of the calibration curve. This would enable one to 

discover the age of the wood to an accuracy of a few years and furthermore, 

might allow one to build up dendrochronological sequences for new areas and 

periods. The accuracy required for work of this kind is very high.

4. Chemical Selectivity

As already stated, there are sometimes difficulties with radiocarbon 

measurements made on small samples because of their vulnerability to 

contamination by chemicals containing different proportions of -^C. The 

only way to circumvent this problem, in many cases, is to be more 

chemically selective than would be necessary for measurements on larger 

samples. The approach is obviously highly dependent on the type of sample 

under consideration. This is not the place for a detailed discussion of 

sample treatment but it is useful to look at some examples in order to see 

how the subject impinges on the physical measurements that are to be made.
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4.1. Charcoal

In making measurements on charcoal one is attempting to find the 

radiocarbon age of the elemental carbon present in the sample. Because the 

great majority of the material is carbon there is usually little difference 

between the size of the archaeological sample and the sample that is to be 

measured, although some cleaning is necessary.

4.2. Wood, Linen et cetera

The remains of plant material all contain cellulose which is fairly 

stable and does not readily exchange its carbon with the environment. It 

is therefore desirable when dealing with such material to select only the 

cellulose for dating.

The proportion of the material remaining after such pretreatment 

varies according to the state of preservation of the artifact but typical 

values are 10 to 30Z.

4.3. Bone

Measurement of the radiocarbon age of bones is fraught with 

difficulties. The most important of these is that the carbonate in the 

bone is subject to exchange of carbon dioxide with the environment. In 

order to get around this the amino acid fraction can be extracted [21]. 

Doing this removes a very large portion of the sample since even in a well 

preserved bone less than 25% of the mass is in the form of amino acids.

If the proportion of amino acids is below about IZ as it can be in 

poorly preserved bones there seem to be further problems with contamination 

[22]. It is likely that extracting only proline and more especially 

hydroxyproline (an amino acid which is very specific to bone) might improve 

the situation. However, for a bone with only II of its mass in the form of
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amino acids the total amount of these two specific acids would not be 

more than 0.2Z of the initial mass of the bone. This clearly puts very 

severe limits on the size of the sample that is to be measured.

Conclusion

Although radiocarbon dating has been in use for nearly forty years, it 

is clear that the recent developments in it by accelerator mass 

spectrometry open up the way for many new and interesting areas of 

investigation. It is difficult to appreciate the scale of the increase in 

the numbers of potential radiocarbon samples. The most important effect of 

this is that, whereas in the past the type of sample was almost always 

dictated by the constraints of large sample size, it is now possible to 

make the choice on the basis of archaeological criteria. It also means 

that samples of many different types can be measured enabling the 

chronological structure of an archaeological site to be established 

independently of the stratigraphic evidence. The fact that only small 

quantities of carbon are necessary is also a great benefit when it comes to 

the chemical pretreatment of sample, as most of the best techniques involve 

the extraction of only a small chemical fraction of the archaeological 

sample for isotopic measurement.

There are, however, still considerable problems: firstly, there is 

little point in creating many new applications for the method if there is 

no way of fulfilling the inevitable increase in demand; secondly, the 

technique is still not accurate enough to be useful in many situations; 

thirdly, a large number of samples, after suitable treatment, are too small 

to be measured; and finally, the contamination levels are too high to 

enable the method to be used for material much older than 40,000 years. 

The aim of anyone working in this field must therefore be to tackle these
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four problems; if they could be overcome, the benefits to archaeology would 

be enormous.
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INTRODUCTION

The methods of radiocarbon dating by accelerator mass spectrometry 

(AMS) are now fairly well established (see, for example [1],[2] and [3] for 

a detailed discussion of the technique). However, as indicated in the 

preface a number of difficulties remain. The first of these is one that 

will probably always remain: it is not possible to carry out the number of 

measurements that are needed. The second is that the age range of the 

technique is still well short of the 80,000 years that was at first 

envisaged. Finally the accuracy of the measurements is not yet as high as 

for conventional radiocarbon measurements (with large samples) which puts 

limitations on the usefulness of the technique. It is the purpose of this 

thesis to investigate the physical phenomena underlying these problems and 

to try to find solutions to them where this is possible.

The requirements of the users of radiocarbon dating outlined in the 

previous chapter can be translated into requirements for the actual 

measurement technique which is to be applied. Broadly speaking, there are 

four such requirements:

a. an increased number of measurements

b. a reduction in the levels of contamination

c. improved counting statistics on small samples

d. higher accuracy

It is instructive at this stage to take an overall view of the 

strategy underlying this research and the ways in which it is hoped these 

objectives will be attained.
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1. Increasing the Number of Measurements

As has already been indicated, although this seems on the face of it 

to be a change which, albeit desirable, makes no fundamental difference, in 

fact the number of age measurements that can be made does have a very 

great impact on the quality of work that can be done. There are four 

mechanisms by which this number is restricted; each has a direct bearing on 

the measurement technique which is to be applied:

a. The selection of samples for dating is frequently a problem, both for 

the archaeologist, who must find enough samples on the archaeological 

site, and for the chemist who might want to select particular 

fractions of the sample for measurement. In both cases the ability to 

date samples of very small size is of paramount importance.

b. The inevitable limitations on the time of chemists involved in the 

treatment of samples make it desirable that the material required for 

measurement is as easy to produce as possible. The first stage in the 

preparation at which all of the samples have the same form is when 

they are burnt to form C0£. Ideally, therefore, the chemical 

preparation should end at this point.

c. Ultimately the ability of an accelerator unit to produce large numbers 

of measurements depends on the rate at which the accelerator can sift 

samples for -^C. In other words, the carbon current must be 

sufficiently high for accurate measurements to be made in as short a 

time as possible.
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d. Finally the number of samples that can be dated can clearly not be 

divorced from financial considerations. There is little point in 

developing techniques which, although technically viable, are too 

expensive for the archaeological community. This requirement for low 

cost must be met by minimising both the measurement time on the actual 

accelerator system (which makes high currents necessary) and the 

chemical preparation time (hence the desirability of using 

directly; see section b above).

2. Reductions in Contamination

The limited age range of radiocarbon dating by AMS is not determined 

by counting statistics, as it usually is in conventional radiocarbon 

dating, but by the levels of contamination found in the small samples that 

are used.

Contamination is essentially the inclusion of carbon which was not 

originally present in the living organism in the ionic carbon beam on which 

the measurement is made. There can be three sources of contamination:

a. Almost all samples have some form of contamination when they are dug 

from an archaeological site (for example, recent root penetration) or 

taken from a museum (such samples might have been subjected to 

conservation techniques). This contamination can, in varying degrees, 

be removed by physically and chemically selecting particular portions. 

Inevitably, however, this leads to a reduction in sample size, and so 

often the ability to date very small samples is a prerequisite of 

being able to achieve the desired level of selectivity.

b. The second source of contamination comes from the chemical procedures
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adopted for treating samples and used for preparing graphite targets. 

This is another reason for making direct measurements on CC>2. (See, 

for example, ref. [4]. for a discussion of this type of 

contamination.) The improvement of the chemical procedures employed 

in the production of C0£ are an important area for further research.

c. Finally, there will be some contamination introduced when the sample 

is ionised because of residual hydrocarbons in the vacuum system and 

possibly because of cross contamination. This can be minimised by the 

use of UHV techniques, but it is also desirable to have a source for 

which it is possible to continuously monitor this form of 

contamination.

3. Improvements in Counting Statistics

The accuracy of measurements is fundamentally limited by the 

statistical uncertainty. This is a particular problem for old samples. 

Two deductions can be made concerning the operation of the ion source that 

is to be used:

a. Given the limited time available for measurements (see Ic), the 

current produced by the ion source must be large.

b. Because a sample is usually of strictly limited size, it is desirable 

to ensure that the proportion of ^C nuclei present in the original 

sample that are actually counted is as high as possible. This implies 

a high source efficiency.

INTRODUCTION



18

4. Higher Accuracy

Accuracy is essentially dependent on the extent to which the 

proportion of the different isotopes which are measured corresponds to the 

ratio in the environment of the original sample. Fractionation of a 

reproducible kind is not important if everything is done with respect to 

standards and this is the normal practice. It is, therefore, variable 

fractionation which is of concern here. There are five major 

contributions to this:

a. The incorporation of the atmospheric CO^ into living organisms is a 

process subject to variable fractionation (dependent on diet, for 

example, in animals). The degree to which this has taken place can be 

estimated from the 13C/ 12C ratio.

b. The chemical treatment of the sample is also another possible cause of 

f ractionation. The chance of this is eliminated if all of the 

chemical reactions used go to completion, and this should always be 

the aim. Failing this, however, the fractionation must be corrected 

using the 13C/ 12C ratio.

c. The production of graphite is a process which certainly 

introduces some fractionation and this is particularly troublesome as 

the degree of fractionation is frequently not homogeneous throughout 

the graphite. This is a very good reason for trying to eliminate the 

graphite production stage from the process.

d. The ionisation of the sample is usually achieved by sputtering. In 

this process the ion formation probability is at least somewhat
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dependent on the velocity with which the carbon atoms are ejected and 

on the work function of the surface. It can therefore vary with ion 

source conditions and with changes in the geometry of the sputtered 

target. Again the degree to which this has taken place can be 

estimated from the -^C/^C ratio.

e. Because of various ion optic effects, the acceptance of the 

accelerator seems to be dependent on the current [5]. This makes 

variable fractionation difficult to monitor and, furthermore, makes it 

impossible to measure the 13C/12C ratio for the correction of any of 

the effects described above. It is therefore desirable that the 

source operates at a constant current, and it is essential that a good 

understanding of the ion optics leading to this effect is reached; 

otherwise, the accuracy of the technique will be seriously limited.

Summary

In order to make further progress in the techniques of radiocarbon 

dating it is clearly necessary to come to a better understanding of the 

physics involved in the production and transport of the ion beams.

In addition, there are various criteria for the design of a new source 

for radiocarbon dating. These are:

a. the direct production of C~ currents from CC>2

b. the production of high currents

c. the use of small samples

d. high efficiency (implied by b and c)

e. measurable and low background current

f. low cross contamination
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The purpose of this thesis is to reach the higher level of 

understanding of the ion optics which is needed and to describe the 

development of an ion source to meet the criteria outlined above.
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Introduction

The subject of ion optics is of prime importance to all measurements 

made by accelerator mass spectrometry. This field is almost unique in 

requiring one to give a detailed account of all of the material put into 

the ion source. If a sputter source is being used, there are essentially 

just four processes which must be described to explain in detail the 

conversion of the target material into the ion beam which is to be 

measured:

a. the production of the primary ion beam

b. the sputtering process

c. the extraction of the secondary ion beam

d. the transport of the secondary ion beam

Each of these will be considered in turn. The subject of ion detection and 

current measurement will not be dealt with.

1. The Production of the Primary Ion Beam

A sputter ion source requires a beam of ions (usually caesium for AMS) 

to sputter the target. The extent to which this beam is well focussed is 

an important factor in determining the quality of the secondary ion beam 

and so the ion optics relating to this is something which has received much 

attention. The relevant sections of an ion source are frequently 

cylindrically symmetric and so the particle trajectories can, in principle, 

be calculated fairly easily by finding solutions to Laplace's equation for 

the Electrostatic field. By a process of iteration space charge effects
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can even be included in such calculations. In practice the only way in 

which such calculations can be carried out is to find the potential at a 

grid of points and use this for the calculations. (For examples of the use 

of this method, see [1,2].)

It transpires, however, that obtaining a primary beam which can be 

well focussed does not really pose any problems. Typical spot sizes for 

the incident beam are a fraction of a millimetre. As pointed out elsewhere 

[3], further reduction of this increases the thermal load on the sputter 

target and therefore reduces the sputter efficiency at the focus point. 

The net result of this is that one cannot expect to increase the secondary 

beam quality greatly by altering the primary beam optics. Most attempts to 

do this are based around essentially hemispherical geometries (for example 

[4]). Such an approach is valuable if the 'halo' that surrounds the focus 

point in a source such as that described in [5] is believed to have some 

adverse effects.

The subject of primary beam optics will not be considered further 

here.

2. The Sputtering Process

The relationship between the primary beam optics and those of the 

secondary beam are determined by the sputtering process. There are three 

aspects of this process which are of particular interest:

a. the total yield of different isotopes

b. the angular distribution of ejected ions

c. the energy distribution of ejected ions

The total ion yield for different isotopes is clearly of crucial
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importance for AMS measurements. Fortunately in normal circumstances the 

sputtering process will be in a steady state (this is demonstrated by [6]). 

It follows that the proportions of the different isotopes sputtered will be 

the same as those in the target material. The isotopic yields are then 

dependent only on the probability of the ejected atoms being in the 

relevant state of ionisation.

The collision cascade theory [7,8] gives a detailed model for the 

actual sputtering process. One must then apply some quantum mechanical 

theory [6,9] to find the relative ionic abundances. These theories are not 

particularly well understood at present but a strong dependence on surface 

conditions is indicated.

As well as affecting the overall fractionation, the ionisation 

probability will also affect the angular distribution of ions with 

different masses. This is very important as it means that any subsequent 

limitation of the beam with apertures will cause f ractionation (and this 

fractionation will vary with the surface conditions of the target).

For a complete description of the optical properties of an ion beam it 

is necessary to understand the energy distribution of the ions in the beam, 

collision cascade theory together with quantum mechanical models for the 

ionisation [6,9] are capable of giving predictions for the energy 

distribution as a function of the angular distribution. Measurements of 

the energy distribution are fairly difficult to make but have been made on 

carbon ions sputtered by caesium [10,11].

If the optical properties of the initial beam are known then the 

distribution in phase space of the secondary beam is fully determined by 

the sputtering process. This can be calculated with the aid of collision 

cascade theory [7] together with quantum mechanical treatments of the 

ionisation probability [6,9]. Calculations of this type have been 

undertaken by others (see for example [1]).
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3. The Extraction of the Secondary Ion Beam

Once the secondary ion beam has been formed it will be subject to the 

electrostatic fields within the ion source. As stated in section 1, these 

are normally calculated over a grid of points, assuming cylindrical 

symmetry. Much work has been done elsewhere on this topic (see for example 

[1,2,3]). Fractionation is unlikely in this process as the extraction is 

purely electrostatic unless the ion beams for the different isotopes are 

different because of sputtering effects.

4. The Transport of the Secondary Ion Beam

Ion beam transport is usually performed in AMS systems by the 

application of electrostatic and magnetostatic fields in conjunction with 

apertures for limiting the extent of the ion beam. Electrostatic fields 

are normally used for all of the beam steering and focussing operations 

which are common to the isotopes for which the abundances are to be 

determined; this is because all isotopes with the same energy will respond 

in an identical manner. Interactions between the ions in the beam (space 

charge effects) are also electrostatic and so until the ion beams are 

magnetically separated there is no mechanism for fractionation except for 

the effect of sputtering (see above and chapter 2) and interactions of the 

ion beam with the residual gas (see chapter 6). Ideally, therefore, all of 

the ion beam limitation should be carried out at this stage if this is 

possible. In practice, aberrations (including space charge effects) and 

the energy spread of the ion beam, make this difficult. Once magnetic 

separation of the ion beams has taken place ion beams for different 

isotopes will not behave in the same way because of their unequal currents.
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Hence it is essential to understand any physical mechanisms which are 

dependent on the current.

In practice, because of fractionation in the sputtering process, and 

because of space charge effects, the ion beams for different isotopes do 

not have identical forms. Furthermore, because the fractionation due to 

sputtering is likely to change with time and from target to target, and 

because space charge effects will obviously vary with current, the 

differences between the ion beams will not be constant. For this reason, 

any apertures which limit the beam are liable to result in variable 

fractionation and so it is essential that the transmission through an 

accelerator mass spectrometry system is as high as possible.

Another important stage in the ion beam transport is the ion stripping 

which takes place at the terminal of a tandem accelerator. The process is 

fairly well understood and it is certainly a source of fractionation (see 

ref s. [12,13,14]). This need not be too serious as long as the 

fractionation is constant because all isotopic ratio measurements are 

normally carried out relative to standards. If this process were to depend 

in any way on the ion current, however, it would clearly have importanb 

consequences.

First order calculations of ion optics are fairly easy to carry out 

(using, for example, [15]) but it is clear that aberrations and space 

charge are important if very high transmissions through an accelerator 

system are required, as they are in AMS.

Measurements on the Oxford radiocarbon accelerator show that there the 

main limitation to transmission is at the terminal of the accelerator, and 

that current dependent fractionation does occur (see refs. [16,17]). This 

indicates that the injection system and low energy accelerator tube are the 

most critical elements in the system.
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Summary

Ion optics and the related physical phenomena are clearly crucial in 

accurate accelerator mass spectrometry. Many different processes and 

variables are involved and so it is not feasible to model the performance 

of an AMS system exactly. What are most important are those elements which 

might introduce variable fractionation.

The production of the ions by sputtering is the first important stage, 

both because it is a source of variable fractionation and because it has an 

influence on all that follows. Space charge is also of paramount 

importance as are any other current dependent processes. Aberrations are 

not crucial in themselves but, because they make it harder to obtain high 

ion beam transmissions through the AMS system, they exacerbate the other 

effects which can give rise to variable f ractionation and for this reason 

they are of interest.

In the following chapters all of these effects and the ways in which 

they affect AMS measurements will be discussed. Because of the complexity 

of the problem the calculations done here on aberrations and space charge 

are not intended to be very precise (so, for example, only generic lens 

types rather than specific designs are considered). The emphasis is, 

instead, on finding ways to model the performance of an extended ion 

optical system.
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Chapter 1 

The Theory of Ion Optics

Introduction

Before discussing the calculations that have been undertaken on ion

k> 
optics associated with AMS it is necessary A look at the theory of beam

optics in some detail, as this is a field about which there is frequently 

much confusion.

The fundamental aspects of beam transport theory will be investigated 

and then the techniques which are normally used in calculations are 

described.

1. The Six Dimensional Phase Space

When dealing with ion optics one is essentially dealing with the 

motion of particles in space. Any pseudo-pointlike particle has six 

independent degrees of freedom: these can be written:

(1.0.1) qx ,qy ,qz ,px ,py ,pz

where the q terms are the normalised Cartesian co-ordinates and the p terms 

the corresponding momenta.

This is a canonical set of co-ordinates which means that they obey 

Hamilton's equations:

i' = (aH/dPi ), Pi ' =-(3H/aqi )
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(here and elsewhere the notation a* is used to denote the partial 

differential of a with respect to time)

At this stage, it is worth introducing the symplectic notation for 

Hamilton's equations as this is important in understanding the symmetries 

arising in the phase space.

1.1. The Symplectic Condition

The canonical co-ordinates of a system with 2n degrees of freedom can 

be written as a column matrix _e with the 2n elements q-^.p^. Hamilton's 

equations then become [1]:

(1.1.1) e.' = J (3H/ae.) 

where J_ is the matrix defined by:

0_ JL \ (0_ = nxn null matrix) 

-!_ 0_ / (!_ = nxn unit matrix)

The purpose of this exercise is to study transformations of the 

coordinates. At this point the first assumption is introduced into the 

derivation: that the interactions of the particle can be fully described by 

a Hamiltonian which does not vary during the transformation. This is the 

condition which must be met for a transformation to be canonical. The 

system can be described at the final stage by the equation:

(1.1.2) !' = J (3H/61)

The transformation from one state to the other can in general be described 

by the matrix equation:
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(1.1.3) f = M e

where the elements of the matrix are defined by : MJ_J = 

This can clearly be written as:

(1.1.4) I' = M J. (8H/8e.)

However we can write (3H/3e.) in terms of (3H/3.f) because of the identity:

i) = OH/8fj)Ofj/aei)

which in matrix notation is written:

(8H/8e.) = MT

Equation (1.1.4) can be rewritten:

(1.1.5) 1' = M J_ MT (8H/8f.)

From (1.1.2) it then follows that

M J MT = J

or as it is usually written: 

(1.1.6) MT JM=J

This is the so called symplectic condition and holds for all canonical 

transformations.
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1.2. The Coordinates

In order to describe an ion optical system classically we would need 

to specify the six independent parameters for all of the particles in the 

beam. Clearly for most situations this is impossible and anyway, given the 

quantum mechanical uncertainty associated with these parameters for any one 

particle, it is not even desirable. Instead some way is needed of 

describing the way in which the particles which make up the beam are 

distributed within a space made up of these co-ordinates.

In the case of beam optics, however, the co-ordinates described above 

(1.0.1) are not very satisfactory since for each particle they are a 

function of time. In order to investigate what is essentially a steady 

state the most obvious way to describe the system is to define some time, 

tg, at which each particle is deemed to have entered the system and then 

write down a probability distribution:

(1.2.1) f(qx ,q ,qz ,px ,p ,pz ,t-t 0 )

which is the probability density of finding a particle with those co­ 

ordinates at that time t-tg.

It is, however, at this point necessary to look in a less abstract way 

at what is to be described and the measurements which are to be made.

Usually, it is of interest to consider groups of particles whose 

velocity is predominantly in one direction; this, for simplicity, is 

assumed to be the z direction. Furthermore measurements are normally made 

on the beam at points which are a defined distance along the beam line 

rather than after a defined time of flight. It follows that the 

probability distribution described above is normally going to be considered 

with respect to qz .

Many optical elements do not alter the total energy of any one
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particle and it is thus convenient to use the canonical co-ordinate set:

(1.2.2) (qx ,qy ,t-t 0 , px . Py » E )

In the cases investigated here the particles all have similar energies 

and times of flight, (t-t0 ), and so the probability distribution can be 

written as:

(1.2.3) f(qx ,q ,At ,px ,p ,AE)

The transformations which occur for individual 'rays' with these co­ 

ordinates are well described [2]. All ray tracing procedures work on 

transformation of the six dimensional space or some subset of them (see for 

example [3]).

1.3. Application of the Symplectic Condition

If we generalise the co-ordinates to r^ we get the relationship:

(1.3.1) ri! = f(rj 0 )

= f(r 10 ,r 2 Q ,^30 > r 40 > r 50 > r 60

where the second index is 0 for the initial phase space coordinates and 1 

for the transformed set.

By expanding in a Taylor series we get:

(1.3.2)

8rjo 3rko
r io
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where the Einstein summation convention is assumed. This convention is 

used everywhere in this thesis unless otherwise stated. (Note that the co­ 

ordinates which we are partially differentiating with respect to are taken 

to be zero.)

This formula is applicable for all canonical transformations. Each 

successive term corresponds to a higher order of the transformation and so, 

in conventional optical notation, the first term corresponds to the 

paraxial approximation, the third term the spherical and associated 

aberrations, et cetera. Furthermore the co-ordinates are canonical and so 

we can describe the transformation of co-ordinates using the symplectic 

notation developed above.

In this case we write the transformation as:

(1.3.3) Li = H Lo

and the elements of the matrix are MJ; = (ar^/Srjo) (note that this is not 

necessarily taken at r;Q = 0) which in turn can be expressed as (from 

(1.3.2)):

(1.3.4)

ff9ril) A
~ + rkO

Q 3rko

where the co-ordinates which we are partially differentiating with respect 

to are taken to be zero.

This equation, together with the symplectic condition (1.1.6) form the 

basis for all constraints on phase space transformations (see [2] for a 

detailed treatment of the higher order relations between the elements of 

transfer matrices).
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2. Liouville's Theorem

2.1. The Conservation of Phase Space Volume

One very simple constraint on the transformations of the phase space 

that can take place arises immediately from the symplectic condition 

(1.1.6). Taking the modulus of the equation:

(2.1.1) |M| Z |J| = |J|

it can be seen that the modulus of the matrix M must be 1 1. This means 

that the size of a volume in the phase space will remain unchanged under 

any canonical transformation. This result is known as Liouville's theorem 

and is fundamental to the study of ion optics.

2.2. The Limitations of Liouville's Theorem

The arguments outlined above rely on there being a Hamiltonian that 

fully describes the system. This is not the case if there are interactive 

forces between the particles whose motion is being described. Therefore, 

the theory does not, in principle, hold if space charge effects are 

important.

This limitation is, however, not important in the case of ion optics 

because the number of particles that we are dealing with is very large in 

all cases where space charge is important. The electric fields that the 

particles experience are therefore, on average, the same for any two 

particles traversing the same path at different times. Hence there is a 

Hamiltonian which describes the environment in which the particles must 

travel even though one can only find out what it is once the beam profile 

has been fully determined.
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Another way of looking at this problem is to imagine that one can 

label a small proportion of the ions in the beam. This poses no 

fundamental problems because we are dealing with classical mechanics and so 

the indistinguishability of the particles is unimportant. The space charge 

effects between these particles is then insignificant and the Hamiltonian 

that describes their environment is determined by the charge density of the 

unlabelled ions.

One can therefore see that, although it is not possible to write down 

a Hamiltonian from which one can deduce the motion of the particles, there 

exists a Hamiltonian which determines their motion to a very good 

approximation and therefore Liouville's theorem will hold.

The other assumption inherent in Liouville's theorem is that which was 

introduced to arrive at (1.1.2). This was the assumption that the 

Hamiltonian is a constant during the transformation which is likely to be 

the case in non-pulsed beams.

3. Restricted Descriptions of the Phase Space

In many cases the full six dimensional description of the phase space 

is too complicated to be dealt with. Instead one works with only a subset 

of the dimensions or a value derived from such a subset.

3.1. The Five-Dimensional Description

This is a description sometimes used in beam optics calculations. The 

five dimensions are usually given as:

(3.1.1) qx ,qy,ax ,ay ,bz

where ax - px /pa . bz " Apz /pa , Apz = pz -pa and pa is the average momentum
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of the particles in the direction of the optical axis.

3.2. The Four-Dimensional Description

Frequently the third dimension is independent of the others and so one 

can restrict one's description to the four dimensions:

(3.2.1)

If the third dimension and its conjugate momentum are truly 

independent Liouville's theorem will hold in this limited space. It is 

based on this assumption that the concepts of emittance and acceptance have 

arisen.

Emittance is simply the four dimensional volume which is filled by an 

ion beam or part of an ion beam. Because of convenience of measurement the 

coordinates most frequently used are:

(3.2.2) 1x » 1y » ax > ay

These are clearly not canonical coordinates. However, assuming non- 

relativistic behaviour, the area in this space multiplied by the energy of 

the beam is a constant. Thus, the units used for the normalised emittance 

are usually ii^ mm^ mrad^ MeV.

Acceptance is a concept which arises out of the effect of an aperture 

or series of apertures on the phase space. Any aperture limits the phase 

space in the qx and qy dimensions. An optical device will usually contain 

many effective apertures. A phase space can then be defined at the 

entrance to the element which is such that all particles contained within 

it will pass through the device, and all particles outside it will not. 

The volume of this hypothetical region of phase space is called the
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acceptance of the optical element. It is equal to the maximum possible 

emittance of a beam which will all pass through and the units used are the 

same as those for emittance.

3.3. The Three-Dimensional Description

As a further simplification it is sometimes possible to separate the 

x and y coordinates and treat them independently. This gives rise to the 

two sets of coordinates:

(3.3.1)

(3.3.2) qy ,a y ,bz

For any transformations of the phase space for which the x and y dimensions 

are truly independent this description can be used. To describe an ion 

beam in terms of distributions within these spaces poses severe 

restrictions on the form of the beam. This will be discussed more fully in 

section 3.5.

3.4. The Two-Dimensional Description

The simplest description of all is that which assumes the independence 

of all three sets of coordinates and momenta. If this is the case, then 

one can apply Liouville's theorem to each set in turn. The notation most 

often used is similar to (3.2.2). The coordinates are:

(3.4.1)

(3.4.2)

and the normalised units are n mm mrad

Once again the concepts of emittance and acceptance can be used
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although, as for the three-dimensional description this puts limitations on 

the form of the ionic beam which can be described.

3.5 Descriptions of Particle Beams

It is now necessary to look at the simplifications which can be made 

to the description of a beam of particles (1.2.3).

One approach is to integrate over the unused coordinates. This gives 

one a distribution of the form:

(3.5.1)
r =-

where the notation implies multiple integration over the unused coordinates 

rj. This can be further integrated over the remaining coordinates to give 

the total particle flux. This function is conventionally called the 

brightness of the beam.

Another possibility is to consider the function of brightness only in 

the coordinates of interest while defining limits in the others. The 

variations are numerous, but one frequently used description for the two 

dimensional case is:

(3.5.2)
P+Aq, '+AP

= -00,

y
pv=-Apyi Pz=- f (qx »Qy t q z • Px»Py • Pz) d<lydclz d PydPz

= -00

and the corresponding expression for g(qy ,py). Often the functions are 

given in the form g(qx ,ax ) where ax is as defined for equation (3.1.1). 

This expression clearly lacks elegance and, in addition, is capable of 

fully describing only a very restricted set of beams. Its value lies in 

the ease with which it can be measured and in the fact that no averaging is 

taking place over dimensions in the four dimensional phase space, and so
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descriptions of this type are useful for studying non linear 

transformations. This description of the brightness profile in phase space 

is sometimes referred to as the section-emittance. (See ref. [A] for a 

detailed discussion. )

Because the two-dimensional phase space is frequently used in 

calculations and measurements it is worth considering the amount of 

information that is lost when the two descriptions (3.5.1) and (3.5.2) are 

used.

The equation (3.5.1) essentially represents a projection of the six 

dimensional phase space onto the dimensions to be used. The function 

obtained can be integrated to give the total intensity. Also, assuming the 

transformations themselves do not mix the dimensions under consideration 

with those integrated over, Liouville's theorem indicates that:

(3.5.3) glUii) = gQ( rio)

where gg and g^ are the initial and final brightness functions and where 

r^Q and r-Q are the initial and final phase space coordinates.

The equation (3.5.2) on the other hand has neither of these 

properties. The constancy of the brightness function under transformation

(3.5.3) is only valid for (3.5.2) in the special case for which the 

functional form of the brightness is separable between the x and y 

coordinates. Given the approximate radial symmetry of most ion beams, the 

only likely function of this form is:

(3.5.4) g(qx .qy ,ax ,ay ) = exp(Arx2+Bry2+Csx2+Ds y 2 )

where rx and s x correspond to any linear transformation of qx and ax and 

likewise for the y dimension. (This corresponds to a Gaussian ellipsoid in
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each dimension.) This is fortunately often approximately true for the ion 

beam emerging from an ion source and, if this is the case, it continues to 

be valid until there is mixing of the three dimensions which will usually 

take place if there are any non linear transformations.

There is also another situation in which the description (3.5.2) is 

useful; this is when the brightness can be described as a function of r 

only and one can ignore skew rays. In this case the brightness function 

can be written as:

(3.5.5) f(qr ,qe ,pr ,pe ) = S(pe ).h(qr ,pr )

This function will obey Liouville's theorem assuming the z coordinates of 

the transformations are independent. Assuming Aqy is small, the equation 

(3.5.2) can then be written as:

(3.5.6)
+Aqy /r

q e=-Aqy /r, Pe= - dcie <ir dPe
00

'+Aqy /r
h(qr ,pr ) q r ^ dqe 

Jqe=-Aqy /r

= 2 Aqy qr h(qr ,pr )

where the integrations over z have been assumed. As qr = qx and pr = px 

one can see in this case that g(qx »Px)/qx will transform correctly, and one 

can write:

(3.5.7)

This can be very useful in calculations, although in practice ion beams 

rarely fulfil these requirements.
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4. First Order Matrix Theory

It is clear from equation (1.3.4) that the matrix elements for any 

transformation of the phase space are, in general, a function of r_Q, the 

initial phase. This makes any simple calculation impossible, and so one 

frequently considers just the first order constant part of the matrix 

element. This is an approximation which is good for particles with 

trajectories close to the axis of motion.

4.1. 'Ray Tracing'

One application of this technique is so called 'ray tracing' which is 

essentially just the calculation of the transformation of individual points 

in phase space. For this, the equation to be used is simply that given in 

(1.3.3):

(4.1.1) r_i = M ri0

The calculations can be done in any of the restricted coordinate sets 

described in section 3 given the same provisos. However, the calculations 

are most often done in five or six dimensions [3].

4.2. Beam Envelopes

In the first order approximation it is frequently convenient to assume 

that an envelope which contains the beam or some function of it is in the 

form of an ellipsoid in phase space. The value of this assumption lies in 

the fact that first order transformations always leave the ellipsoid as an 

ellipsoid. This is not a valuable approach if one is considering higher 

order terms in the transformation.
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One can describe an ellipsoid in n dimensions by n vectors which have 

the directions and magnitudes of the n axes. These can be written in the 

form of an nxn matrix A. The transformation of the ellipse is then 

described by the equation:

(4.1.2) A! = M A0

Even if the initial beam is not actually of this shape it is sometimes 

worth considering the transformation of the smallest possible ellipsoid 

which encloses some proportion of the beam. This is because the acceptance 

of many ion optical elements is approximately ellipsoidal in shape.

Summary

With the assumption that the motion of particles in an ion beam can be 

described by Hamilton's equations it can be shown that one can transform 

the phase space from one place in the beam to another. Restrictions on 

this transformation arise because of the symplectic condition. Liouville's 

theorem is one such restriction.

The ion beam can be described as a brightness distribution within the 

phase space. Because of Liouville's theorem such a distribution transforms

in the same way as the space itself.

Restricted descriptions of the phase space are possible if the 

transformations to be investigated do not couple those coordinates that are 

to be kept with those that are not. However, if brightness distributions 

are to transform correctly, further restrictions are put on the form of the 

ion beam itself.

If only a first order description is required, then the phase space 

occupied by the beam can be approximated to an ellipsoid or a series of
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ellipsoids containing particular proportions of the beam.
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Chapter 2 

Sputtering

Introduction

It is clearly very important to understand the process of sputtering 

in relation to the production of ion beams for AMS. There is now an 

increasing body of research material on this subject both in the form of 

theoretical models and of measurements. A stage has been reached at which 

it is possible to explain many of the observed effects.

There are essentially two different processes which must be 

understood: firstly there is the ballistic motion of the atoms which are 

being sputtered which determines the velocity distributions of the ejected 

species, and secondly there is the process of ion formation which 

determines the proportions found in different charge states.

Particular attention will be given to the implications for sputtering 

from solid graphite and adsorbed carbon dioxide.

1. Collision Dynamics

There are two major contemporary theories to explain the ejection of 

atoms and ions after the impact of sputtering ions. These are the 

collision cascade theory and the thermal spike theory. Both theories have 

their strengths in explaining what is happening under different conditions.

We are interested in the velocity distribution of the ejected ions and 

in the angular dependence of their ejection flux. In addition, it would be 

useful to know the angular dependence of the velocity distribution. All of 

these properties are important in defining the brightness profile of the
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beam produced by an ion source. In general it is the form of the function 

d^N/dEdO that we wish to discover (where d^N is the number of ions in the 

energy range dE ejected into the solid angle dQ) .

1.1. Collision Cascade Theory

When an energetic ion impinges on a solid surface it suffers 

collisions with the atoms in the solid. The atoms recoil from these and 

further collisions result. Collision cascade theory treats these chains of 

events and allows predictions to be made about the species that are finally 

ejected from the surface [1].

In addition to this theory there are two main types of computer 

simulation which are based on this type of process: these are the molecular 

dynamic (MD) and binary collision approximation (BCA) simulations. MD 

calculations are made by considering the target-target atom interactions 

simultaneously with the pro jectile- target interactions; the precise 

evolution of individual cascades can thereby be studied in detail but 

unfortunately only with very substantial use of computer time. Most 

sputtering simulations are, therefore based on the BCA model which assumes 

that only one interaction is taking place at any one time and makes use of 

the Monte Carlo technique. For a discussion of these computer simulations, 

see ref . [2] .

The energy distributions of the ejected atoms, from the basic 

collision cascade theory can be shown to be [1]:

(1.1.1) N(E) = C E/(E+Eb ) n+1

where C is a constant, E^ is the 'binding energy' which is usually assumed 

to be close to the energy of sublimation. This distribution is based on 

the assumption that the cascades are isotropic and that the surface
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potential is planar. In addition to this, it is found that n is 

approximately equal to 2 as long as the interaction energies in the solid 

are low. This is a reasonable assumption for many solids and the E~^ 

dependence at high energies is a common feature of the energy distributions 

of sputtered material [3].

The angular dependence of the distribution function depends on the 

form which one assumes for the binding energy. There are two current 

models for this and these are the isotropic binding energy and the planar 

binding energy. Both of these models predict a cosine distribution. 

Computer simulations, however, predict that the distributions will differ 

from this, and that for high energies they will generally be more outwardly 

peaked than the cosine function. Experimental results always seem to give 

a distribution of the form:

(1.1.2) Y(6) = C cos s e

where 5 increases from 1 with increasing energy and with increasing target 

to projectile mass ratio [4].

The discussion so far has, of course, assumed that the distribution is 

separable in energy and angle. In practice this is not the case but, in 

order to get any predictions of the cross terms, it is necessary to use 

computer simulations. These are also able to calculate the effect of 

different angles of incidence for the bombarding ions.

The dependence of the energy distribution and the yield on the angle 

of incidence is, to a large extent, governed by the angular distributions 

of the primary recoils at different angles of incidence. It is found that 

there are many more primary recoils in the forward direction for oblique 

bombarding angles. The average energy for the forward scattered atoms is 

also found to be greater as a result [5]. However, for normal incidence
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both the primary recoil yield and the mean energy of ejected ions is found 

to be more or less independent of ejection angle.

1.2. Thermal Spike Theory

This theory is based on the principle that when an ion strikes the 

surface of solid the effective temperature of that surface will be locally 

raised, thereby enabling some of the material to be evaporated.

The energy distribution resulting from this kind of mechanism is 

essentially just a Maxwell-Boltzmann distribution [2]:

(1.2.1) N(E) = C E exp(-(E + Eb )/kT s )

where T s is the characteristic temperature of the thermal spike which is 

greater than the ambient temperature.

The angular distribution would again be expected to be a cosine 

distribution.

1.3. Preferential Sputtering and Isotope Effects

In some applications of secondary ion mass spectrometry the isotopic 

dependence of the yields of different isotopes is important. This 

preferential sputtering of particular elements or isotopes from the target 

is dependent on three main processes: kinetic effects, radiation induced 

segregation and radiation enhanced diffusion. The collision cascade will 

result in certain fractions of the target being removed faster than others 

which leaves behind an altered layer. Radiation induced segregation in the 

region of ionic damage results in atoms with lower surface energies moving 

to the surface, and the dislocations caused by the bombardment allow more 

rapid diffusion to take place in the surface region [6]. These surface 

effects take place over about ten atomic layers.

I ION OPTICS



2: Sputtering 49

Once a steady state has been reached, the material ejected from the 

surface must be identical in composition to the bulk material and so no 

fractionation can take place by this mechanism. Typical erosion rates for 

targets used in AMS are several hundred atomic layers a second, and so 

steady state is effectively reached instantaneously.

There is some evidence that the angular distribution of the sputtered 

atoms depends on the distributions of the isotopes in the surface region 

from which the sputtered particles come. It is expected that if one 

component is enriched at the surface, then that component should show

enrichment at high angles [7]. In sputtering from elemental targets it is

average mass 
M

12
12
12
48
48
48

(graphite)

(titanium)

isotope mas 
Mj

12
13
14
12
13
14

s (M/Mj) 2m

1
0
0
1
1
1

.000

.991

.983

.165

.155

.145

max. fractionation 
relative to -^C

_
0.
1.
-
0.
1.

9
7

9
7

I
I

I
I

Table 1.3.1
The maximum fractionation expected in any one direction as a result

of the collision cascade

found that, at low fluence, there is an overall enrichment of the light 

isotope indicating that the surface layer is enriched in the heavier 

isotope and so the angular distribution for the lighter isotope should be 

more forward peaked. This is experimentally found to be the case (see ref. 

[7] for a discussion of these results). The magnitude of the variations in 

the isotopic ratios with angle at high fluence will be approximately the 

same as the overall fractionation at low fluence and this is found to be 

well described by (M/Mj) 2m , where m is predicted to be 0.055 assuming a 

Born-Meyer interaction between the atoms in the target, M is the mean mass
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of the target atoms and Mj is the mass of the sputtered species. Table 

1.3.1 shows the relevant values for carbon and gives an upper limit to the 

fractionation that one might expect in the atoms sputtered in any one 

direction (remembering that at high flux there will be no overall 

fractionation) .

It is wrong to try to apply this theory to the sputtering of adsorbed 

species as it is based on the assumption that the sputtering is taking 

place from a random medium. It seems likely [8] that if the sputtered 

species come entirely from the surface layer there should be no angular 

dependence of the isotopic fractionation.

Simple ballistic considerations indicate that the energy distributions 

should be almost identical [9]: consider an atom A incident on another atom 

B with a zero impact parameter; the energy of B after the collision will 

be :

(1.3.1) EB - EA (4 mA mB )/(mA + mB ) 2

which gives, for example EB = 0.994 EA for a C atom struck by a -C atom. 

If collisions at different angles are to be considered then the functional 

form of the interaction must be known. However, it is clear from equation

by

only a fraction of a percent as long as the predominant target material is 

one of the isotopes. Table 1.3.2 shows the how the above equation affects

sputtered carbon atoms from a predominantly -*- 2C target and one made from 

4STi .

. , 

(1.3.1) that the energy distributions of different isotopes will differ
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target mass 
mA

12
12
12

48
48
48

carbon isotope 
mB

12
13
14
12
13
14

EB/EA

1.000
0.998
0.994
0.640
0.671
0.699

EB/ E (12C)

1.000
0.998
0.994
1.000
1.048
1.093

Table 1.3.2
Relative energies of the carbon isotopes sputtered from 

graphite and titanium targets

1.4. Sputtering of Adsorbed Species

There has been a great deal of experimental work on the sputtering of 

molecules adsorbed onto single crystals [10]. The angular dependence of 

the emission is found to depend strongly on the adsorption site and to be 

strongly correlated with the directions in the crystal structure. However 

if the surface is multicrystalline these effects would be expected to 

disappear. As mentioned in section 1.3, atoms sputtered from the top layer 

of a surface are not expected to exhibit an isotopically dependent angular 

distribution. Adsorbed species are really on the surface rather than being 

in the top layer, but the distinction is probably unimportant for a surface 

which is severely damaged by sputtering.

If a surface is covered by adsorbates and subsequently sputtered, the 

concentration of those adsorbates does not fall as a simple exponential 

[11]. This indicates that sputtering is not the only mechanism by which 

they are removed; some of the adsorbates suffer recoil implantation, coming 

to the surface again as the target is sputtered away. The importance of 

recoil implantation is different for different substrate/adsorbate systems 

and can be gauged by the functional form of the loss of adsorbate material 

from the surface.
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1.5. Measurements for Carbon

There are, unfortunately, no good data on the angular distributions to 

be expected for sputtering from carbon by caesium ions which is the 

arrangement found in most ion sources used for radiocarbon AMS. It is 

desirable to have measurements for the specific energies and projectile 

species because of the dependence of m in equation (1.1.2) on these 

parameters.

Information on the energy distributions of sputtered carbon atoms is 

available [12,13]. This indicates that, up to about 1000 K, the energy 

distribution is well described by the equation (1.1.1) with n = 2. At very 

high temperatures (about 2000 K) a Maxwell-Boltzmann distribution is found 

with a characteristic temperature about 30Z above ambient. However, the 

production of clusters is not in line with the thermal spike theory and 

suggests instead a thermal desorption due to the disturbance of the surface 

structure.

2. The Formation of Negative Ions

There is really only one comprehensive theory for the production of 

ions in the sputtering process; this is based on an electron tunnelling 

mechanism. The fact that this is the only good theory does not, of course, 

mean that it is necessarily complete and some of the evidence for and 

against it will be discussed here.

2.1. The Electron Tunnelling Mechanism

It is normally the case that the ground state of a sputtered atom is 

neutral (since ionisation energies are usually larger than work functions 

which are in turn larger than typical electron affinities). The production 

of ions by sputtering must therefore rely on its non-adiabatic removal from
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the surface, unless the temperature or effective temperature is 

sufficiently high for the charged states to be populated.

The process can be best understood with reference to figure 1. (This 

is based on calculations made in ref. [14] for a typical transition metal.) 

Here the electron affinity minus the Fermi level energy is plotted as a 

function of the distance of the sputtered atom from the surface; this curve 

essentially shows the energy that is required to form a negative ion. 

Because the charged state can decay extremely rapidly while the atom is 

still in its substrate (this is particularly true if the substrate is a 

metal), its energy band is very wide. There is, therefore, an appreciable 

probability that the atom is in this state.

As the atom leaves the surface, the width of the charged state's 

energy level falls off since it becomes increasingly difficult for the 

electron to tunnel from the atom to the surface, or vice versa. The result 

of this is twofold: the equilibrium occupation of the level falls, and the 

probability of the ion surviving in its present charge state (this is P(z) 

in figure 1) rises. The position at which further tunnelling becomes 

unlikely is given by the sharply peaked function AP(z) (see figure 1) which 

is a function of velocity: the peak of AP(z) moves closer to the surface as 

the velocity increases. Thus, if the species is removed very slowly 

(adiabatic limit), it will be in the neutral state and if it is removed 

very fast (sudden limit) the populations of the charged states will just be 

those which existed in the substrate itself. If the velocity is in the 

intermediate region then the theory gives the probability of forming an ion 

[14]:

(2.1.1) P- = (2/n) exp((-c 1n(9 - £A)-c 2 7O/nXvcos0)

(2.1.2) P+ = (2/7i) exp((-c 17i( I - cp)-c 2 n) /nVvcosG)
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The difference between the electron affinity and the Fermi level, 
(e (z)-ep), in eV with error bars showing the single electron width; the 
probability of ion survival, P(z), and its differential, AP(z), in A' 1 for 
a typical transition metal sputtered from an elemental target at 10 eV and

100 eV (based on calculations in ref.
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where eA> 8j and 9 are the electron affinity, ionisation energy and the work 

function of the surface respectively; v is the velocity of the neutral atom 

and 9 the angle from the normal of the surface; c^ and G£ are constants and 

tf is the reciprocal of the characteristic distance in the fall off of the 

charged state energy bandwidth.

The equations (2.1.1) and (2.1.2) are arrived at by application of 

first-order time dependent perturbation theory and will only be valid in 

the limit fitfv « (C]_n(9 - A) + 02^) in the case of (2.1.1) and a comparable 

limit for (2.1.2). The straightforward implication of this is that it is 

not reasonable to assume the validity of this expression in situations 

where the ion production probability is high.

The problems with applying equations (2.1.1) and (2.1.2) come in 

trying to evaluate the constants G]_, G£ and V. c^ is determined by the 

position at which the tunnelling probability effectively disappears (this 

is related to the function AP(z); see figure 1) and G£ is given by:

(2.1.3) C 2 = G! Vi + (1 + C 1 )(ea ° - e F )

where V-[ is the image potential at the position which determines C]_ and 

(ea ^ - ep) is the difference between the electron affinity level at the 

surface and the Fermi level. The latter will almost certainly be affected 

by the caesium coverage and by the presence of other adsorbates and only in 

the case of metal ions sputtered by Ar+ has the assumption that it can be 

put equal to zero been tested [15].

In the derivation of the above equations, assumptions are made about 

the variation in the electron affinity level of the sputtered atom with 

distance from the surface, ea (z). The function is taken to be linear close 

to the surface. It has been shown that, for example, in the case of 

chemisorbed species, that a more realistic form of e a (z) based on an
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exponential function gives results in better agreement with experimental 

data [16].

Another important consideration when studying slow ions (with energies 

close to the binding energy) is the fact that the ions are not travelling 

at a constant velocity as they leave the surface. The effect of this is 

that the ion production probability reaches a minimum at energies close to 

the heat of ionic desorption [16]. There is also evidence that there is 

additional dependence on the angle at which the sputtered species leave 

when this is taken into account.

2.2. The Bond Breaking Model

An extension to the electron tunnelling model has been suggested [17] 

to cover the sputtering of ions from covalent structures where it is 

necessary to break bonds. Whereas when sputtering from metals the electron 

can tunnel to or from the conduction band, when ions from covalent 

structures are concerned the tunnelling must take place between specific 

energy levels. This process has a strong angular dependence, and there is 

a similar relationship to velocity as that found in the normal tunnelling 

model:

(2.2.1) P+ = G exp(-v0 /v)

There is an analogous expression for negative ion production. Here v is 

the velocity of the neutral atom from the original site of the atom and 

both G and VQ will depend on the direction of v relative to the bonding 

structure. It should be noted that, in this case, as for the tunnelling 

model the velocity in the equation is that for the neutral atom and 

therefore in the event of ion formation taking place it will not correspond 

to the final velocity of the negative ion.
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2.3. The Effects of Caesium Coverage

One of the consequences of equation (2.1.1) is that it should be 

possible to increase the negative ion yield by reducing the work function. 

This can be done, for example, by the adsorption of small quantities of 

Caesium on the surface, and the correlation between the production of 

negative ions and the reduction in the work surface has been demonstrated 

[18]. The minimum in the work function occurs when the caesium coverage is 

a fraction of an atomic layer. This has been demonstrated for silicon for 

which 1/4 to 1/2 of a monolayer produces the smallest work function [19] 

which is slightly below that of pure caesium. At higher coverages the 

variation in the negative ion yield arises not only from a change in the 

work function, but also from changes in c 2 (equation (2.1.3)).

2.4. Total Ion Yields and Isotopic Fractionation

Let us assume that the energy distribution for the sputtering of 

neutral atoms can be described by the equations (1.1.1) and (1.1.2). The 

yields for negative ions, assuming the tunnelling model, may then be 

written as:

-. , , 1/9x2 E/n f-(c 17i(9 - 6J + c2n)m1 / 2 \ Y- = c —————— exp ————————* ——————— cos$e
(E + Eb ) n+1 \ nV(2E) 1 / 2cose }

It is possible to deduce some interesting results from this equation 

without making any assumptions about the values of those constants which 

are uncertain. Let us write the equation in a different form to remove 

some of the complexity and to make it compatible with the bond breaking 

model and applicable to both positive and negative ions; writing the energy 

as a multiple of E^ with A = E/E^, we get:
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(2.4.2) Y = C'(A/(A + I) 3 ) (2/Ti) exp(-c(m/A) 1 / 2 f l (0) ) £ 2 (6)

where n has been assumed to be equal to 3, which is valid for a broad range 

of sputtering processes, and where f]_(0) and f£(©) are functions of angle 

relevant to the tunnelling or bond breaking models. The constant c depends 

on the relevant surface conditions. The maximum of this function occurs at 

Amax where:

/A \l/2 ("
(2.4.3)

Amax + ! V m j

From this we can deduce the probability of ion formation, P, in terms of
: " 

the parameter Amax . This gives:

„ , ,, D(2.4.4) P = - exp -
4Amax

Amax

and one can also calculate the mass fractionation F = (9P/dm)/P 

from equation (2.4.2) and write the solution in terms of Amax :

(2.4.5) F - -
Amax + 1 V A ; m

These equations are consistent with both the linearly interpolated 

form of ea (z) and the exponential form. It is possible to approximate the 

effect of the ions' variable velocity near the surface by taking P(A) = 

P(l) for A < 1. In fact the probability seems to actually rise slightly at 

energies of A < 1, although this is not understood from a theoretical 

standpoint [16].
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\ ptobfbility of ion ̂ rmation

The total p tot can tnen be found using numerical integration 

to find the average of P weighted with the neutral sputter yield 

(A/(A + I) 3 ). Figure 2 shows how P to t varies with Amax .

The overall isotopic fractionation Ftot can also be calculated by 

weighting F with the ion yield. Figure 3 shows the relationship between 

Ftot and ptot and figure 4 the variation of Ftot with Amax .

The importance of these relationships is that they are between 

measurable quantities. It should therefore be possible to test the 

validity of the models by measurements of the peak energy in the spectrum 

of the ions, the ion to neutral ratio and the fractionation.

The final effect that will be considered here is the effect of having 

a target with a different mass from the atom which is to be sputtered. 

From equation (1.3.1) it can be seen that the energy distributions of the 

sputtered particles are dependent on the ratios of the masses. To obtain 

the total fractionation it is essential to take this into account:

dP /3P\ /3P\ dE
(2.4.6) — = — + — —

dm \dm) \9E/ dm

Assuming that the energy distributions are only slightly perturbed the

fractionation is then given by:

(2.4.7)

9A 1 /A \l/2 1 ?A 1 /A \l/2 mrn mZAmax -1- Amax -1- , ^Amax -1 Amax . . mT ~ m 
F = - ——————— ——— - + ——————— —— 4AmT ——————-

Amax + 1 V A j m Amax + 1 I A3 J (mT + m) 3

1 4m>p(mip - m)

Amax + 1 V A J \ m (mT + m) 3

where m-j- is the mass of the predominant species in the target. The effect 

of this if the target mass is greater than the mass of the sputtered atoms,
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Figure 2

The variation of the overall probability of ion formation, Ptot » with the 
position of the energy peak Amax (Amax is a multiple of the binding energy, 

Eh); the curves are calculated either assuming a 'simple' model in which 
the atoms leave at constant velocity or assuming a 'Morse' potential. The 

curves marked 'ltd.' assume a limiting high velocity ionisation

probability, Pm , of 10 Z
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The variation of the overall fractionation, m Ftot with 
(m Ftot is the power of the fractionation with mass)
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is to reduce the fractionation slightly for a given ion production 

probability. For example, for carbon ions sputtered from titanium, the 

fractionation will be about 3&2 lower than it would be from carbon, given 

the same ion production probability.

2.5. The Validity of the Model

Before discussing the experimental evidence relating to the validity 

of the electron tunnelling model it is worth considering some of the 

restrictions which are imposed by the derivation itself. It should be 

remembered that in the sudden limit the probability of ion formation is 

simply equal to the initial occupation of the charged state; this 

probability will be referred to as POT . On decreasing the velocity the 

probability must monotonically decrease and so it is effectively limited by 

Pm . In figures 2, 3 and 4 the curves are shown for Pm - 0.1 as an example. 

As was stated in section 2.1, the first order time dependent perturbation 

theory is not sufficient if the ion yield is high. To look at this in 

another way, the ion formation probability given in equation (2.1.1) and 

(2.1.2) rises to (2/7i) at high enough energies and in reality the 

probability will only rise to P^ so that there will be no velocity 

dependence at high energies. It should be noted that this limitation will 

always result in the fractionation being smaller than that found from the 

theory given above.

The searches for experimental evidence for the tunnelling model have 

centred on investigations of the velocity dependence of ion production 

[8,15]. The fact that some sputter systems do not exhibit such a 

dependency has given rise to speculation about other mechanisms such as 

direct ion production in the collision cascade [20], and it is worth 

considering the most developed of these theories which assumes a local 

electron plasma temperature T s and takes tunnelling into account [21]. The
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principles on which this theory are based are essentially fairly simple. 

As in the simple tunnelling model charged states are considered to have 

some population as sputtered atoms leave the surface, and these populations 

are determined by the temperature T s ; the final ionisation probability can 

be correlated with the difference in energy of the charged and neutral 

states at some critical distance which is itself velocity dependent but 

which is normally of the same order as the atomic separation. If the 

energy associated with the formation of the ion at a distance z from the 

surface is E^(z), then the probability of ion formation at very high 

velocities is exp(-E^(0)/kT s ) and at very low velocities is 

exp(-Ei(o>) /kT s ). (In the case of negative ions, for example, this is 

exp( (6A-<p) /kT s ) . ) The effective temperature of the electrons is selected to 

be of the order of 1000 - 3000 K as this gives results which are 

approximately in accord with experiment. There is, however, a fundamental 

difficulty with this as a theory. If one considers the velocities of the 

electrons found in the Fermi electron gas of the target (typically of the 

order of 10^ ms~l), it is clear that the thermal spike associated with the 

collision will dissipate with a time constant of about lO" 1 ^ s which is 

much shorter than the time for a sputtered atom to leave the surface. (For 

example a 10 eV -^ 2C atom will only travel 1.3 x 10'-1- 2 m in this time.) 

There is therefore little justification for considering this theory to be 

realistic for anything except the determination of P^, the ionisation 

probability of a fast sputtered species. In this particular case it is 

clear that the rapidly changing potentials that exist during the collision 

will have some bearing on the population of the ionised states.

There has been some good evidence for the validity of the tunnelling 

model in the case of adsorbed oxygen, for which the velocity dependence of 

the ionisation probability has been investigated in some detail [8], There 

are also clear indications that the dependence on work function can be very
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sharp [22]; these results agree very well with the tunnelling model but 

could not be explained satisfactorily if the electron temperature were 

assumed to be very high.

The first exponents of the tunnelling model suggested that the 

enrichment factor for light/heavy ions would depend on (m^/mL,) [23]. This 

has since been demonstrated for a variety of elements [24]. However it is 

clear that the variation will, in general, be of the form (mL/mfj) mFtot , and 

it can be seen from figure 3 that mFtot can take a whole range of values. 

The elements investigated by Shimizu and Hart [24] all had very low ion 

yields (for example Cr has an ion fraction of about 4 x 10~ 3 [15]), and 

this is the reason for the approximate (m^/niL) form of the variation.

One clear prediction of the model is that the fractionation should 

fall off as E" 1 ' 2 and it should be possible to study this experimentally. 

The limitations discussed above suggest that it might fall off faster than 

this at high energies. This has been investigated [24] but the results do 

not tally well with the theory. However, these experiments are difficult 

to perform and were, on the admission of the authors, not very systematic 

so that perhaps one should not deduce too much from them.

2.6. Theoretical Considerations for Carbon

It is important at this stage to relate the ion formation theories 

described above to the case of carbon, and in particular to that of carbon 

sputtered from a caesiated surface (the arrangement found in ion sources 

used for AMS radiocarbon determination). The electron tunnelling mechanism 

is essentially controlled by the form of the function ea (z)-ep which is the 

energy difference between an electron on the sputter target surface and one 

on the sputtered atom as a function of the distance of the atom from the 

surface. It is also somewhat affected by A(z) which is the single electron 

width. It can be shown that A(z) does not actually vary monotonically with
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z but reaches a maximum for some small value of z (about 0.3 x 10~ 10 m) 

[16]. There is, at present, no way in which this can be calculated for the 

case in which we are interested and so here the method of ref. [14] will be 

followed but with A(0) taken to be 2 eV (rather than 1) which will probably 

give an overestimate of the effect of tunnelling. A is then given by:

(2.6.1) A(z) = A(0) e-* z

From this one can calculate the probability P(z) that an atom at 

position z has reached its final state of ionisation and a function AP(z). 

(This is just 3P(z)/9z) which is the probability distribution for the 

position of the last interaction with the surface.) If constant velocity 

is assumed, P(z) is given by [14]:

I 2 A(z)'
(2.6.2) P(z)= exp -

V

Typical values of tf are 2.3 x 10-^-^ m"-'- [14] and this parameter will 

be fairly insensitive to the surface conditions.

It is difficult to estimate the precise form of e a (z)-ep, particularly 

for carbon dioxide adsorbed onto titanium. However the behaviour of this 

function far from the surface is simply given by the classical image charge 

energy:

(2.6.3) ea (z)-ep = - ———————— + 9 - £
(47160) 4 Z

For an optimally caesiated surface 9 will be approximately equal to or 

slightly less than 2.14 eV which is the work function of caesium itself 

and, as gft is 1.12 eV for carbon, it transpires that ea (z)-ep drops below
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zero at values of z less than about 3.5 x 10~ 10 m. For pure graphite we 

know that ea (0)-ep would be zero and so for an optimally caesiated surface 

one might assume that it would be lower than this by the amount that the 

work function had been lowered (estimated to be about 2.86 eV as the work 

function of graphite is 5 eV), but this will be dependent on the degree of 

caesiation of the surface and on the presence of other impurities. As a 

first approximation, a linear interpolation can be used for e a (z)-ep for 

low values of z.

Figure 5 shows the values for ea (z)-ep, P(z) and AP(z) calculated here 

for carbon ions leaving the surface with energies of 10 eV and 100 eV. It 

should be noted, following the discussion above, that the curve for 

ea (z)-ep is fairly certain for z > 2 x 10~ 10 m but rather conjectural for 

lower values of z. It should also be noted that z (as used in other 

references [14,16]) is the distance from the image plane which is 1.5 to 

2.0 x 10~10 m outside the first atomic layer. The situation here is 

clearly very different from that discussed in refs. [14,16] where the value 

of ea (z)-ep is greater than zero at least for most of the region in which 

electron tunnelling takes place. One would expect from this that all of 

the ions would reach their final ionisation state while negative ion 

formation was energetically favourable. This would lead to high yields and 

negligible velocity dependence. If the work function were raised by 1 eV 

there would be an appreciable proportion of ions having their last 

interaction with the surface at a point where negative ion formation was 

energetically unfavourable (about 102). Velocity dependence and work 

function dependence of the ion formation would then begin and this would be 

most marked at low energies. At high energies the ion formation 

probability will be largely determined by the shape of A(z) and it is not 

clear that P" will be greater for atoms that are removed faster, although 

the dependence on 9 will clearly be very strong.
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carbon sputtered from a caesiated surface at 10 eV and 100 eV as calculated

in this chapter
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We expect therefore that, unlike the systems considered in the 

literature, the caesiated carbon system will not rely on the very 

nonadiabatic removal of an atom from the surface for a negative ion to be 

formed. This is because ea (z)-ep is negative in the region in which 

electron tunnelling is most prevalent. The corollary of this is that we 

expect the velocity dependence of P~ to be weaker than suggested by the 

discussion in section 2.4., and that the variation in P~ with the work 

function would be small until the work function was about 1 eV below 

optimum.

A further complication is that the value P~ discussed above is the 

probability that a single carbon atom sputtered from the surface forms a 

negative ion. The measured values usually relate to the probability of any 

sputtered carbon atom becoming a negative ion. In the case of the 

sputtering of adsorbed carbon dioxide, these values are likely to be 

similar (although the neutral CO flux is unknown and may be fairly high and 

carbon implanted in the titanium may form TiC and TiC~; the probability for 

the latter is small [25]), but for sputtering from graphite about 672 of 

the elemental carbon found in negative ions is in the form of clusters (see 

table 1/8:1.3.1). In addition to this, some of these clusters break up as 

they leave the surface. Because clusters are at the most only singly 

charged this will probably tend to further reduce the measured value of P~. 

It should be noted that the break up of clusters may itself be a mechanism 

susceptible to isotopic fractionation.

The case of adsorbed carbon dioxide on titanium is simpler in that 

clusters are much less important, but the value of e a (z)-ep is very 

difficult to estimate close to the surface. It is also necessary to 

consider the population of carbon dioxide molecules on the surface since it 

is clear that the presence of these will tend to raise the work function. 

The considerations discussed above suggest that there will be high yields
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of C~ ions for low gas flows, and that the ion production probability will 

be fairly insensitive to changes in the work function until it has risen by 

about 1 eV. Thereafter, the yield will drop in a fashion that is strongly 

dependent on the form of e a (z)-ep and A(z) close to the surface. The 

effect of the carbon-oxygen bond which initially exists is difficult to 

assess but one would expect it to have some effect on the angular 

dependence of the ion formation probability.

2. 7. Experimental Evidence Relevant to Carbon Ion Formation

The first piece of experimental evidence that casts some light on the 

ion formation process is the probability for ion formation which, in the 

case of carbon, is very high but difficult to determine exactly for the 

reasons discussed above. The measurements presented in chapter II/4 of 

this thesis indicate that P~ is probably close to 1 for carbon atoms 

sputtered from the adsorbed gas phase but probably substantially lower for 

atoms implanted in the titanium target. For graphite the C/Cs + ratio is 

believed to be about 2 [20] while the C'/Cs"1" ratio is roughly 0.3 [9]. 

This puts a lower limit on P" of circa 0.45. There is also some evidence 

for the formation of C~ by the break up of clusters [26] which indicates 

that the true P~ will be somewhat higher than this.

It is also informative to see how the ion yield varies with the work 

function. The evidence for adsorbed carbon dioxide is that the variation 

is small until the work function has changed by a substantial amount and 

thereafter the dependence becomes very strong (see chapter II/4 for a more 

detailed discussion of these results). For graphite the variation seems to 

be more uniform [27].

Direct measurements have also been made on the energy spectrum of the 

sputtered C", 03" and C^~ ions [27,28]. From these measurements a number 

of things can be deduced. The measurements made on the ions emerging from
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an ion source [28] show an energy distribution for the C~ ions with a high 

energy tail that falls off as E~ 2 - 29 which, given that an ion source acts 

as a low energy pass filter, fits the E~ 2 expected for the neutral atoms 

very well, suggesting that the velocity dependence of the ion formation is 

not very great at high energies. In addition to this, the peak in the 

energy distribution is found to be very approximately half of the binding 

energy of carbon, again in line with the expected neutral distribution. 

(These measurements are actually prone to offset errors because of the 

uncertainty in the work function of the source target and of the detector 

so there might be some doubt about this.) Perhaps most interesting are the 

measurements of the variation in the energy distribution with target 

temperature [27]. These show that there is an optimum target temperature 

of about 480 K which presumably corresponds to the optimum caesium coverage 

discussed above (see section 2.3). Variations in the work function of 

about 1.5 eV are deduced and these are found to alter the ion yield by a 

factor of somewhere between 4 and 7. The shift in the peak in the energy 

distribution is calculated to be 2.5 eV (in the notation of ref. [27] the 

shift in the energy peak AEp is equal to AEm - A9; this is the shift in the 

maximum of the energy distribution minus the shift in the work function). 

These calculations are based on the tunnelling theory outlined in ref. 

[14].

The measurements that are most obviously consistent with the theory 

outlined in section 2.6 are those for sputtering from adsorbed carbon 

dioxide which show high yields and insensitivity to the work function for 

small changes from the optimum. The reason for the ion yield being lower 

for the carbon implanted in the titanium is not obvious, and 

may just be a result of cluster formation lowering the measured value for 

P~ or it may be a consequence of sputtering from beneath the surface (see 

below) .
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The ion yield from carbon is also very high but the results discussed 

above (from ref. [27]) indicate that it is sensitive to even small changes 

in the work function. This may be due to the inhomogeneity of the work 

function. Another possibility is that ions formed from within the material 

of a target do not behave in the same way as those sputtered from the 

surface; this would explain both the lower ion yields from graphite and the 

anomalously low ion yield from the implanted carbon discussed above. 

Clearly in such cases the surface is very severely disrupted, and a theory 

based on a plane surface which is in equilibrium might be expected to break 

down.

Further evidence for carbon not obeying the simple tunnelling theory 

of ref. [14] is the variation in yield with the shift in the peak of the 

energy distribution (see above and ref. [27]). As shown in section 2.4., 

the simple tunnelling theory predicts a direct correlation between yield 

and Amax but the change in the yield observed (by about 4 to 7) is larger 

than that expected from the change in Amax (or Ep in the terms of ref. 

[27]); this can be seen by reference to figure 2. This is exactly what one 

would predict from the discussion of the previous section (section 2.6) 

where reasons for expecting a less pronounced velocity dependence were put 

forward.

3. The Implications for Ion Optics

The primary ion beam is defined by the electrostatic fields within the 

ion source. The way in which this then relates to the secondary ion beam 

is determined by the sputtering process. Clearly if the brightness profile 

of the secondary beam is to be kept constant the form of the primary beam 

must be kept as constant as possible. This can be done by keeping the 

geometry simple and by reducing the number of variable parameters (see
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chapter II/2). However, even if the primary beam is kept constant, the 

cratering of the target and variations in the work function of the target 

will produce variable ion beams. This is clearly very important since 

different targets are liable to have different properties (especially if 

they are made of catalytically deposited or pyrolytic graphite) and such 

differences should obviously be kept to a minimum. The mechanisms for such 

effects have been described above and they will now be discussed in 

relation to ion optics.

3.1. The Effects of the Collision Cascade

The collision cascade defines the distribution d^N/dEdO for the 

sputtered atoms. The angular distribution is approximately of cosine form 

but small variations are expected for different isotopes. The energy 

distribution is also expected to vary slightly for different isotopes, 

especially if the target material is not the same as that of the sputtered 

species. The effect of these characteristics of the collision cascade 

process will be to introduce small differences between the brightness 

profiles in phase space for different isotopes. Slight variations in these 

differences will occur if target cratering takes place, and this could 

result in variable fractionation if only a proportion of the ion beam were 

used. It should, however be stressed that these effects are small 

(probably producing fractionation of only a fraction of a percent) and the 

variations will be very much smaller. It is unlikely that such effects 

will impair the accuracy of AMS measurements.

The use of electrostatic energy analysis will clearly introduce some 

fractionation because of the different energy profiles for different 

isotopes but these profiles will be very constant (even if cratering takes 

place) and so the resulting fractionation should be stable.
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3.2. The Effects of Ion Formation

For the ion formation process to have any effect on the brightness 

profile of the secondary ion beam it must be velocity dependent. The 

theory put forward in section 2.6. and supported by the measurements of 

chapter II/4 indicate that this is probably not the case for C~ ions 

sputtered from carbon dioxide adsorbed onto titanium, but there is clearly 

a small velocity effect for graphite [27] although this is smaller than one 

would expect from the simple tunnelling theory of ref. [14]. In many 

applications of secondary mass spectrometry, however, the ion yields are 

low and there is a strong velocity dependence for the ion formation.

The velocity dependence is most marked at low energies and so energy 

analysis will tend to exacerbate the effect. Unlike the collision cascade 

mechanism the ion formation process can itself cause overall fractionation. 

This is particularly worrying as it is dependent on the work function of 

the surface and is therefore sensitive to variations in target and ion 

source conditions. The effects of this can be quite large (see, for 

example, ref. [6]).

In addition to the overall f ractionation that can take place, the 

selection that takes place in ion formation will alter the distributions of 

ions in phase space and will do so differently for different isotopes. If 

the acceptance of the analysis system is limited, as it must be, this will 

lead to further fractionation which again can vary if the target geometry 

is altered by cratering.

3.3. Clusters

It has been demonstrated that the break up of clusters can have an 

effect on the emittance of a beam [26]. This is because ions that are 

formed in this way generally have a less well defined energy than those 

produced at the target surface. It is also possible that, in cases where a
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significant proportion of the beam is formed in this way, there could be 

isotopic fractionation because of the different vibrational/rotational 

states of the clusters. In particular, these states will be very different 

for l^clZ^- which is a homonuclear diatomic molecular ion, and therefore 

subject to overall symmetry restrictions (the overall vibrational/ 

rotational wave function for the nuclei must be symmetric).

Such effects are likely to be of minor importance for the sputtering 

of adsorbed carbon dioxide but will certainly be significant in determining 

the emittance of ion beams produced from graphite [27] although there is no 

experimental evidence bearing on fractionation from this process. The 

increase in emittance from this process will be very sensitive to the 

electric field strength at the surface and is therefore likely to change 

when target cratering takes place.

3.4. Summary of Fractionating Effects

It is useful at this stage to summarise all of ways in which 

sputtering can produce fractionation in the ion beam.

There are essentially three types of fractionation which can arise as 

a result of the sputtering process. These are: angular fractionation (in 

which the angular distributions for different isotopes are not the same), 

energy fractionation (in which the energy distributions are different) and 

global fractionation (for which the overall isotopic ratio in the ion beam 

different from that in the target). The two mechanisms responsible for the 

fractionation are the collision cascade and the formation of the ions 

(possibly also the break up of clusters).

Because isotopic measurements are almost always carried out in 

relation to standards, it is really only variations in the fractionation 

that are very important. Such variations can be caused by cratering, by 

changes in the work function of the target surface and by alterations in
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the primary ion beam distribution.

Variations in global fractionation are obviously important. However, 

changes in the angular and energy fractionation can be just as detrimental 

to isotopic ratio measurements; this is because, if the phase space of the 

ion beam is limited, these types of fractionation become global.

Table 3.4.1 summarises the types of fractionation which are believed 

to be important.

type of 
fractionation

mechanism for 
fractionation

mechanism for 
variation

' collision cascade

angular

energy 

global

, ion formation

collision cascade 

ion formation

ion formation

cratering 

primary ion beam

' cratering

primary ion beam 

, work function

none

work function

work function

Table 3.4.1 
Summary of fractionating effects in the sputtering process

Summary

The physical processes involved both in the sputtering of neutral 

atoms and in the formation of ions have been discussed. The electron 

tunnelling model for ion formation has been looked at in detail and the 

expected correlations between various measurable parameters have been 

calculated.

On the basis of the calculations presented here and with reference to
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the limitations of the tunnelling model, it is argued that the 

f ractionation for species with high ion yields is expected to be low. 

Calculations based on the caesiated carbon system suggest that the velocity 

dependence of ion production should be small. The theory put forward here 

is in good agreement with measurements made on carbon dioxide adsorbed onto 

titanium (see chapter II/4).

Consideration of the ion optical implications of the sputtering 

process indicate that where there is fractionation from the sputtering 

itself there is likely to be yet more as a result of differences in the 

ions' distributions in phase space. The fractionation due to ion formation 

is also strongly dependent on target conditions, and is therefore 

susceptible to variations which will affect the accuracy of AMS 

measurements.

Although it may be possible to avoid appreciable global fractionation 

with a CC-2 ion source, the angular and energy f ractionation from the 

collision cascade will remain. The effects of this can be minimised by 

ensuring high transmission of the ion beam through the rest of the AMS 

system. In the following chapters, therefore, a strong emphasis will be 

placed on the requirements for high transmission.
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Chapter 3 

Brightness Profiles

Whence and what art thou, execrable shape? [Milton: Paradise Lost]

Introduction

At this stage it is worth looking at a few examples of measurements 

made on the brightness profiles of ion beams to see what effects turn out 

to be most important in the transport of ion beams. In the next chapter 

the discussion of the theoretical aspects of these effects will be resumed.

1. Sample Profiles from a High Intensity Sputter Source

Figures 1, 2 and 3 all show measurements of the brightness profiles of 

ion beams from the High Intensity Sputter Source which is discussed in 

chapters II/2 and II/3. The ion source test bench used for the 

measurements and the methods employed are discussed at length in 

chapter II/l; suffice it to say here that the measurements are of the type 

described by equation (1:3.5.2). The energy of the ion beam was 25.84 keV. 

In this chapter we shall only be concerned with qualitative analysis of the 

measurements. The contours shown are such that each successive contour 

encloses 102 less of the ion beam; thus the outer contour encloses 902, the 

next 802, et cetera (see section 7:3.1.).

The brightness profile of a beam emerging from an ion source is 

normally assumed to be roughly ellipsoidal in shape with an approximately 

Gaussian functional form. The first thing to be noticed is that the 

distributions are not dissimilar to the gaussian one shown in figure 4, but
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Figure 1

Brightness profile measured at 2 
using the ion source test bench and a HISS
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Brightness .profile 
measured at 24
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Figure 3
Brightness profile 
measured at 114
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Calculated Gaussian brightness profile 
(for comparison)
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the shape of the envelope within which the distributions sit are far from 

ellipsoidal.

2. Lens Aberrations

The measurements are made at a waist produced by the focussing effect 

of a gridded lens as described in chapter II/l. It was found that the 

shapes of the brightness profiles did not behave as one would expect from 

first order calculations when the strength of the lens was altered. First 

order theory, by definition, allows only linear transformations. Hence, 

the only alterations in the shape of the brightness profiles that would be 

allowed by first order theory are a combination of rotations and shears. 

In practice, the shape of the envelope was seen to be distorted in a 

distinctly non-linear fashion. Furthermore, the shape of the profile's 

envelope was found to be independent of the extract geometry of the ion 

source. It became clear, therefore, that its 'S-bend' form might well 

arise from the gridded lens itself.

Calculations were undertaken on the gridded lens as outlined in the 

next chapter, and these confirmed that the aberrations of the lens could 

account for the observed envelope shape of profiles such as figure 1.

There might, of course be other sources of aberration, in particular 

the pole pieces of the analysing magnet. However, one would expect this to 

be astigmatic and, although brightness profiles were taken in both the 

vertical and horizontal planes, there was no evidence for astigmatic 

aberrations.
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3. Space Charge Effects

There still remains the problem of identifying the reason for the 

difference between the three profiles of figures 1, 2 and 3. These are 

just a sample of many profiles taken with different beam currents but with 

all other conditions kept the same (extract voltage, lens voltage, sputter 

voltage et cetera). Assuming for the moment, therefore, that the beams 

emerging from the source in the three different cases were more or less 

identical except for their intensity, the difference between the three 

profiles measured must arise from the differences in the transport of the 

beams with different currents. The most obvious mechanism for such a 

difference is the space charge effect.

The currents measured when each of the three measurements were taken 

were 2, 24 and 114 juA respectively. Theoretical calculations of the effect 

of space charge on the transport of beams, assuming these currents, were 

done (see chapter 5) and indicate that the differences in the shapes of the 

profiles can be explained by these effects.

Summary

Brightness profiles measured at different currents have been 

qualitatively analysed. Their functional form can be explained in terms of 

an ellipsoidal and roughly Gaussian distribution in phase space at the ion 

source which is then altered in the subsequent transformations before 

measurement.

The form of low current beam profiles can be explained by the 

aberrating effects of the gridded lens used in the measurements. There may 

be other aberrating elements, but they are believed to be of subsidiary 

importance.
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The differences that arise at higher currents can be explained in 

terms of the space charge effect.
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Chapter 4 

Aberrations

Introduction

The term aberrations can be used to cover any of the reasons for which 

transformations of the phase space are non linear. In this chapter all 

such effects will be considered except for space charge, which will be 

dealt with separately in the next chapter. The different possible causes 

of aberration will be discussed, and then the aberrations due to three 

generic lens types will be considered. These are the idealised gridded, 

tube and aperture lenses and can each be treated analytically. Clearly the 

aberrations from any optical element can be calculated using available 

computer programs (such as [1]). The intention here is to see how the 

aberrations of individual elements affect the overall performance of an AMS 

system, and so it is not necessary to study the details of design for each 

optical element. For this reason, there are advantages in restricting the 

discussion to generic lens types which are of general interest as they will 

have broadly similar aberrating characteristics despite small variations in 

design.

1. Aberrating Elements

Virtually any optical element in an ion beam transport system is 

capable of producing aberrations of some description. However, the aim of 

this thesis is to investigate these effects in relation to AMS and so this 

prescribes those elements which need to be considered. Furthermore, 

because the high energy beam fits the paraxial model much more closely, the
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transmission in this region is found to be much more 'flat topped', and so 

it is really necessary to consider only those elements which occur in the 

injection system and accelerator. The radiocarbon accelerator facility at 

Oxford which is well described elsewhere [2] will be taken as a typical 

example of an AMS system.

1.1. The Optical Elements

After the ion source itself the optical elements (not including drift 

lengths) are:

1. gridded lens

2. gap lens

3. injection magnet

4. gap lens

5. gridded lens

6. accelerator tube

7. stripper

8. accelerator tube

followed by the high energy beam line. The possible aberrations arising 

from each of the different types of element will be considered.

1.2. Gridded Lenses

Gridded lenses are often described as being low aberration lenses. 

This is true in as much as they have much lower aberration coefficients 

than, for example, Einzel lenses. (See ref. [3] for a discussion of the 

advantages of gridded lenses.) Unfortunately in many situations they do 

produce appreciable spherical and higher order aberrations. This is 

because they are frequently used in places where the beam size is large in
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comparison to the dimension of the optical elements. The lenses are 

cylindrically symmetric, and so the transformation matrix (see equation 

1.1/1.3.4) will only have odd terms in the elements relating the x and y 

coordinates; these elements will also be symmetric.

1.3. Gap Lenses

In principle, a gap lens will produce fairly bad aberrations of the 

same order of magnitude as an Einzel lens. However, in this particular 

application the gap lenses are very weak [4] and are near waists, where the 

beam size is small. The aberrations due to these will be neglected.

1.4. The Injection Magnet

The injection magnet in use at the Oxford facility is a 90 degree, 

double focussing magnet with a horizontal bend plane. The aberrations in 

the horizontal plane will, therefore be largely determined by the effective 

edge of the magnet, and those in the vertical plane by the form of the 

fringing fields. A detailed calculation of the high order aberrations in 

such a magnet would be very complex, and is beyond the scope of this 

thesis.

Fortunately, in brightness profile measurements made on the injection 

system itself, there was no evidence for aberrations occurring between the 

two waists which are situated just before and just after the injection 

magnet. Furthermore, neither on the test bench nor in the injection system 

was there any significant difference in the brightness profiles measured in 

the horizontal and vertical planes, whereas one would expect the 

aberrations of a magnet to be highly astigmatic. Both of these facts 

support the view that the injection magnet does not contribute 

significantly to the aberration of the beam.
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1.5. The Accelerator

The uniform electric field which performs the acceleration does not 

introduce any aberrations in the phase space transport (except in the z 

dimension). The ends of the tubes, however act as lenses, with properties 

similar to those of Einzel or gap lenses. The aberrations that arise from 

these might, therefore, be very significant and the theory applied to them 

is treated fully in section 3.

2. Aberrations due to Gridded Lenses

In this section we shall consider in detail what happens to particles 

as they pass through a gridded lens. There are many other treatments of 

the effects of the grid itself [5] and as this is insignificant with the 

small grid sizes usually used, it will ignored here.

2.1. The Idealised Gridded Lens

An idealised gridded lens may be defined as consisting of an infinite 

cylinder at ground potential, of radius Q which is intersected at right 

angles by the plane z = 0 (local coordinates) which is at some potential W 

(figure la). This description has the advantage that one can derive an 

exact equation for the electrostatic fields in such a lens.

The fact that the optical properties are close to those of a real 

gridded lens may be induced from the agreement between the results of 

calculations on such an idealised lens and brightness plots measured on the 

ion source test bench (see section 4).

It was decided, therefore, that the increase in complexity of the 

calculations that would arise from trying to calculate the fields due to 

the precise physical geometry of specific gridded lenses was not warranted.
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a: GRIDDED LENS

infinite grounded 
cylinder

grid at potential W

b: TUBE LENS
uniform 
field E 
far from 
lens

semi-infinite cylinder 
at uniform potential

semi-infinite cylinder with 
uniform potential gradient E

c: APERTURE LENS

uniform 
field E 
far from 
aperture

Figure 1

infinite plane at 
uniform potential 
with a circular 
aperture

Sectional views of the three generic lens types
considered here
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2.2. The Electrostatic Field

In a charge free region the potential satisfies Laplace's equation, 

which in cylindrical coordinates can be written as [6]:

0 i d / av\ i a 2v a 2v
(2.2.1) V 2V = - — r— +— —— +-—= o

r dr V dr) r z 39 Z 6z z

The field will have no dependence on 0 and so we can assume a solution 

of the form:

(2.2.2) V = R(r) Z(z)

This gives us:

1 1 d / dR\ 1 d 2 Z
(2.2.3) - - — r— + - —— = 0

R r dr I drj Z dz 2

Since each term is a function of only one independent variable, each must 

independently be constant. Thus we get the two equations:

r d / dR\
(2.2.4) - — r— + kz r z = 0

R dr ( dr)

1 d 2 Z
(2.2.5) - —r

Z dz 2

The radial equation is just a form of the Bessel equation and has well 

behaved solutions:

(2.2.6) R(r) = J 0 (kr)
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The axial equation has solutions of the form:

(2.2.7) Z(z) = ekz or e~ kz

As we expect the potential to tend to 0 as z tends to infinity, the first 

will apply in the region z < 0 and the second in the region z > 0.

The radial function is identically zero at r = Q. Therefore the only 

values of k which will appear in the solution are k = k^/Q where k^ are the 

zeros of the Bessel function JQ. This means that the potential at z = 0 

can be described by:

00

(2.2.8) E Ci J 0 (ki r/Q) = W
m=l

The Bessel functions Jo(k^r) are orthogonal on integration from 0 to 1 with 

respect to the weight function r. Thus we can write [6]:

c,- "f
(2.2.9) 9r [J 0 (kir/Q] 2 dr = —

0 2 W r J 0 (kir/Q) dr
0

c • W
(2.2.10)

k

2 W 
(2.2.11) c.; =

Hence the potential anywhere in the gridded lens can be written, using 

the coefficients from (2.2.11) :
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00

(2.2.12) V = E Ci J 0 (kir/Q) exp(-kiZ /Q) z > 0
i=0

00

(2.2.13) V = E C;L JoCkir/Q) exp(kiZ /Q) z < 0
i=0

This gives one an exact value for the electric potential, and thus the 

electrostatic field in the gridded lens. In practice, of course, we can 

compute only a limited number of elements in the series but the series can 

be made to converge fairly fast except at the intersection between the 

z = 0 plane and the grounded cylinder.

2.3. The Motion of Charged Particles

The motion of charged particles in an electric field can be described 

in three dimensions by the equation:

(2.3.1) m £" =2eVV

where m denotes the particle mass and Ze its charge.

Equations (2.2.12), (2.2.13) and (2.3.1) define the motion of 

particles in an ideal gridded lens absolutely. It is, however, difficult 

to make use of this if one wishes to do calculations on the whole phase 

space. At this stage, therefore, we will introduce the assumption that the 

beam is radially symmetric and that skewed rays are unimportant. This 

enables us to make use of the results outlined in equation (1.1/3.5.7) and 

in the preceding passage while allowing us to reduce the description of the 

beam to the r and z dimensions and their conjugate momenta:

(2.3.2) p r ' = Ze.(av/aq r )
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These are the equations that will be used in the following calculations.

2.4. Fitting the Results to a Function

Unfortunately 'ray tracing' calculations of the accuracy required in 

the study of phase space transport are fairly lengthy. If one needs to use 

the properties of a lens in a large number of calculations, therefore, it 

is desirable to fit the behaviour of the lens to some function which can be 

readily calculated.

To do this, one calculates the transformation for a representative 

selection of points in the initial phase space and then fits the 

transformation to some polynomial. It was decided that only effects up to 

fifth order would be considered as it becomes very difficult to get 

meaningful fits for polynomials which have a very large number of terms.

In order to arrive at a description which was easy to apply, the 

particle trajectories were extrapolated to the plane of the grid and the 

initial coordinates taken to be the qr and pr at this plane. Their motion 

was then calculated over the region of the lens and the final trajectories 

extrapolated back to the plane of the grid.

Having done this, one finds that the dependence of the final 

coordinates can be approximated to a separable function f(q)g(p). It is 

therefore appropriate to have a polynomial that has elements with high 

powers in both p and q. Taking into account the cylindrical symmetry of 

the lens, the following 18 element polynomial is capable of describing the 

system to fifth order and was found to give a very good simulation of the 

traced rays:
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(2.4.1) q! = c l q + C 2 p

C 3 q 3 + C 4 q 2P + C 5 qp2 + c 6 p 3 + 

C 7 q 5 + c 8 q4 p + c 9 q 3 p2 + C 10q 2 p 3 -f c lxqp4 + C 12p 5

C 13q 5 p2 + cuqV + c 15qV + C 16q 2 p 5

C 17 q 5 p4

with a corresponding equation for P]_. The p's and q's on the right hand 

side are the initial coordinates in phase space, and the terms Cj_ are the 

coefficients of the polynomial.

The computer programs used for these calculations will be described in 

chapter 1/7.

3. Aberrations in the Accelerator

It is clearly difficult to make any measurements of the brightness 

profile of a beam within the accelerator. However, a change made in the 

diameter of the gridded lens which was believed to be contributing most to 

the aberration of the Oxford injection system, made surprisingly little 

difference to the overall transmission through the accelerator or to the 

sensitivity of the transmission to the beam control parameters (the so 

called 'flat-top-ness' of the transmission). For this reason one was led 

to consider the possibility that the accelerator itself was producing a 

considerable increase in the effective emittance of the beam.

3.1. Lenses in the Accelerator

In the main part of an accelerator tube, the field is more or less 

uniform. (In fact the field is spiralled slightly to disperse secondary 

electrons; the effect of this will be ignored here; see [7].) A uniform 

field transforms the phase space in a well behaved fashion and introduces
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no aberrations (except in the direction of acceleration). Unless the ends 

of the tubes are covered with a gauze, however, the fringing fields 

obtained act as lenses, and these are bound to introduce higher order terms 

into the phase space transformation. In some accelerators, a section of 

the tube is kept at a constant potential. Either end of such a drift 

length also acts as a lens. Such lenses are sometimes called 'tube 

lenses', 'aperture lenses' or 'entrance' and 'exit' lenses.

In practice, an accelerator tube is not a cylinder which is uniformly 

graded in voltage, but is instead made up from a series of apertures with 

potential differences maintained between them. If the spacing of these 

apertures is very close compared to their diameter then the lenses produced 

are tube lenses; otherwise they behave much more like aperture lenses.

3.2. The Idealised Tube Lens

In order to make simple calculations of the effect of tube lenses, an 

idealised tube lens is defined. The boundary conditions applying in such a 

lens are shown in figure Ib. It is assumed that on one side of the lens 

there is a semi-infinite tube at constant potential, and on the other a 

tube on whose walls a uniform potential gradient is maintained. For the 

purposes of this chapter it will be assumed that the tube at constant 

potential lies in the region z < 0.

3.3. The Electrostatic Field for a Tube Lens

Much of the theory for tube lenses is similar to that covered in 

section 2. We can write the fields as:

(3.3.1) V = VxU.-z) z < 0

V=Exz + V 2 (r,z) z>0
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where E is the potential gradient in the accelerator tube. If the tube 

diameter is Q, the boundary conditions are:

(3.3.2) V^Q.-z) = 0 V2 (Q,z) = 0

V^r.O) = V2 (r,0)

and from V2 V = 0,

(3.3.3) - = —±. + E
=0 \ Qz /z=o

From (3.3.2) it follows that V^r.-z) = V2 (r,z) which we shall define 

to be V0(r,z). From (3.3.3) we find:

(3.3.4) (3V0 /az) = E/2

By analogy with the gridded lens (equations 2.2.12 and 2.2.13) the 

solution will be of the form:

(3.3.5) V0 (r,z) - E Ci J 0 (kir/Q)
i=0

where the coefficients can be shown to be:

g 
(3.3.6) c,- = —-——

by the arguments given in (2.2.9 to 2.2.11) with the condition (3.3.4). 

Hence the potential anywhere in the region of the lens is defined, using 

the coefficients (3.3.6), by:
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(3.3.7) V = Ez + § E Ci J 0 (ki r/Q) exp(-kiZ /Q) z > 0

00

(3.3.8) V = E G.J Jn(k.jr/Q) exp(k,-z/Q) z < 0
i=0

3.4. Idealised Aperture Lenses

An aperture lens is formed if there is a hole in a conducting surface 

which bounds a region of uniform electric field. The ideal configuration 

is shown in figure Ic. In practice, in an accelerator tube there will be 

other conducting surfaces nearby, and these will tend to increase the 

aberrations produced by the lens. For a given aperture the tube lens 

imparts the greatest transverse forces and the aperture lens the least. 

The aperture lens, however, gives a fairly good description of many systems 

and is used as the model for first order calculations (see for example 

[8]).

3.5. The Electrostatic Field for an Aperture Lens

This boundary condition problem is treated in detail elsewhere [9]. 

The added potential in the region of the aperture is:

(3.5.1) Vn = - Q 2 exp(-k|z|) J 0 (kr) dk0 ~

where JQ is the zeroth order Bessel function and j-j_ is given by

1 /sin(kQ) Qcos(kQ)\(3 - 5 - 2) j i (kQ) = TZ —^~ - —z—
nQ^ V k^ k /

The overall potential is then given by:

I ION OPTICS



4: Aberrations 100

(3.5.3) V=Ez+V1 z > 0

(3.5.4) V=VX z < 0

3.6. Calculating Particle Trajectories

The equations governing the motion of charged particles are given in 

section 2.3. Once again, the 'ray tracing' calculations are quite long and 

so the transformation of a representative selection of points in phase 

space is calculated through the lens region. The resulting points in phase 

space are then extrapolated back to the plane of the lens (assuming a 

uniform electric field). The transformation is then fitted to a function 

of the form described in (2.4.1). This function can be used to describe 

the motion of particles entering and leaving accelerating sections of the 

tube, and the transformations within those regions can be described by the 

simple, non-relativistic equations:

(3.6.1) qrl = qr o + pr ot/m

(3.6.2) qzl = qz0 + PzQ*-!™ + EQt2 /2m

(3.6.3) Prl = PrO

(3.6.4) pzl = pz0 + EQt

In general, the length over which the acceleration takes place is 

defined (L = q z i - q z o) anc* so one calculates the time from equation 

(3.6.2).

Computer programs working on these principles are described in 

chapter 1/7

3. 7. Current Dependent Aberrations

In addition to the aberrations which are caused by the lenses at the
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ends of the acceleration tubes there is a possibility that the accelerating 

sections of the tubes might result in current dependent aberrations. 

Secondary electrons travelling between elements of a tube will not draw a 

current from the terminal but they will distort the accelerating gradient. 

This will alter the optical properties of the accelerator tubes and result 

in current dependent transmission. This is a good reason for ensuring that 

the tubes are well conditioned and that only a very small proportion of the 

primary beam strikes the walls of the accelerator tubes which can be 

achieved by phase space limitation before the accelerator.

4. Calculations on the Ion Source Test Bench

The impetus for doing these calculations had come from a desire to 

explain the brightness profile plots made on the ISTB and described in the 

previous chapter. It was therefore on that system that these methods of 

calculation were tested.

Clearly the calculations of transformations taking place in the 

accelerator cannot be tested in this way. However, the methods used for 

the different types of lens are sufficiently similar that the validity of 

the one is a strong argument for the validity of the other.

4.1. Methods used for Displaying the Transformations

In order that comparisons of the calculated trajectories can be made 

with the brightness distributions which have been measured, the output of 

the ion source is modelled by a Gaussian distribution in phase space. The 

parameters of this Gaussian function are chosen to give a good fit to the 

measured profiles. The calculated profile should then correspond exactly 

to that measured. (See chapter 7 for an explanation of exactly how this is 

done. )
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4.2. The Results of the Calculations

Figure 2 shows the transformed phase space calculated at the 

measurement plane on the ISTB. Comparison with numerous brightness 

profiles measured on the test bench (see, for example figure 3:1) show that 

this calculation models the production of the 'tails' that are seen at high 

divergence on all such measurements as well as is possible within the 

limits of experimental accuracy and consistency.

This result, along with the lack of any appreciable astigmatism, means 

that the phase space transformations taking place at low current on the 

test bench can be well described by assuming that the gridded lens is 

responsible for almost all of the aberration. Furthermore, the 

mathematical modelling of the lens properties outlined above gives results 

in good agreement with experiment.

Summary

The low current aberrations of the ion source test bench and, as far 

as one can tell, of the injection system of the accelerator facility at 

Oxford, are dominated by the effect of the gridded lenses.

A mathematical technique for modelling the transformation of phase 

space through gridded lenses is outlined and found to give results in 

accord with brightness profiles measured on the ion source test bench.

A similar technique for modelling the effects of aberrations in the 

accelerator is also outlined. There is no straightforward way of testing 

the validity of these calculations experimentally. In addition to this, a 

possible mechanism for current dependent loss of transmission is discussed 

briefly.
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Figure 2

Low Current Phase Space Transformation 
calculated for the the ISTB 

cf. figure 3:1
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Chapter 5 

Space Charge Effects

Introduction

One problem which has beset the radiocarbon accelerator facility at 

Oxford, amongst others, has been the current dependence of the 13C/ 12C 

ratio. A number of possible causes of this have been investigated, such as 

the possibility of the terminal voltage being affected, but no good 

explanation for the effect has come to light.

Conventional wisdom led one to believe that, with currents of about 

20 jaA and energies of about 23 keV, space charge effects would be 

insignificant. The measurements on the ion source test bench described in 

chapter 2, however, indicated that this was far from the case. For this 

reason a method was sought to calculate the expected effect of space charge 

on the transformation of the phase space. The subject of space charge 

optics is dealt with elsewhere (see [1] and in particular [2] for a 

detailed treatment), but it is usually discussed in relation to very 

intense beams where the effects are large. Here we find subtle changes in 

the form of the phase space profile and consequently the methods that must 

be employed are rather different.

1. The Regions of Importance

It is worth, at this stage, considering the regions in which the space 

charge effect is likely to be most important.

The charge density per unit length along a beam of charged particles 

will simply be proportional to the current. The electric fields present
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near the edge of the beam will be approximately proportional to one over 

the radius. It follows, therefore, that the net effect of space charge on 

the particles in the beam will be very roughly proportional to:

d.o.i) dq
R(qz )

where R(qz ) is some measure of the radius of the beam and I(qz ) the current 

flowing in it.

From this equation it is clear that we can by no means ignore the 

effect in the regions between waists. Because of the isotopic ratios, 

space charge effects on the 13 C and 1Zf C beams on their own are going to be 

negligible in comparison to those experienced where there is a -^C beam.

The effect is purely electrostatic and so, assuming that the initial 

brightness profiles are the same for different isotopes (see chapter 2), 

all of them will be affected in the same way until the beam is mass 

analysed.

Hence it is clear that this effect is capable of explaining a -^C/^C 

ratio dependence on -^C current, but not variations in the l^C/^C ratio. 

This is precisely the pattern that is seen at the Oxford accelerator where 

the 1^Q/13Q ratio is used for dating because of its relative stability.

2. Comprehensive Theory

Detailed calculations of the effect of space charge on phase space 

transformations will now be outlined. A brief discussion of the comparison 

of these calculations with measurements made will be given in the following 

section.
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2.1. Assumptions about the Form of the Beam

The electric fields arising from a beam which has an arbitrary shape 

in phase space would involve very lengthy numerical integrations over the 

charge distribution for every point at which one needed to know the field. 

Given that we wish to investigate the transformation of the whole phase 

space, this is simply not feasible.

We will make the assumption that the beam is symmetric in the x and y 

co-ordinates and that the form of the brightness profile in phase space is 

separable in these two dimensions. This will allow the properties outlined 

at the end of section (1:3.4) to be used.

In addition to this, we shall assume that the divergence of the beam 

is very much less than 1 radian; this implies that the electric fields 

arising from the charge density of the beam will be purely radial.

2.2. The Electric Field

To evaluate the electric field we make use of Gauss's theorem, which 

can be written as:

(2.2.1) d> E.ds = — 
S e O

f(r.) dv
V

where f(jr) is the charge density per unit volume.

Consider, then, a Gaussian cylinder of length Az and radius R which is 

centred on the axis of the ion beam. Using the equation (1:3.5.2) and 

assuming that Az is small, the number of particles with x < R at any one 

time will be proportional to:

(2.2.2)
PR
qx= OJ

00

px=-oo
g(qx ,px ) dqx dpx
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The total ion population within a radius R will be approximately

proportional to:

(2.2.3)
PR
qx= 0 J px=-

g(qx ,px ) dqx dpx
oo

where g(qx ,px ) is as defined in equation (1:3.5.2).

The total charge in the beam length Az can be calculated directly from 

the beam current and the mean particle velocity. It will be:

(2.2.4) (I/v)Az

where I is the beam current and v the velocity in the z direction.

Thus, if we define the constant G as the result of (2.2.2) with R = » 

then the charge contained within the Gaussian cylinder under consideration 

will be:

(2.2.5)
I Az /

v iJ

'R 

qx=0 t

+00 g ( qx , px )
px=-oo G

dqx dp.

and, therefore, if we assume that there is no component of the electric 

field through the ends of the cylinder, from (2.2.1) we find that the 

radial component of the electric field is:

(2.2.5) Er (R) =
I Az 'R

2nR e 0 v px=- co

. .
dclx dP

2.3. The Motion of Charged Particles

From equation (2.2.5), using the equation of motion of a charged

particle in an electric field on the y = 0 plane, we get:
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(2.2.6) px , , Q

One can calculate the transformation of the phase space by a process of 

iteration.

It should be pointed out that precisely the same equations also apply 

to the y plane, using instead g(qy,py).

A computer program working on these principles will be described in 

chapter 7.

3. Calculations on the Ion Source Test Bench

In chapter 2 measurements on the ISTB at different currents were 

discussed briefly. These showed the effect of the beam transport variation 

due to current on measured brightness profiles.

Calculations of the phase space transport in the ion source test bench 

have been carried out using the above theory. The initial two dimensional 

brightness profile of the beam must be assumed, and this is chosen to be an 

upright ellipsoidal gaussian distribution with dimensions chosen to be 

consistent with the measurements made (see chapter 3).

It is found that these calculations give a very considerable over­ 

estimate for the size of the effect, and the transformations measured can 

be adequately modelled by assuming that the space charge forces are about 

ten times smaller. The reasons behind this will be discussed in the next 

chapter. The functional form of the effect is, however, very well 

reproduced by the calculations. The results of these are shown in figures 

1, 2 and 3 for currents of OjuA, 24^A and 114}jA respectively (they are 

displayed in the same way as those of the previous chapter and include the 

effects of aberration in the gridded lens). Comparison of these figures
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Figure 1

Phase space transformation calculated 
for the ISTB assuming a 0 jaA C~ current 

cf. figure 3:1
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Phase space transformation calculated 
for the ISTB assuming a 24 jaA C~ current 

cf. figure 3:2
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Phase space transformation calculated 
for the ISTB assuming a 114 jjA C~ current

cf'. figure 3:3
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with figures 3:1,3:2 and 3:3 give a representative impression of how well 

the calculations match the measurements.

For more details of these and other calculations see chapter 8.

Summary

A method for calculating the phase space transformations resulting 

from the space charge effect is developed. This is seen to model the 

transformations seen on the ion source test bench satisfactorily, but to 

give a considerable over-estimate of the size of the effect.
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Chapter 6 

Residual Gas

Introduction

As was discovered in the last chapter, the space charge effect is 

substantially smaller than that predicted by a simple theory. This 

demonstrates that ion optics cannot be fully understood without considering 

the effects of the residual gas in the vacuum through which the ion beam 

under consideration is travelling. In this chapter, therefore, all such 

effects will be considered. In particular, space charge neutralisation 

will be investigated in some detail.

1. The Vacuum

The quality of the vacuum found in ion beam transport systems used for 

AMS varies quite widely. However the density of particles in the vacuum is 

almost always substantially higher than the density of particles in the ion 

beam itself. The density of particles in a vacuum can be written as:

(1.0.1) N = NA P / Vm

relative 
where P is the^pressure , NA is Avogadro's number and Vm is

the molar volume of an ideal gas at STP. For reference the values used 

here are:

NA = 6.02 x 10 23 Vm = 2.24 x 10~ 2 m3
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Typical pressures are 10~ 8 to 10~ 10 atmos

2. Interactions with the Beam

When a ion trajectory comes close to a residual gas molecule there are 

essentially three possible outcomes of the interaction:

1. The incident particle is scattered

2. The incident ion changes its charge

3. The gas molecule is ionised

In considering these effects it is necessary first to look at the ion 

velocities with which one is dealing. The ion beam energies in an AMS 

injection system are typically of the order of 20 keV. At such energies 

the ion velocity is lower (by about one order of magnitude) than that of 

the electrons in the residual gas molecules. The effect of this is that 

the cross section for interaction with the neutral molecules in the gas 

will, in general, be less than nR2 where R is the largest distance at which 

there is overlap between the electron wave functions of the ion and gas 

molecule. In other words, one can write:

(2.0.1) o < 7i(<r]->+<rM>) 2

where <rj> and <rj^> are the expected outer electron wave function radii for 

the ion and mo.lecule respectively. Thus, as <rj>+<r^> is typically less 

than or approximately equal to 2 x 10~ 10 m, we can assume that within an 

order of magnitude:

(2.0.2) o < ATI x 10~ 20 m2
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and the maximum probability for any of the above interactions taking place 

per unit length will be of the order of:

(2.0.3) p NA o I V.m

For the values given above, with a pressure of 10~ 9 atmospheres this gives 

3.4 x 10~ 3 m- 1 .

In much of the subsequent discussion it is necessary to assume 

specific conditions so that quantitative calculations can be undertaken. 

As a typical example the conditions prevailing at the Oxford radiocarbon 

accelerator will be used. Table 2.0.1 summarises these conditions.

isotopes for separation ^C, -^C & 1Zf C
injected beam C~
injected beam energy 20 keV
I^Q- beam currents 10 - 20 }aA
stripper gas 0?
charge state measured C^+
typical vacuum quality lO"-^ - 10"^ atmos

Table 2.0.1 
Typical conditions in a radiocarbon AMS system

2.1 Scattering

For scattering to take place, there must be an appreciable force on 

the ions concerned which is perpendicular to their direction of motion. At 

low energies the limit is imposed by the extent of the electronic wave 

functions. These screen the charge of the nuclei in the neutral gas 

molecules so that the only forces are those from induced dipoles. Such 

forces will not be large enough to produce significant scattering at the 

energies being considered and so the total cross section for this will be
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given approximately by (2.0.1).

At higher energies it is possible to do more precise calculations. 

Under the adiabatic regime [1] one can apply the first Born approximation 

[2]. This deals with the scattering of charged particles from a potential 

and is based on a quantum mechanical treatment of the problem. For this 

approximation to be good, one must meet a complicated set of criteria which 

can, however, be summed up by the condition that the time spent in the 

'range' of the potential should be smaller than the characteristic time for 

the changes wrought by the potential on the wave function of the incident 

particle. For the scattering of ions from the potentials due to residual 

gas molecules and atoms, this condition is met fairly well for small angle 

scattering at ion energies in the MeV range but is not really met at the 

energies found in the injection systems of AMS systems.

If the scattering takes place from a reduced potential U(_r) (where the 

reduced potential is U(jr) = (2m/n^)V(_r)), then the scattering amplitude is 

given by:

1 
(2.1.1) f = - — exp(-A..r)U(.r)d.r

where A = k^ - kf and k$_ and kf are the initial and final wave-vectors

respectively. The differential cross section given by the first Born

approximation is:

(do
(2.1.2) —| = |f

IdO,

A suitable potential for analytical calculations of the scattering of 

ions from residual gas atoms is the 'screened Coulomb' or Yukawa potential 

(this has the coulomb potential of the nuclei at small radii and falls off
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in the way one might expect because of the electron wave functions): 

(2.1.3) u(r) = U0 exp(-r/a)/r

and UQ - (2ja/n2 ) (qAqB /(47ie0)) with qA and q B being the charges on the 

incident and target nuclei and (a) being of the order of the dimensions of 

the atom. The non relativistic differential cross section for scattering 

at an angle 0 in the laboratory co-ordinate frame is:

(2.1.4)

mA/mB + 2(mA /mB ) 2 cos0) 3 / 2 /qAqB \ 2

VdOJ |1 + (mA/mB )cos0| Une 0 j (h2 /(2jaa 2 ) + 4Esin2 (0/2) ) 2

where E is the energy in the centre of mass frame (pvA2 /2) and ja is the 

reduced mass (mAmB /(mA+mB )), giving E = (E^ a ]DmB /(mA+mB )) . This compares 

with the differential for Rutherford scattering which is [3]:

(2.1.5)

(1 + mA /mB + 2(mA/mB ) 2 cos0) 3 / 2

dO |1 + (mA /mB )cos0| \47ie 0 16E2 sin4 (0/2)

This equation will be valid over all non-relativistic velocities and 

becomes very similar to equation (2.1.4) at high angles. This is because 

the electronic screening is only relevant for low angle collisions. At 

low energies one can therefore use equation (2.1.5) for high angle 

scattering and assume a limit on the cross section for low angle scattering 

from equation (2.0.2).

From these equations it is possible to deduce interesting isotopic 

effects. Considering, for example, the cross sections for the scattering 

of carbon nuclei off 160, nuclei it is found that at a given E^ ab the cross
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section for 14 C nuclei is nearly 402 higher than that for 12C nuclei. This 

demonstrates very clearly that any scattering of the ion beams could result 

in serious fractionation.

It is sometimes useful to consider the energy transfer which takes 

place from an ion beam to the nuclei of the residual gas. To calculate 

this one can use the Rutherford scattering cross section. The momentum 

transfer from a small angle collision will be (Zm^Ei^^^sinQ and the 

energy transfer (mA /mB)Ei absin2 0. Assuming that most of the collisions 

will be small angle ones, one can then calculate the rate of energy 

transfer to each residual gas nucleus:

(2.1.6)

R =
I (1 + mA/mB + 2(mA /mB ) 2 ) 3 / 2 (qtfft} 2 (mA+mB ) 2mA

(mA /mB ) Elab
In

n

where I is the beam current, r is the beam radius and Omin is defined by 

the requirement that the cross section is limited by equation (2.0.2) (i.e. 

scattering with an impact parameter greater than the classical radius of 

the residual gas atoms is ignored).

2.2. Charge Changing Reactions

These reactions are important in considering the transport of ion 

beams because ions subject to such processes are lost from the beam (except 

in the stripper canal of a tandem accelerator where electron detachment is 

intentional).

The theory of electron detachment from negative ions [4] is based on 

the Frank-Condon principle. The potential energy for the negative ion and 

an atom or molecule in the residual gas can be expressed as Uj_(R) where R 

is their separation; a similar function U^(R) describes the neutral atom in
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the vicinity of the gas species. Below some critical radius Rcr , Uj_(R) 

rises above U^CR) and the negative ion suffers electron detachment. The 

cross section for this process is given simply by:

(2.2.1) odet = n Rcr 2 (1 - U(Rcr )/E)

where E is the energy of the incident ion. The cross section will also 

drop off at high energies as the time spent with R < Rcr drops below the 

characteristic time for the detachment reaction.

The value of Rcr itself is difficult to predict with any degree of 

certainty, although calculations made for H~ ions travelling through 02, N£ 

and H£ agree well with experiments [5].

At high energies the ions with which we are dealing are multiply 

charged. The cross section for electron detachment from such ions is well 

modelled by the theory of electronic evaporation. If the positive ions 

are in their equilibrium charge state then the cross sections for further 

electron loss will be small. (For a discussion of charge state 

distribution theory, see [6].)

The low energy cross sections are well described by the formula of 

Firsov [7] which is semi-empirical and based on a semi-classical 

statistical description of the detachment process. If the energy for this 

reaction is E^, then the cross section for the reaction is given by:

(2.2.1) Qi = Qi°{(v/v0 ) 1 / 5 -l} 2

where:

v 0 - 2.9 ( Z a + Z b r 5 / 3 a 0 EI / ft 

Qi° - 39 ( Z a + Z b )-2/3 n a() 2
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z a> z b

a o

atomic numbers of the species 

Bohr radius

In addition to this, the states of ionisation can be changed by charge 

transfer reactions. The semi-empirical theory which describes this process 

was developed by Firsov and by Rapp and Francis [8,9].

The transfer cross sections for symmetrical charge exchange given by 

this theory are:

(2.2.3) Qtr = + * 3 PO/ 16

where

PO 

v

A

EH

p0 3 exp(-2 p0 ) - n v2h2 /8A2 

relative velocity

e 2 /a 0 2

(Ei /EH ) 1 / 2 /a 0

ionisation energy or electron affinity

ionisation energy of hydrogen

In practice, in a ion beam one is frequently not concerned with 

symmetric charge transfer. At high energies the cross sections for 

symmetric and asymmetric charge transfer converge. Rapp and Francis 

discuss the general theory of asymmetric charge transfer.

If very precise cross sections are required then it is essential that 

all three processes are considered together; however in this discussion 

only rough cross sections are required and so the interaction of these 

processes will not be considered in any calculations done here.
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2.3. lonisation of the Gas Molecules

In general, the ionisation of gas molecules is a very difficult 

theoretical problem. However, there is some relevant experimental data for 

the production of ions in various gases over a range (0 to 50 keV) of 

incident ion energies [10,11,12]. This data is based on hydrogen and 

helium ions, and shows that the total cross sections for the production of 

positive ions from C02, 0£, N£ and other small molecules are all fairly 

constant at around 10"-^ m2 . Without particular measurements on, for 

example, C~ ions, it is hard to say more than that one expects the 

corresponding cross sections to be slightly larger, but of the same order 

of magnitude.

At higher energies, when the velocity of the ions exceeds that of the 

electrons in the residual gas molecules, the energy loss per unit length is 

given by the semi empirical equation of Bethe (see [13]):

dE P NA Z z 2 e 4 It 2mev2(2.3.1) - — = ——^- —————-——- In
dz Vm (4ne 0 ) 2mev2 I

where:

z : charge of the ion

v : velocity of the ion

£ = v/c

I = 9.1 Z (1 + 1.9 Z' 2 / 3 ) eV

Z : atomic number of the residual gas

This energy loss is due almost entirely to the interaction with 

electrons; the energy loss due to interactions with nuclei is smaller by a 

factor of approximately Zme /(2mu ) which is of the order of 10~ 3 .
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3. The Practical Effects of Gases in the Vacuum

There are essentially five different practical effects which need to 

be considered in relation to gases when discussing AMS:

1. the attenuation of the ion beam

2. the deterioration of the beam quality

3. the stripping of the ions at the terminal of the accelerator

4. the loss of energy of particles in gas filled detectors

5. the production of secondary ions by the beam

Each of these effects will be considered in turn.

3.1. Beam Attenuation

It is clearly important that as much of the beam as possible is 

transmitted through the ion optical system. However, beam attenuation can 

take place through large angle scattering, electron detachment and charge 

transfer.

At low energies the cross section for large angle scattering can be 

shown to be very substantially less than the cross section given by the 

Rutherford scattering formula because of the effect of the electron clouds 

in screening the two nuclei. With a beam energy of 20 keV this gives the 

cross section for scattering at angles greater than 10 mrad from oxygen 

nuclei as 1.5 x 10~ 20 m2 .

Charge transfer from negative ions is very dependent on the particular 

molecular species found in the residual gas. As has already been stated, 

the principal constituent of the residual gas is water vapour and, as H£0~ 

does not exist, this mechanism is not important over most of the beam line. 

However, in some tandem accelerators, oxygen is used as a stripper gas and
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is, consequently, the most abundant gas in the accelerator tubes. Cross 

sections for charge transfer to oxygen molecules are of the order of 

10- 20 m2 .

Electron detachment will normally be the dominant effect and for 

molecules such as ^0 and 0 2 the cross sections at low to intermediate 

energies will be about 1 x 10~ 19 m2 .

The total cross section for these three effects will therefore be 

approximately 1 x 10~ 19 m2 . The implications of this are very important: 

in the main part of the injection beam line where pressures are typically 

10~ 9 atmos., the attenuation rate is only about 0.003 m' 1 ; however, if a 

terminal pump is not used to recirculate the gas used for stripping, the 

pressure in the low energy accelerator tube can be fairly high resulting in 

very significant losses from the beam. As an example of this, the Oxford 

radiocarbon facility has been operated for a long time with tube pressures 

of around 10"^ to 10'^ atmos. which gives an attenuation rate of about 3 to 

302 per metre. The total attenuation before the stripper has been measured 

to be about 20Z, which is in line with this as the tube length is about two 

metres. Because the cross sections for all of these processes are velocity 

dependent these interactions with the residual gas are a source of isotopic 

fractionation.

After the stripper canal, the positive ion can be removed from the 

effective beam by charge exchange, ionisation or large angle scattering. 

However the cross sections for these reactions will all be much smaller at 

the higher energies, and thus the beam attenuation will not be significant 

in comparison to the beam loss at low energies. At energies above 100 keV 

the cross sections for charge exchange drop off as v~ 12 , and at still 

higher energies as v' 11 [14].
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3.2. Reduction in Beam Quality

Scattering is responsible for a reduction in the quality of the beam. 

As stated in the chapter on ion optical theory, Liouville's theorem does 

not cover interactions which affect the beam particles individually rather 

than by way of a macroscopic field. The effect of scattering is to 

increase the volume of phase space associated with the beam which clearly 

has important implications for the transmission of the beam through the 

rest of the system. One aspect of this is that the 'halo' surrounding the 

beam is increased in intensity, making the resolution of isotopes and 

isobars more difficult.

The low angle scattering cross sections at low energies are fairly 

difficult to estimate. It is, however, reasonable to assume that the cross 

section for collisions in which the scattering angle is greater than a few 

milliradians (and consequently likely to alter the position of the particle 

in the phase space appreciably) will be of the order of n x 10~ 20 m2 (see 

equation (2.0.2)). At pressures of around 10~ 9 atmos. this gives an 

interaction rate of 0.001 m~l and without a stripper pump in the terminal 

of the accelerator it gives a rate of 0.03 m~l at the entrance to the 

accelerator. Over the entire injection system the proportion of the beam 

being affected in this way will be only a couple of per cent, which is 

hardly significant. Multiple low angle scattering will probably be most 

important and the effect of this will be dominated by events which take 

place in the stripper canal. Here the thickness of the stripper gas should 

be of the order of 2 x 10-^ m~ 2 [15] which corresponds to a pressure of 

about 0.75 x 10"^ atmos. of oxygen for a stripper one metre long. It is 

necessary to treat this process statistically and so a Monte Carlo 

calculation has been carried out for the particular case of interest. More 

general calculations have been carried out by others using the Thomas-Fermi 

and Lenz-Jensen potentials and employing wholly analytical methods [16].
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The value of a Monte Carlo calculation is that it enables one to look at 

the expected effect on the brightness distribution in phase space. The 

conditions assumed for this calculation are:

stripper length = 1m

stripper gas pressure = 0.75 x 10" 6 atmos.

stripper gas : ^0£

scattered species : -^Q

scattering potential : U(r) \
.. [see equation (2.1.3)]

a 1.5 x 1CT 10 m )

beam energy = 1.8 MeV

The program for this calculation splits the stripper into 1 mm lengths (and 

assumes that there are no multiple collisions within such a region). The 

initial trajectory for ions entering the stripper is axial (ie. 

qx = qy = px = Py = 0), and so the initial beam emittance is assumed to be 

zero. Random interactions with the calculated probability distributions 

are assumed, thereby allowing the distribution of final trajectories to be 

deduced. The distribution shown in figure 1 represents slightly more than 

250,000 trajectories for 12C ions. The contours mark 10% increments in the 

proportion of the beam enclosed, and the implications of this for emittance 

growth can be seen in figure 2 which shows the emittance enclosing 

percentages of the final beam for the three carbon isotopes normally 

measured. Given that the initial emittance was zero, this gives some 

indication of the emittance growth; the increase in emittance is about 502 

of that measured for ion beams produced by the ion sources discussed in 

part II of this thesis, and is therefore very significant. The effect will 

be substantially higher for the heavier isotopes, and is therefore a source 

of possible fractionation.
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Emittance growth caused by scattering 
in a gas stripper for 12C, 13C, and
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In addition to scattering, energy straggling will also reduce the 

quality of the beam (see ref. [16]).

There is another region of an AMS system in which scattering from the 

residual gases can be very important. This is in the high energy section 

of the beam line where the final separation of ions is taking place. 

Scattering here contributes significantly to the 'tails' of the beams that 

are being separated out, and can contribute significantly to the background 

measurements of, for example, radiocarbon. At the Oxford radiocarbon 

facility a reduction in the number of 13C ions entering the detector was 

effected by adding an extra turbo-molecular pump close to the analyser 

magnet. Scattering was responsible for the fact that 13C ions (from the 

break up of 13CH~) which should have been removed from the path of the 1Zf C 

beam continued to travel in that direction.

To understand the mechanism for this effect we can use the 

differential cross section from equation (2.1.5). The angular acceptance 

of the detection system is roughly 10"^ rad2 , and the angular separation of 

the -^C and -^C beams in the Oxford analyser magnet is of the order of 

0.01 rad. From equation (2.1.5) this gives us a cross section of 

6 x ID' 2 ** m2 . With a pressure of 10~ 9 atmos. the probability of such an 

interaction taking place within the magnet is about 8 x 10"^-^. Given beam 

currents of about a nannoamp, there will be several particles directed 

towards the detector every second. Because of further velocity filtering, 

clearly not all of these will enter the detector, but as the scattered ions 

are not well collimated the Wien filter will not be very effective. 

Ideally this problem would be entirely solved by using a detector which 

could discriminate between the ions.

Scattering can also be put to positive use in the high energy section 

of AMS systems by the use of gas filled magnet detectors [17].
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3.3. The Stripping Process

Obviously one of the most important regions of interaction between the 

beam and gas molecules is the stripping which takes place at the terminal 

of a tandem accelerator (assuming a foil stripper is not being used).

The subject is dealt with in detail elsewhere [6,18] and fortunately 

there are very good measurements for carbon ions passing through an oxygen 

stripper [15] which is the arrangement found in many radiocarbon 

accelerators.

When operating at voltages below the optimum for the particular charge 

state that is being used there is considerable fractionation in this 

process. This effect can, however, be corrected for by the use of 

standards. More important, therefore, is the observation that if one is 

operating at a stripper pressure which is below that which ensures an 

equilibrium charge state distribution, the fractionation will alter with 

small changes in the gas thickness and the transmission will alter very 

rapidly with gas thickness.

One effect not discussed elsewhere is the effect of the high energy 

beam on the stripper gas. Using equation (1.3.7) and assuming a 12C~ 

current of 20 uA with a radius at the stripper of 2 mm, the parameter ©min 

works out at about 2 x 10"^ rad and the rate of energy transfer to the gas 

nuclei is 2.53 x 10~^ 9 Js"^. Assuming that the stripper gas molecules have 

thermal velocities of about 300 ms' 1 , their lifetime within the stripper 

will only be about 0.003 s and so within this period the average energy 

gained by a residual gas molecule from ionic collisions will be about 

8 x 10~ 22 J which corresponds to an effective temperature rise of 60 K 

(although obviously there will not be a thermal velocity distribution). 

The mean free path of oxygen molecules at 1.5 x 10~ 6 atmos. is about O.lm 

and so the scattered molecules should come into equilibrium with the 

surrounding gas fairly rapidly (within their lifetime in the stripper).
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Because the gas stripper thickness is controlled by maintaining a 

constant flow of gas, the effective temperature rise of 60 K which takes 

place if a 20 pA current is injected will result in a drop of about 102 in 

the stripper thickness. If the stripper gas pressure is below the optimum, 

this will greatly reduce the 12C3+ yield relative to the 13C 3+ and 14 C 3+ 

yields, and thereby introduce a current dependent fractionation relative to 

the high current isotope.

3.5. Gas Detectors

The subject of ionic interactions with gases also impinges on the 

methods used for detection. There is no new material presented here on 

this topic but it is mentioned for completeness (For a general discussion 

of the topic see [19].)

The most common sort of gas detector used in AMS is the gas filled 

'AE, E' detector [20]. The rate of loss of energy experienced by an ion 

passing through a gas is dependent on the ion's velocity and charge. This 

is shown by the form of the equation (2.3.1). In the 'AE, E' detector the 

number of ions formed per unit length is determined just after the ion has 

entered the detector (sometimes this is done for several parts of the 

trajectory), and then the total number of ions formed in the detector is 

measured. The number of ions formed per unit length gives the energy loss 

per unit length, and therefore the velocity, while the total number of ions 

formed yields a measure of the total energy of the ion, and together they 

give the charge.

Another type of detector which hitherto has not been used in this 

field but which looks promising for the separation of high atomic number 

isobars [21] is the gas filled magnet detector [17]. This makes use of 

both multiple scattering and multiple charge changing reactions to give 

trajectories specific to different isobars.
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3.6. Gas lonisation and Space Charge Neutralisation

The ionisation of the residual gas is important because of the 

influence that it has on the space charge effect discussed in the previous 

chapter. This effect will be considered only for the low energy beam where 

the space charge is most important.

As discussed in section 2.3., the cross sections for the production of 

positive ions from the residual gas molecules will be of the order of 10" 

I 9 m . With gas pressures of 10~ 9 atmos. this gives an ion production rate 

per unit length of:

(3.6.1) R = (I P NA o)/(q e Vm )

= 1.68 x 10 16 I m-^-s'

where I is the beam current and q is the ionic charge.

The principle of space charge neutralisation is essentially very 

simple: the potential well, formed by the (in this case negative) ions of 

the beam, traps ions formed in the residual gas, thereby decreasing the 

depth of the potential well and effectively neutralising the space charge 

forces. For neutralisation to take place there must be as many ions formed 

in the residual gas per unit length as there are in the beam. Consider, 

for example, a ^C~ beam of current I and energy 20 keV; the number of ions 

per unit length is 1.1 x lO-1--3 I m" 1 . The time for this number of ions to 

build up in the residual gas is 6.6 x 10"^ s. In general this time 

constant will be:

(3.6.2) T = (q Vm )/(v P NA a)

where v is the ion velocity.
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There are four effects to be considered which interfere with the space 

charge neutralisation. Firstly, if the high intensity beam is pulsed with 

a time constant of the order of t or less, then the distribution of ions 

produced from the residual gas will not have time to build up. Secondly, 

as the ions will have a thermal velocity distribution, the potential well 

will not be fully populated by them. Thirdly, the voltage gradients 

associated with the space charge of the ion beam are not very large and 

therefore if there is an external electric field, the ions produced in 

collisions will be removed. Finally, although if the neutralisation is 

almost complete the wave functions of the residual gas ions overlap almost 

exactly with the charge density of the beam, this will not be the case if, 

for the reasons given above, the neutralisation is incomplete.

In order to get some idea of the depth of the potential well that we 

are dealing with, consider a uniform ion beam of radius (a) enclosed in a 

grounded cylinder of radius aQ. The potential at radius r (assuming 

cylindrical symmetry) will be:

(3.6.3) V(r) = ———— In — r > a
2ne 0v \r

(3. 6. A) V(r) = ——— —— — + 21n — r<a
a

which gives a maximum depth at the axis of:

(3.6.5) Vmax = -——— |l + 21n
47tegV

Let us then consider the four effects which interfere with the 

neutralisation:
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a. Frequently in AMS it is not desirable to inject the high current 

isotope into the accelerator continuously, both because of the loading 

on the terminal voltage, and because of the difficulties in 

subsequently separating the rare isotope from the more abundant ones. 

It is, therefore, often the practice to pass the abundant isotopes 

through the accelerator in short pulses in order to establish a ratio. 

Because it takes a time T (see equation (3.6.2)) for the neutralising 

ion density to build up, the space charge effect will remain important 

unless the pulse length is much longer than x, even if all of the 

requirements for neutralisation are met.

b. The ions formed from the residual gas will have thermal velocities of 

the order of (Zkl/rn.^^ 1 ' 2 and, as ions are contained in a region with 

dimensions of about (a), it is possible to give a characteristic 

frequency for the motion of the ions within the potential well formed 

by the ion beam. This is (ZkT/miona2 ) 1 ' 2 where m^on is the mass of a 

molecular ion. Furthermore, we know that the mean lifetime of a 

residual gas ion in the neutralising plasma is x, and so, assuming a 

Boltzmann distribution for the ionic velocities, the mean potential 

energy of the ions must be approximately:

(3.6.6) V = - kT ln((T/a)(2kT/mion ) 1 / 2 )

Considering, for example H20 ions formed in residual gas of pressure 

10~ 9 atmos. at a temperature of 293 K with a beam radius of A mm, the 

mean potential energy of the ions in the neutralising plasma will be 

approximately 0.17 eV. This implies that there is a residual space 

charge effect with a potential well depth of about 0.17 eV, whereas 

from equation (3.6.5) we know that the unneutralised well depth for a
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20 pA current might be as little as 0.32 eV (depending on the radius 

of the enclosing grounded structure). The details of this thermal 

effect are very difficult to calculate since they depend critically on 

the effective radius of the beam and on the geometry of the 

surrounding structure. However, it is clear from these calculations 

that, with the kinds of currents and energies that we are dealing 

with, the thermal motion of the ions in the plasma will greatly reduce 

the effectiveness of the neutralisation.

c. So far it has been assumed that there are no other electric fields 

except those due to the space charge of the ion beam and the plasma 

created by it. However, the electric field gradients due to these 

effects are really very small (typically of the order of 100 Vm' 1 ), 

and so any external electric fields that are likely to be encountered 

at, for example, gridded lenses and suppression electrodes, will 

totally disrupt the potential well in which the plasma is contained 

and if space charge neutralisation is to occur anywhere near these, 

careful attention must be paid to the screening of the beam line.

d. In the situations in which space charge is normally considered to be 

important, the confining potentials are substantially larger than 

those with which we have to deal. Our interest in space charge is due 

to the subtle changes that it can make in the distribution of the ion 

beam in the phase space, whereas the subject is normally tackled in 

situations where the effect is rather more drastic. In such cases, 

assuming that the beam is not pulsed with a period smaller than the 

time constant for the build up of the ions in the plasma, it is 

frequently possible to make neutralisation virtually complete. (See, 

for example ref. [22], for the treatment of these cases.) It is then
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possible to assume a detailed correspondence between the charge 

distributions in the plasma and the beam thereby making it possible to 

define the degree of neutralisation, f, which is some fraction close 

to, but below, unity. However, once the neutralisation falls below 

unity, and particularly if it is far from unity, as it is in this 

case, there is no longer a direct correspondence between the two 

charge distributions. The distribution of the ions in the plasma is 

governed by their energy distribution and this, in turn, depends on 

where in the potential well the ions were formed (a consideration that 

does not arise if the potential well has been almost neutralised). 

The effect of this is, in general, that the plasma charge distribution 

will be rather less well localised than the charge distribution of the 

beam, so that it is no longer possible to give a meaningful value for 

f; the space charge forces will be reduced somewhat by the partial 

neutralisation, but their functional dependence will also alter. 

Mathematically the problem becomes totally intractable.

It is therefore clear, that in the conditions that prevail in a 

typical injection system for AMS, we do not expect space charge 

neutralisation to be complete, but we do expect it to play some part in the 

transport of the beam as was found with the ion source test bench. 

Unfortunately, a full mathematical treatment of the plasma distribution is 

not feasible and so one can only assume that the straight-forward space 

charge calculations outlined in the previous chapter put an upper limit on 

the scale of the effect, and will almost certainly give results which are 

in fairly good agreement with the physical reality. In relating the 

measurements made on the ion source test bench (where the neutralisation 

factor was found to be about 0.9) to the calculations which are to be 

carried out on the accelerator system, it should be remembered that the
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residual gas pressure is an order of magnitude lower on the latter. This 

will reduce the neutralisation factor considerably, and a value of 0.5 will 

be assumed for a stable beam and 0 for a pulsed beam in the calculations 

which are presented in chapter 8.

Summary

Theories and measurements have been discussed which relate to 

scattering and charge changing reactions. Using this material, the 

practical effects of residual gases on the ion beam are investigated.

Beam attenuation is found to be greatest in the region just before the 

gas stripper (ie in the low energy accelerator tube) where electron 

detachment from the negative ion is the dominating effect. This 

demonstrates the necessity for stripper gas recirculation. Attenuation is 

a possible source of fractionation as the reaction cross sections are 

velocity dependent.

Scattering is also a source of fractionation as there is a large mass 

dependence. The emittance growth from this mechanism occurring in the 

stripper canal is found to be a substantial proportion of the total beam 

emittance. This is an important effect because anything which introduces 

differences in the brightness profiles for different isotopes makes 

variable fractionation possible if any changes to the beam occur.

Scattering is also important in the high energy beam line where it can 

result in spurious -^C counts. This can be remedied by improving the 

vacuum quality or by using more discriminatory detection techniques.

The stripping process is also a source of fractionation and, as the 

gas is appreciably heated when high currents are injected, the 

fractionation will be dependent on the current if the gas pressure is below 

optimum.
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Space charge neutralisation is discussed in some detail and the 

reasons for expecting the neutralisation to be incomplete are presented. 

This process is, however, found to be too complicated for analytical 

investigation.
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Chapter 7 

Computer Programs

Introduction

In this chapter the computer programs that have been developed for ion 

optics calculations will be described. It has long been evident that the 

first order treatment of accelerator systems intended for AMS was 

insufficient, since ion beams that should be well matched to the 

accelerator acceptance under the first order approximation cannot be made 

to pass through with 100Z transmission. This means that the transmission 

(and isotope ratios) are likely to be sensitive to variations in the ion 

beam emittance. Perhaps more seriously, the ion beam transmission seems to 

be current dependent and this may well be related to the effect of space 

charge on the ion beam transport (see chapter 5). In order to investigate 

these effects, and to establish methods of circumventing them, a series of 

programs has been developed which calculates the phase space 

transformations that take place during the ion beam transport taking 

account of aberrations and space charge effects.

The three main programs are: one to carry out the phase space 

transformation calculations; a second to trace ion trajectories through 

various types of lens and to fit the phase space transformations to a 

polynomial expression and finally a program to display the ion beam 

profiles in phase space.

The tracing of trajectories through individual optical elements is not 

new and much more generally applicable programs exist (for example [1]). 

The 

performance of an entire system once the properties of individual elements

*^ <r * * * ^^ • — •-

importance of these programs lies in their ability to investigate the
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have been ascertained.

All of these programs are written in VAX/VMS Fortran 77 running under 

the VAX/VMS version 4.4 operating system.

1. Phase Space Transformations

The fundamental assumption underlying these programs is that the phase 

space can be adequately represented in only two dimensions. The way in 

which this approximation is treated is slightly different in the different 

parts of the program. In the sections dealing with space charge effects 

the phase space is assumed to be separable, since calculations on the ion 

source test bench showed that this approximation gave phase space profiles 

very close to those measured (see chapter 3). However in the lens systems, 

which are normally cylindrically symmetric, skew rays are ignored because 

this is the only way of rendering the calculations tractable and because, 

at lenses, the ion beam is usually far from a waist this is actually a 

fairly good approximation. The most important shortcoming in the two 

dimensional description of the beam is that the energy spread of the ion 

beam is ignored. This is particularly important where magnetic analysis 

takes place. There are, however, techniques for including this effect once 

the geometric calculations have been carried out (see chapter 8).

1.1 The Phase Space

The phase space is represented by a 2 x 41 x 21 array which carries 

the position and angle of single 'rays' to be traced through the optical 

system. The initial values of this array are taken to be a grid of points 

in a rectangular region of phase space (the range of this rectangle being 

set by the program user). Thus, one might have the set of values shown in 

table 1.1.1 for the range 4 mm, 40 mrad (where the angle is shown in curly
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brackets). The symbols i and j represent the position and angle indices of 

the phase space. It will be noticed that the rectangle in phase space is 

to one side of the beam axis; this is because all transformations are 

assumed to be symmetric for a sign change in both position and angle, and 

so this ensures that there is no redundancy in the calculations.

J \ i

1

2

3

4
-

21

1

-4.0
{0.}
-4.0
{2.}
-4.0
{4.}
-4.0
{6.}

-4.0
{40.}

2

-3.8
{0.}
-3.8
{2.}
-3.8
{4.}
-3.8
{6.}

-3.8
{40.}

3

-3.6
{0.}
-3.6
{2.}
-3.6
{4.}
-3.6
{6.}

-3.6
{40.}

4 .......

-3.4
{0.}
-3.4
{2.}
-3.4
{4.}
-3.4
{6.}

-3.4
{40.}

21 ......

0.0
{0.}
0.0
{2.}
0.0
{4.}
0.0
{6.}

0.0
{40.}

41

4.0
{0.}
4.0
{2.}
4.0
{4.}
4.0
{6.}

4.0
{40.}

Table 1.1.1 
Example of initial phase space positions

Associated with each of these rays there is an ion beam brightness 

value. Because of Liouville's theorem (see chapter 1) this remains the 

same under transformations of the phase space (assuming separability). The 

values for this brightness array are read in from a file specified by the

user.

The purpose of the program is to calculate what happens to an ion 

travelling on each one of these paths.

1.2. First Order Transformations

As it is not always necessary to consider the aberrations due to every 

optical element in the system, one must be able to perform first order 

transformation on the phase space. To do this the code for the computer
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program OPTRYK [2] was converted into a subroutine. This allows files 

created by OPTRYK for sections of beam line to be used for performing 

linear transformations on the phase space.

1.3. Aberrating Elements

In order to perform the transformations necessary for aberrating 

systems the parameters for a function of the type described in equation 

(4:2.4.1) are read in from a data file, and this function is used to 

perform the calculations. The parameters which best fit the performance of 

a particular system are found by a separate program described in section 2. 

The use of this function is essential in order to keep the CPU time 

requirements of the program within reasonable limits.

1.4. Space Charge Effects

In order to treat the effect of space charge on the ion beam transport 

through regions in which the ions are drifting, each drift length is split 

up into a number of short lengths (this is set to be 100 because increasing 

the number of divisions beyond this was found to make no difference to the 

results of the calculations on the systems with which the program was 

tested). First of all, the radial charge distribution is determined in 0.1 

mm steps (assuming separability). Then, for a particular point in phase 

space that is to be transformed, the amount of charge closer to the axis is 

estimated from the charge distribution using cubic interpolation. The next 

stage is to determine the radial electric field using the methods outlined 

in chapter 5. Having done this, the transformation of the point in phase 

space under consideration can be found. This calculation is done for each 

point and then the entire process repeated for each of the short lengths.

The program is not designed to make any assumptions about space charge 

neutralisation and therefore the user must reduce the currents used for the
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calculation by the neutralisation factor, always remembering the caveat 

from chapter 6 that the electric field distribution will not necessarily be 

the same if partial neutralisation is taking place.

2.5. Accelerating Regions

Although, strictly speaking, this could be performed by the OPTRYK 

code, it was found to be more convenient to deal with accelerating sections 

of beam line separately. Uniform fields in the axial direction are 

assumed. As yet, space charge has not been included although this could be 

important for very high ion beam currents since no neutralisation takes 

place in the accelerator tubes. However, if the neutralisation outside the 

accelerator is only partial, as it is for small ion beams, the space charge 

effect in the accelerating regions will be small in comparison because of 

the greater velocity of the ions.

For the exit and entrance lenses formed at either end of an 

accelerator tube, the code described in section 1.3 must be used, and the 

program described in section 2 is capable of dealing with this type of 

lens.

1.5. Data Output

Once the phase space has been transformed there is the problem of what 

to do with the data. There are three options which have been catered for:

a. A file containing the apertures in front of the ion source and in 

the region of the final point to which the phase space has been 

transformed can be read in from a data file. This is then used to 

calculate the ion beam transmission through both sets of apertures. 

In addition, to get some feeling for how critical the transmission 

through the final set of apertures is, a file can be created which
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gives the transmission through the final apertures with a series of 

offsets; thus, for example, the value corresponding to 1 mm would give 

the transmission if the beam were misaligned by 1 mm. This procedure 

can be employed regardless of the complexity of the transformation.

b. Some simple transformations can themselves be approximated to an 

equation of the type described by (4:2.4.1). The program described in 

section 2 is capable of fitting such a function and so a file suitable 

for manipulation by that program can be produced as a result of the 

phase space transformation.

c. Finally, it is also possible to write out all of the final phase space 

co-ordinates to a file in a standard format. These co-ordinates can 

then be plotted as a distorted grid, showing the transformation 

directly (see section 3 below).

2. Lens Analysis and Function Fitting

The second computer program deals with the idealised lenses described 

in chapter 4 and with the fitting of phase space transformations to a 

function.

2.1. Phase Space Transformations for Lenses

In order to analyse the aberrations caused by a particular lens, 66 

rays are traced through the lens. The initial phase space co-ordinates are 

chosen to cover a range similar to that with which the lens is expected to 

work, and are arranged in a fashion similar to the phase space array for 

the previous program (see table 1.1.1) except that this array is smaller, 

being only 2 x 11 x 6.
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The electrical potentials are calculated using the expressions derived 

for the three idealised lens types described in chapter 4. The gridded 

lens and tube lens solutions are based on a series of Bessel functions. 

These series are evaluated to 500 elements and are sufficiently convergent 

to give phase space transformation results which are accurate to within 

0.12 (estimated by looking at the effects of altering the number of 

elements in the series); the zeros of the first Bessel function used in the 

calculations have been calculated by a subsidiary program and are stored in 

a data file. The Bessel functions themselves are evaluated using the NAG 

routine S17AEF [3]. The potentials for the aperture lens are calculated to 

a precision of better than 0.1Z using the NAG integrating routine D01AKF 

which is well suited to oscillating functions.

In order to trace particle trajectories through the lenses, the 

particle paths are divided into short steps in the axial direction. These 

steps get closer together as the centre of the lens is reached, where the 

field intensities are generally greatest. (The step lengths are given by 

z2/(200 R) + R/50, where z is the distance from the central plane of the 

lens and R is the radius of the lens.) The average fields are calculated 

over each of these steps and the particle trajectories thereby established.

The particle trajectories are scrutinised in this way over a region 

extending six lens diameters in each direction. The initial phase space 

positions are linearly traced back from the plane of the lens; thus, an 

initial phase space position of 4 mm, 40 mrad is taken to correspond to a 

particle trajectory such that, if the lens had no effect, the particle 

would arrive at this point in phase space when it reached the plane of the 

lens. The final phase space positions are treated in the same way. This 

means that in using these transformations (or functions fitted to them) in 

general calculations, the lenses can be treated as elements with no length. 

(This does not mean that a thin lens approximation is employed since the
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results of the calculations are unaltered by the use of this method.)

The output from this section of the program consists of a file of 66

lines each with four numbers corresponding to the initial and final phase

space positions of the 66 trajectories considered.

The results given in chapter 4 demonstrate the efficacy of this

method.

2.2. Function Fitting

The phase space transformations are fitted to two functions of the 

type given in equation (4:2.4.1). The fitting is done using the NAG 

routine E04FDF [3] and the 18 coefficients of the polynomials are scaled to 

be of the order of one (this is necessary for the routine E04FDF to be able 

to function properly). In practice the coefficients c^, 03 and cy are 

fitted first and then all eighteen coefficients at once; this, together 

with the expected focal length of the system, gives the fitting function a 

sufficiently good starting point from which to work.

The trajectories to which the function is fitted are read in from a 

file of the type described at the end of section 2.1. This type of file 

can also be produced by the program described above (see section 1.6.b).

The sum of the squares of the deviations of the traced positions in 

phase space and those calculated by the function are also given by the 

program for each of the functions. From this a standard deviation can be 

calculated which indicates how good the fit is.

2.3. Future Developments

The next stage in the development of this suite of programs will be to 

allow trajectories to be calculated using the method of successive over- 

relaxation (probably by adapting an existing program). This will enable 

the characteristics of particular optical elements to be calculated, rather
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than just those of the idealised generic lens types considered here. 

3. Displaying the Results

There are two special types of display used in the presentation of the 

results from this suite of programs. These are contour plots of the 

brightness profiles in phase space, and plots of the destination points in 

phase space of the trajectories given by the first program described above 

(see section 1.6.c).

3.1. Contour Plots of Brightness Profile Measurements

The first function of this program is to plot the results of 

measurements made on the ion source test bench (see chapter II/l). These 

measurements are made on a 41 x 41 grid, and can be displayed using the NAG 

graphics routine J06GAF [4]. The program user can define the type of 

contours used; these are either integrated contours, in which case each 

successive contour contains 102 less of the total beam (ie. the lowest 

contour contains 902 of the beam, the next lowest 802, et cetera), or else 

they represent 10Z fractions of the peak brightness. In this thesis all of 

the contours are of the integrated type. In order to achieve this 

integration, the 1681 measurements are sorted by size and then added from 

the largest to the smallest, thereby discovering the level of contours 

required to enclose particular proportions of the beam.

It should be noted that, as the brightness profiles are approximately 

separable into the two dimensions x and y (see chapter 1), the overall 

transmission will only be 252 if a system which is symmetric in these two 

dimensions has an acceptance which allows it to transmit 50Z of the beam 

when the x brightness profile alone is considered (and likewise for the y 

profile).
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Examples of this type of plot are shown in chapter 3.

3.2. Contour Plots for Phase Space Transformations

As indicated in sections 1.6.b and 2.2., if a phase space 

transformation is sufficiently simple it is possible to fit it to a 

function in the manner described in section 2.2.. If this is done, the 

display program can use this fitted function to calculate the expected 

brightness profile in phase space at the final point in the phase space, 

given a function which describes the initial brightness profile of the ion 

beam. The function describing the initial brightness profile is taken to 

be a Gaussian, i.e. of the form:

(3.2.1) g(qx ,ax ) = C exp(-(qx /pq) 2 -(ax /pa) 2 )

where C is a constant and the parameters pq and pa are chosen to match the 

performance of the ion source under consideration.

The brightness profile is calculated on a 161 x 161 grid and again 

plotted using the NAG routine J06GAF [4] with the levels being calculated 

as above. (A 41 x 41 grid is used for the contour level calculation to 

reduce CPU time usage.)

3.3. Phase Space Plots

The program described in section 1 calculates the trajectories for 

particles with initial phase space co-ordinates which are arranged in a 

rectangular grid (see table 1.1.1.). The final points in phase space at 

which these trajectories arrive can be written out to a file (see section 

1.6.c), and this display program can then plot these points on a phase 

space diagram. The ranges of the phase space diagram are chosen by the 

program user, and the points that represent trajectories which at the ion
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source either had common angles or common positions are joined with a line. 

In addition to this, those points with an initial axial position are marked 

with an (x) while those with no initial transverse momentum are marked with 

a (+). Such a plot of the initial points in phase space would appear as a 

rectangular grid (see figure 1); any linear transformation will only shear, 

enlarge or rotate this grid, and so a good visual impression of the 

aberrations of the system are given by this type of plot. In order to 

evaluate such a plot it is also necessary to know the initial phase space 

points and everywhere that such plots are used in this thesis the initial 

phase space points are taken to have a range of 1 4 mm and t 40 mrad (as 

shown in figure 1 or table 1.1.1). It will be noticed that, whereas a grid 

of only 41 x 21 phase space co-ordinates is used for calculations (because 

of the symmetries discussed in section 1.1.), a symmetric pattern of 41 x 

41 points is actually plotted.

Summary

A series of programs has been written which is capable of calculating 

the phase space transformations which take place in an ion optical system. 

They take into account the aberrations caused by three generic types of 

lenses and by space charge effects during the ion beam transport.

These programs should be of particular value to those interested in 

producing very high transmission accelerator systems (i.e. with geometric 

transmissions of greater than 90Z) for isotopic ratio measurements using

AMS.
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Figure 1

Phase space plot shoving the initial points in phase space used 

for the calculations carried out in this thesis
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Chapter 8 

Calculations

Introduction

In this chapter the results of the calculations that have been made on 

the transport of ion beams will be presented. These calculations are 

intended to investigate the physical processes underlying the observed 

behaviour of accelerator mass spectrometry systems so that criteria for 

design improvements can be established.

1. Calculations and Measurements on the Ion Source Test Bench

The emittance measuring capability of the ion source test facility 

described in chapter II/l gives the opportunity for testing the assumptions 

made in the programs outlined in the last chapter. The results of these 

calculations have already been given in chapters 4 and 5, but it is worth 

drawing together the information that can be gleaned.

1.1. The Ion Beam

In chapter 1 the models that can be used to describe an ion beam in a 

two dimensional approximation were described. It transpired that the only 

feasible functional form for the brightness profile which would allow 

separability of the x and y dimensions of the phase space was the Gaussian 

form (see section 3.5.). The measurements and calculations on the ion 

source test bench indicate that the brightness profile of the ion beam 

emerging from a HISS type ion source (see chapter II/3) is well described 

by such a function (see chapter 1/4), and the measured brightness profile
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can be well reproduced using calculations based on the principles of 

separability. If instead one assumes that there are no skew rays, the 

calculated ion beam profiles are very different from those observed.

Measurements have been also been made on the modified UNIS ion source 

[1] currently in use on the Oxford radiocarbon accelerator system, but 

those made on this type of source indicate that the emittance area is much 

more variable (see section 11/2:7) and that the shapes of the profiles are 

not as well defined. This is in line with the findings of others [1].

The brightness profiles at the sources are assumed to be of the form 

given in equation (7:3.2.1), and the parameters pq and pa which were found 

to give the best descriptions of the two sources are given in table 1.1.1.

Ion Source

HISS
modified UNIS

pq
0.58
0.5

pa

23
26

.2

.52

Table 1.1.1 
Ion source parameters for equation (7:3.2.1)

These parameters are used for all of the calculations which have been 

carried out on the accelerator system, but on the ion source test bench 

where brightness profile measurements were available values of pq and pa 

which best fit the particular observations are used. We can actually learn 

something about the ion source from the ratio of these two parameters which 

best describes its performance. (See section 11/3:7 for a more detailed 

discussion of this in relation to the HISS type of source.)

1.2. Aberrations

As indicated in chapter 4, the aberrations affecting the transport of 

the ion beam in the ion source test bench can be adequately modelled by
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assuming that they come from the gridded lens which is present in the 

system. This gridded lens has a diameter of 70 mm and a focal length of 

0.391 m. The coefficients of the function which is fitted to the phase 

space transformation produced by this lens are given in table 1.2.1. There 

are two functions (of the type described by equation (4:2.4.1)), one for 

the final position and one for the final angle; 18 coefficients are given 

for each of these. In addition to this, standard deviations are quoted; 

these give some indication of the quality of the fit. (See section 7:2.2. 

for a description of the program used to obtain this fit.) It should be 

noted that the coefficients are calculated on the basis of mm and mrad 

units.

coeff .

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
a

position

1.00
5.07E-05
6.68E-07
3.23E-07

-5.43E-07
1.40E-07

-2.53E-09
2.02E-09

-1.44E-10
9.87E-13

-5.73E-14
-6.80E-15
-2.58E-13
4.58E-15

-2.37E-15
2.41E-16
3.74E-18

-4.03E-19
3.56E-04

angle

-2.54
0.99

-7.25E-04
1.62E-06

-5.62E-07
-1.77E-07
-1.05E-06
5.28E-09

-1.25E-10
-1.16E-10
-4.23E-13
-2.97E-13
2.24E-14

-4.49E-13
2.48E-15
5.97E-16

-2.81E-19
-3.43E-19
4.26E-02

Table 1.2.1 
Test bench lens coefficients

1.3. Space Charge Effects

In calculating the space charge effects it is necessary to evaluate 

the total current in the region before mass analysis has taken place. In
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the case of sputtering from graphite, one is principally interested in the 

current present in the clusters C2 ~, C 3 ~, et cetera. Information on these 

is given elsewhere (see ref. [1] for the modified UNIS source and [2] for 

the HISS source) and is summarised in table 1.3.1. For C~ currents from 

carbon dioxide the oxygen current provides the main extra contribution and 

this is typically twice that of the C~ current (see chapter II/4). The 

effect of these extra currents is essentially just to increase the fields 

due to the space charge effect by a factor 9 (in fact since the phase space 

profiles are different for the clusters [3], it will be more complicated 

than this). This factor is given in table 1.3.1.; (the velocity of the 

ions must be taken into account in establishing this factor, as slower ions 

give a higher charge density for the same current).

Ion Source C2 ~/C- C 3 "/C~ C^/C" C5 -/Cr GS'/C" O'/C' 9

HISS 0.65 0.05 0.07 0.01 0.03 - 2.24

modified
UNIS 0.50 <0.09 <0.07 - 2.00

OXGIS with
C02 - - - - - 2.0 3.31

Table 1.3.1.
Additions to the C~ current before mass analysis for the three ion

sources considered in this chapter

Using the information in table 1.3.1 for the HISS ion source, 

calculations were made on the ion beam transport through the optical system 

of the ion source test bench including the effects of space charge. The 

results of these calculations were presented in chapter 5. From these 

results it is clear that some space charge neutralisation is taking place. 

(see section 6:3.6 for a discussion of this effect.) In order to model the
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observed effects (see chapter 3), it is necessary to reduce the currents in 

the calculations by a factor of about 10, suggesting that the 

neutralisation factor f is 0.9.

As mentioned in chapter 5, the functional form of the effect of space 

charge on the ion beam transport is very well modelled by the calculations.

2. Calculations on the Oxford Radiocarbon Accelerator

This study of ion optics was intended to allow investigation of the 

fundamental effects underlying the behaviour of accelerator mass 

spectrometry systems. In particular, the reasons for the incomplete 

transmission of the ion beam through the accelerator and the current 

dependent aspects of this were to be investigated since these have 

particular significance for the accuracy of isotope ratio measurements.

All of the calculations presented in this section are made with the 

arrangement which has been used for the past three years. (The details of 

this will be given below.) In the next section improvements that have just 

been implemented will be discussed, along with other possible future 

changes to the system.

2.1. The Accelerator Injection System

Before giving the details of calculations carried out on the 

accelerator system at Oxford, it is necessary to summarise the main optical 

elements which are present and their characteristics. The first order 

properties of these elements are shown in table 2.1.1.. Not included are 

the effective gap lenses which are formed because of the energy pulsing of 

the ion beam passing through the injection magnet. (See section 4:1.3. for 

a discussion of their importance.) The calculations described are made 

assuming that all of the elements are adjusted to provide the first order
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properties given here. Using the program OPTRYK, this arrangement is found 

to give good matching of the ion source emittance to the acceptance of the 

accelerator. In practice, of course, the system is adjusted for maximum 

transmission and so the real behaviour will be expected to be slightly 

different from that calculated; it is not feasible to emulate this modus 

operand! with the computer programs because of excessive use of computer 

time.

No. optical element characteristic properties

1 ion source
2 drift length
3 gridded lens
4 drift length
5 drift length
6 injection magnet

7 drift length
8 drift length
9 gridded lens
10 drift length
11 drift length
12 accelerator tube

13 drift length
14 accelerator tube

15 drift length
16 stripper canal
17 drift length

energy = 20 keV 
length = 0.25 m 
focal length = 0.172 m 
length = 0.52 m 
length = 0.90 m 
radius of beam curvature 
entrance angle = 26.6° 
length = 0.90 m 
length = 1.181 m 
focal length = 0.361 m 
length = 0.51 m 
length = 0.112 m 
length = 0.076 m 
diameter - 0.039 m 
length = 0.305 m 
length = 1.753 m 
diameter = 0.051 m 
length - 0.076 m 
length = 0.864 m 
length = 0.076 m

diameter = 0.075 m

0.45 m angle = 45° 
exit angle = 26.6°

diameter = 0.125 m

voltage = 60 kV 
final energy = 80 keV

voltage = 1.74 MV 
final energy =1.82 MeV

Table 2.1.1 
The Oxford radiocarbon accelerator injection system

Under the first order approximation, waists are formed between 

elements 4 and 5, 7 and 8, 10 and 11, as well as in the stripper canal 

(element 16).

2.2. Aberrations in the Accelerator System and Low Energy Accelerator Tube 

Because it is desirable for an AMS system to analyse a very large
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proportion of the ion beam produced by the ion source in order to obtain 

sufficient counts, the acceptance of the system must be very high. This 

means that, in practice, it is not really possible to restrict the ion beam 

to such an extent that one can ignore everything but the first order 

effects of the optical elements.

ion source lens (3) injection lens (9)

coef f position angle position angle

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
a

1.00
3.15E-04

-3.06E-06
4.58E-06
-1.31E-06
1.50E-07

-2.70E-08
8.54E-09
-3.76E-10
1.18E-11
-4.28E-13
-4.61E-14
-4.99E-13
5.96E-15
1.39E-15
-l.OOE-16
1.42E-18

-1.19E-19
1.65E-03

-5.78
0.99

-1.51E-03
9.13E-06

-1.06E-06
-4.29E-07
-1.28E-06
1.58E-08

-1.28E-10
-3.08E-10
3.30E-13

-1.06E-12
1.55E-13

-5.50E-13
8.56E-15
1.09E-15
-5.01E-18
7.47E-19
3.89E-02

1.00
2.64E-04

-1.17E-06
1.85E-06
-1.01E-06
2.51E-07

-7.96E-10
6.75E-10

-1.26E-10
4.51E-12

-7.05E-13
-3.45E-14
-2.09E-14
7.50E-16
1.83E-15

-4.85E-18
-1.96E-18
-4.48E-20
3.03E-05

-2.67
0.99

-2.89E-04
2.49E-06
-5.32E-07
-3.32E-07
-5.54E-08
7.99E-10

-2.96E-11
-1.01E-10
2.99E-14
4.79E-14
1.31E-14

-3.70E-14
3.47E-15

-l.OOE-15
-4.72E-18
-4.48E-19
5.85E-04

Table 2.2.1.
Characteristic coefficients for the gridded lenses 

in the accelerator injection system

Initially it was thought that most of the aberrations would be caused 

by the gridded lenses (elements 3 and 9), and in particular by the gridded 

lens between the injection magnet and the accelerator (element 9), which is 

in a position where the ion beam diameter is fairly high. The 

characteristics of these lenses were determined using the computer programs 

described in the previous chapter. The coefficients for the function 

fitted to the phase space transformation caused by these lenses are given

I ION OPTICS



8: Calculations 150

in table 2.2.1.

The diameter of this lens was increased from 0.075 m to 0.125 m 

without any appreciable change either to the transmission of the beam 

through the accelerator or to the sensitivity of the transmission to small 

changes in the focussing and steering of the ion beam. Calculations 

indicate the reason for this. Figure 1 shows the phase space 

transformation which takes place from the ion source to the centre of the 

stripper canal (this type of plot is specified in section 7:3.3.) with only 

the aberrations due to the gridded lenses considered; figure 2 is of the 

same transformation, but including the effects of the aberrations in the 

accelerator aperture lenses. It can, therefore, be seen that the 

aberrations that limit the system are those of the accelerator itself, and 

little will be gained by redesigning the optical elements of the injection 

system. The coefficients characterising the performance of the aperture 

lenses in the accelerator are given in table 2.2.2.

Another interesting observation relating to these lenses is the marked 

difference in performance of aperture and tube lenses. The calculations 

here assume aperture lenses, as this is what is assumed in the first order 

calculations on which the optimum settings are based. In fact, the real 

entrance and exit lenses will have stronger transverse fields and, 

consequently, the aberrations are likely to be worse than those calculated. 

Ideally these calculations would be carried out for the specific geometry 

of the tubes, but the problem of finding the optimum transmission 

conditions would still remain.
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Figure 1

Phase space plot calculated for the accelerator terminal shoving the effect 
of the aberrations in the gridded lenses of the accelerator injection system
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Figure 2

Phase space plot calculated for the accelerator terminal shoving the effect 
of the aberrations both in gridded lenses and in the accelerator itself
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position
coef f .

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
a

angle
coef f .

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
a

acce

entrance 1

9.84E-01
-4.30E-04
1.15E-05
-1.43E-06
5.18E-09
3.80E-08
1.93E-07
-1.96E-09
-2.67E-09
3.50E-12

-5.41E-12
1.17E-13
1.44E-10
1.37E-12
1.47E-12
-2.71E-15
-7.89E-14
-7.65E-16
7.14E-05

-8.03
1.01
9.63E-03

-4.87E-05
-2.62E-06
-3.48E-07
-4.00E-04
2.76E-06
1.69E-08
1.80E-08

-6.12E-13
-6.67E-14
-7.13E-10
-1.10E-09
-2.53E-12
9.95E-14
2.65E-13
-2.09E-14
1.41E-01

lerator aperture

exit 1

1.00
4.28E-06
7.11E-07
1.74E-06
3.17E-07
4.31E-08
-1.01E-07
-2.62E-09
-1.65E-09
-5.25E-10
8.01E-12

-6.31E-12
9.75E-11
2.54E-11
7.52E-13
9.54E-13

-1.12E-14
-4.00E-14
8.68E-06

2.68
0.99

-9.62E-03
8.48E-06
1.45E-06
1.57E-08
5.11E-04
4.49E-07

-4.14E-07
-2.00E-08
-2.36E-09
-7.92E-11
3.25E-08
2.13E-09
1.01E-09
8.38E-11

-8.03E-11
-8.81E-12
5.55E-02

lenses

entrance 2

1.00
-2.29E-04
-1.02E-06
-5.16E-07
8.03E-09
5.31E-08
2.32E-07

-2.26E-10
-2.57E-09
-2.99E-10
-1.45E-11
-4.20E-12
1.03E-10

-5.50E-13
4.10E-12
6.64E-13

-1.50E-13
-4.45E-15
3.63E-05

-2.82
1.00
9.50E-03

-3.16E-06
-7.98E-07
-1.62E-07
-5.83E-04
1.87E-08

-8.73E-09
5.42E-09

-8.29E-11
2.52E-12
4.12E-10
-2.51E-10
2.09E-11
-2.98E-12
-1.13E-12
1.88E-13
8.84E-02

exit 2

1.00
5.89E-06

-8.09E-08
-2.56E-07
-1.56E-07
-1.29E-07
6.24E-09
1.82E-08
8.42E-08
1.59E-07
1.20E-08
1.28E-08

-4.44E-09
-l.OOE-08
-4.69E-09
-9.73E-09
2.23E-10
6.05E-10
2.86E-06

0.13
1.00

-4.05E-04
-3.67E-07
-8.59E-07
-9.27E-08
2.42E-05
2.42E-08
1.52E-07
1.40E-07
5.74E-08
1.23E-08
-5.25E-09
-9.54E-09
-1.09E-08
-9.90E-09
4.22E-10
6.26E-10
3.55E-03

Table 2.2.2 
Parameters calculated for the accelerator aperture lenses
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2.3. Space Charge Effects

The space charge effects that take place in the accelerator system can 

also be calculated, but there is some uncertainty in the magnitude of f, 

the neutralisation factor. As indicated above, this seems to be about 0.9 

for the ion source test bench in which the vacuum is slightly greater than 

10" 9 atmos. In the Oxford accelerator injection system the vacuum is 

usually an order of magnitude below this. This has two effects: firstly, 

as the ion production rate is so much lower, the neutralisation factor will 

be less (by how much, it is difficult to estimate; see section 6:3.6); 

secondly, the time constant i will be large (see equation 6:3.6.2). In 

these calculations a neutralisation factor of 0.5 will be assumed for the 

d.c. beam and T is calculated to be around 5 ms ; since the -^Q beam pulse 

time is only about 1 ms , the neutralisation factor for the pulsed beam is 

taken to be zero which will give an upper limit to the size of the effect.

Figure 3 shows the calculated phase space transformation assuming a 

current of 20 pA before the injection magnet and no current after it. This 

is the situation that prevails when -^C and 13C are injected into the 

accelerator. Figure 4 shows the effect of having a 20 jaA current after the 

injection magnet too (as is the case if 12C is being injected). Both of 

these figures should be compared to figure 2 (no space charge effect). 

There are two things to be noticed: firstly, the phase space diagrams show 

the defocussing effect of the space charge (an overall shear in the 

distribution), and secondly, the centre of the distribution is distorted or 

aberrated. The former will result in different focussing conditions for 

optimum transmission of the ^C beam from the others, while the latter will 

result in a larger effective emittance for the 12C beam which will reduce 

the optimum transmission. The conjunction of these two effects will lead 

to complicated current effects, but for most focussing conditions, as 

currents increase, one would expect the -^Q transmission to be reduced
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Figure 3

Phase space plot showing the effect of having a 20
injection magnet

(T beam before the
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Figure 4

Phase space plot showing the effect of having a 20 »A <T beam before and

after the injection magnet
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relative to that of the other isotopes.

2.4. Scattering and Apertures

As discussed in the previous chapter, the computer program for 

calculating phase space transformations allows one to find the effect of 

apertures, both at the ion source and at the destination of the 

transformation. Thus, for these calculations the effects of different 

stripper canal dimensions can be tested. The program, as it stands, is 

capable only of geometric 'ray-tracing' but at the stripper the effects of 

scattering will obviously be very important (see section 6:3.2.). The 

effect of this scattering is to increase the emittance of the beam leaving 

the stripper canal, relative to that of the beam entering. There is no way 

to introduce such an effect into a 'ray-tracing' algorithm and, instead, it 

is assumed that the result of the scattering is to reduce the effective 

aperture at the end of the stripper canal. In reality the effective 

aperture is indistinct, but here it is just assumed that its radius is 

reduced by 1 mm (see figure 6:1 for the justification for this). A 6 mm 

stripper canal of length 1 m is treated as five apertures with distances za 

from the centre and diameters da , as shown in table 2.4.1.

distance za

-500.
-250.

0.
250.
500.

diameter d a

6.0
5.5
5.0
4.5
4.0

Table 2.4.1
The distances and diameters of apertures used to model the effect of a 

6 mm stripper canal (all values given in mm)

As discussed in section 6:3.2, the scattering actually alters the
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emittance of the different isotopes by different amounts, and this clearly 

has important implications for AMS measurements. It means that if the ion 

beam emittance varies for any reason, either as a result of space charge 

effects (see chapter 5) or because of variable ion source emittance (see 

section 11/3:7 for relevant measurements of this), the transmission of the 

different isotopes will vary by different amounts and result in 

fractionation which might be current dependent.

2.5. The Ion Beam Energy Spread

The ion beam energy spread cannot realistically be included in a 

geometric 'ray-tracing' calculation. Consequently, a simple method has 

been employed to simulate the effect of this on the transmission through 

the accelerator. As indicated in section 7:1.6.a, it is possible to 

produce a file which contains the transmission values for a series of 

offsets (beam misalignments). By using first order calculations, it is 

possible to calculate the beam offset, 0, at the stripper canal for a 

change AE in the energy of the beam. For the Oxford system 0/AE is 

0.03 mm/eV for a 20 keV beam. Assuming an ion beam energy spread which is 

similar to that of neutral sputtered carbon (see sections 2:1.1. and 

2:1.5.), a new relationship between transmission and offset can be 

calculated. A program for doing this has been written. To simulate the 

effect of introducing energy filtration, the distribution can be also be 

truncated.

A small isotopic effect arises from the fact that the various isotopes 

pass through the injection magnet at different energies. This gives 

different values for 0/AE for each and the transmission profiles are 

therefore slightly different. This effect is very small, however, 

accounting for only a fraction of a percentage difference in the 

transmission of adjacent isotopes; it is also expected to be fairly
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constant and therefore of little consequence.

2.6. Calculated Transmission Profiles

Using all of the techniques outlined above, transmission profiles were 

calculated for the existing radiocarbon accelerator system at Oxford. The 

ion source was assumed to be a modified UNIS source with an aperture of 

9 mm at a distance of 180 mm to limit the phase space (this aperture 

reduces the current by about 301 according to the calculations, and this is 

in line with the measurements made). Transmission profiles are calculated 

assuming the conditions found using first order techniques. It is assumed 

that optimum transmission is obtained by forming a waist just before the 

centre of the stripper (see p. 191 of [1]), but the geometric transmission 

is actually improved by moving the waist into the centre of the stripper 

(by defocussing the beam slightly) and this should be borne in mind.

Figure 5 shows three profiles: the first is calculated assuming that 

there is no space charge effect; for the second, there is assumed to be a 

20 jaA C~ beam before the injection magnet and no space charge after it, 

which is the situation pertaining when -^C and -^C are injected into the 

accelerator; the third is relevant to 12C injection as 20 uA C~ beams are 

assumed both before and after the injection magnet. In all cases the 

currents are adjusted for the presence of other ion beams and for space 

charge neutralisation as outlined above.

Despite the increased emittance due to space charge, the second curve 

in figure 5 shows a peak transmission that is almost as great as that shown 

by the first. This is because the slight defocussing of the beam is 

beneficial to transmission, and the plotted curve is close to the optimum 

for l^C and I^Q transmission (as determined by making small changes to the 

focal length of the first gridded lens). Under these conditions, however, 

the l^c transmission is substantially worse (by about 61). More seriously,

I ION OPTICS



o "Z
,

a
 

•-o •-
3 M o CO

Co
 

&
• 

O

CO to
n-

 
co 

rt
 

Cr
 

K*
. 

O 
0) 

O
n-

 
tr

ffc

t3 
to

CD t-h
 

o h
to

cv
. to 53
 

-s
 

co
a 

S- 
^

~
 

K
»

to
 

H)
 

2
.

^
 

t3
 

r-t
- 

n
- 

C
i o to

n-
 

r>
tr

 
c

fb 
*i

M. 
8 

g.
£}

 
£J

 
K

'
t--

i. 
n-

ft, 
co

 
g

Oq
 

Q
.

I 
M.

OQ
 

a 
a fD

 
n-

 
rt-

 
tr ft)

O
 

£X •-h
 

ft)
'

H CO
h
 

O
 

0)
 

C ft)

N
J 

K
3
O

o
o

c

.
IS

J 
O

% 
tra

ns
m

iss
io

n
h

-4 n c K. to rr (-
.

O tJ Co N
j
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small changes in the current make a large difference to the 12 C 

transmission, as can be seen in figure 6 where the effect of increasing the 

current from 20 to 21 ^A is shown: this decreases the transmission by about 

1.5Z. The observed current effect is about 1Z per jaA which is very much in 

line with these calculations. The relative loss of transmission of 12C 

with increasing current can be understood in terms of two related effects:

a. The increase in the current results in a growth of the effective 

emittance of the 12C beam, which is greater than that of the 13 C and 

beams; this leads to a faster fall off in transmission.

b. The optimum focussing conditions for the accelerator are slightly 

different for the 12C beam than for the others, and these optimum 

conditions will change faster with current for the 1 2C beam, too; thus 

with increasing current, unless the actual focussing is continuously 

optimised for ^ 2 C transmission, this will drop relative to the 

transmission of the other isotopes.

It is not really clear whether the other two possible mechanisms for 

current dependent transmission (current loading of the accelerator tubes 

and heating of the stripper gas; see sections 4:3 and 6:3.3.) actually play 

an important role. There seems to be little change in the size of the 

current effect with 12C pulse length, whereas if the effect were entirely 

due to space charge one would expect it to be smaller for longer pulses 

(because of greater neutralisation); the other mechanisms, however, would 

have more effect for long pulses. It seems plausible, therefore, that the 

other two mechanisms may be significant.

These calculations have all been made under the assumption that the 

ion beam is always the same. In practice, the ion beams suffer a great
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8: Calculations 173

deal of variation (see section 11/3:7). Given the isotopic dependence of 

the acceptance of the accelerator which arises from the scattering of ions 

in the gas stripper (see section 6:3.2), these variations will inevitably 

lead to changes in the isotopic ratios measured.

3. Improvements to the Oxford Radiocarbon Accelerator

3.1. Changes to the Stripper Canal

There are many reasons for wishing to improve the stripper canal in 

the accelerator. The original design had a 6 mm diameter canal into which 

the stripper gas was bled fast enough to maintain the gas pressure required 

for stripping. The principal disadvantage with this was that the gas 

pressure in the low energy tube was high enough to attenuate the ion beam 

significantly (see section 6:3.1). It is also possible that the collisions 

taking place in the tubes were yielding numbers of secondary electrons 

large enough to distort the field in the tubes which could be a possible 

cause of current dependent transmission (see section 4:3). The high gas 

pressure limits the terminal voltage which has further implications for the 

transmission, equilibrium charge state distribution and stripping 

fractionation. In addition to this, the beam attenuation makes it 

necessary to have sub-optimal gas stripper pressures and thereby risk 

further, and possibly variable, fractionation (see section 6:3.3).

To overcome these problems, a terminal pump has been installed to 

recirculate the stripper gas. At the same time the stripper canal has been 

increased in diameter to 9 mm. The implications of this will be considered 

here.

The potential advantages of these modifications can be seen in 

relation to the two problems that were encountered in section 2.6 above.
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a. The current dependent increase in the effective emittance is greatest 

in the central regions of the ion beam where the aberrations due to 

space charge are greatest (see figures 3 and 4) and therefore, if the 

phase space limitation at the terminal is fairly wide compared to the 

central part of the beam, this increase will have a much less 

significant effect.

b. The sensitivity of the accelerator acceptance to the focussing 

conditions (ie. the position of the waist formed) will be greatly 

reduced if the diameter is increased. In order to remove the current 

effect altogether, it would be essential that the transmission was 

completely insensitive to small changes in the focussing or, in other 

words, 'flat-topped' with respect to this variable parameter.

Figure 7 shows the result of calculations made with precisely the same 

assumptions as those shown in figure 5. The conditions are again 

approximately optimal for transmission of the l^C anci I^Q beams, but this 

time the 12c transmission is very similar. The difference due to the space 

charge which occurs between the injection magnet and the accelerator is no 

longer large enough to change the transmission by more than 1 or 21. (The 

exact value will clearly depend on the settings of the optical elements in 

the accelerator injection system.)

The preliminary measurements made with the new stripper canal suggest 

that the 13C/ 12C ratios are now stable, often to within about 0.5Z over a 

wide range of currents. This is very encouraging since, assuming the 

l^C/^C ra tio can be measured to the same accuracy this would enable 

radiocarbon measurements to be made to an accuracy of about 50 years, which 

is the requirement given in the preface to this thesis.
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8: Calculations

3.2. Electrostatic Analysis

One possible future development is the introduction of an 

electrostatic analyser before the injection magnet. One advantage of this 

should be to improve the transmission characteristics of the accelerator. 

To investigate this effect calculations were made, under the assumption 

that only ions with an energy of less than 100 eV are used. The resulting 

transmission curves are shown in figure 8. They show that the chief 

advantage is that the curve has a flat top, making the optimisation of the 

beam control variables much easier. The analyser has no real effect on the 

space charge and in fact it will reduce the neutralisation factor 

in its vicinity to zero because of the strong electrostatic fields.

The principal reason for having electrostatic analysis at this stage 

in an AMS system is that it greatly reduces the injection of unwanted 

isotopes that takes place because of the 'energy tails' of the beam. These 

are particularly troublesome if one is trying to detect a rare isotope 

which is adjacent to an abundant lighter isotope; this is because of the 

high energy tail from the sputtering process. For radiocarbon measurements 

the molecular ion 1:*CH is in fact the dominant interference, and so 

electrostatic analysis is of limited use, but it would allow the 

investigation of the energy tails and might shed some light on the 

sputtering process.

3.3. The Oxford Gas Ion Source

It is clearly essential to look at the effect of using the Oxford Gas 

Ion Source (or OXGIS) in conjunction with the accelerator system. One 

potential problem with this source is the high 0" current produced (see 

section 11/4:4). In the region of gas flow normally used, this is at least 

twice the C~ current. To demonstrate the effect of this, figure 9 shows
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Figure 9

Transmission profile for a 9 mm Q stripper canal and OXGIS ion source
without optimising for ^C transmission
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the transmission figures obtained using the same conditions under which the 

modified UNIS source usually operates. These conditions are clearly so far 

from optimum that the current 13C and 14 C beams behave differently from the

1 0X ^C beam. This can easily be remedied by adjusting the focal length of the 

first gridded lens (that between the ion source and the injection magnet) 

for optimum transmission of the 13 C and 1Zf C beams through the accelerator. 

When this is done the transmission profiles shown in figure 10 are 

obtained. This is perfectly satisfactory in that there is little 

difference (about 12) in the transmission of different isotopes, but it is 

clear from the zero current profile that re-optimisation will be essential 

if the overall current produced by the ion source changes.

The predicted behaviour of this source in conjunction with the rest of 

the accelerator system can be summarised by two propositions:

a. The high current in the region before the injection magnet (see table 

1.3.1.) increases the effective emittance (hence the overall slightly 

lower transmission than that of the modified UNIS source) and 

defocusses the beam slightly. This defocussing can be remedied by 

increasing the voltage on the first gridded lens (element 3 in table 

2.1.1), but this must clearly be re-optimised if the current changes.

b. The space charge effects on the X^Q- beam after analysis are too small 

to make serious changes to the transmission of this isotope relative 

to the others if, and only if, the focussing of the ion beam is 

optimised (as described in section a).

It was thought that the space charge effect might be improved by 

removing the first gridded lens altogether and placing the ion source at 

the position of the first waist, but the transmission was calculated to be
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low because of the poor matching of the emittance of the ion beam to the 

acceptance of the accelerator (this experiment was actually tried briefly 

with the modified UNIS source and the transmission was indeed much lower). 

In order to find the optimum magnification, transmission profiles were 

calculated for a range of beam magnifications and they showed a broad 

maximum from 2.0 to 3.0 within which the transmission varied by only a few 

percent. This means that the ratio of the parameters pq/pa (see table 

1.1.1.) are ideally matched to the present injection system. A lens is, in 

fact, essential both for matching purposes and for counteracting the space 

charge defocussing of the ion beam as it leaves the source.

The calculations described above were done assuming phase space 

limiting apertures which reduce the current from the source by about 702. 

These were one aperture of 1.75 mm diameter at the source, and another with 

a diameter of 5.8 mm at a distance of 125 mm from the source. These were 

chosen to maintain the optimum ratio of pq to pa. The effect of further 

limiting the phase space has also been studied. If the two apertures are 

reduced to 1.5 mm and 4.9 mm respectively, the ion beam is reduced by a 

further 70Z to about 50Z of the total. Figure 11 shows the transmission 

profiles calculated under these conditions. There is a slight improvement 

in the maximum transmission through the accelerator, and a small diminution 

in the difference between the zero current profile and the others, but the 

improvement is not really significant enough to make the sacrifice in 

current worthwhile. There is an important lesson to be learned from this: 

the transmission properties of the ion beam are dominated by the increases 

in effective emittance due to aberrations and space charge, and there are 

only slight gains to be made by reducing the emittance of ion sources 

(especially as the more dense the concentration of ions in phase space, the 

stronger the space charge forces will be).

It has been predicted, therefore, that it will be possible to operate
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ô t-3
 

M
 

O
 

on

C h

CO
 

CO Kl. §
a-

 
h

to
 

o
co

 
N

}

% 
tra

ns
m

iss
io

n

CO •o to O fD CO O rr a
-

to rr O a K~
<

^5 <~
n

0> CO a- 0
 

s< JS. tJ c^ rr a- ro n> £*-h 0) o rr

a O
q C h fD

C
n 

^
tr

 
rr

0) 
a- CD

C
r 

h
 

CD to 
i-t 

3 
CD CO

K*
. 

rr
co C

 
to CD

o rr rr
 

tr C
r fD
 

to

K
3

N
3

O
o

o
c

C
 

C
 

>
• 

>
 3

>
^

. 
^

,^
.0

ro
 o

°
C

§.
$

->

O C K
-. 0} rr h>
.

O a CO 03 No



8: Calculations 283

the OXGIS without current dependent fractionation. Furthermore, it should 

be stressed that it is, in fact, possible to operate this source at a 

constant current (see chapter II/4), thereby ensuring that there is no 

fractionation of this kind. The emittance of the HISS type source is also 

less variable than that of the modified UNIS source (see section 11/3:7), 

and so it is expected that measurements of isotope ratios with an accuracy 

of better than 0.5Z should be easily attainable (assuming other 

requirements are satisfied).

3.5. The Prospects for High Current Radiocarbon Measurements

Despite the improvements obtained by changing the design of the 

stripper canal, it is clear that space charge is still going to be a major 

problem if very high currents are to be used (for example C~ current of 

greater than 100 uA from a HISS). There are four major problems:

a. The growth in the effective emittance in the region before the 

injection magnet will be large enough to make the maximum obtainable 

transmissions small.

b. The defocussing that takes place before beam analysis will make 

continuous reoptimisation of the focussing necessary.

c. The space charge effect on the 12C~ beam after analysis will be 

sufficiently great to alter significantly the transmission properties 

of this beam relative to the others.

d. There are also problems associated with the heating of the stripper 

gas and the secondary electron current loading on the accelerator 

terminal and tubes.
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Problem c might be remedied by altering the voltage of the gridded lens 

between the injection magnet and the accelerator while c and d might be 

tackled by using a beam attenuator. To reduce the significance of a and b 

the space charge neutralisation would have to be improved by increasing the 

residual gas pressure and carefully screening the beam from electric fields 

over most of its length.

Clearly, calculations of the type presented in this chapter will be 

essential if such a development is to be useful for accurate radiocarbon 

measurements.

Summary

The calculations made on phase space transformations in the ion source 

test bench are discussed in relation to the measurements made. The 

deductions that can be made concerning the form of the ion distribution in 

phase space are presented, along with a discussion on the aberrations and 

space charge effects that take place.

Calculations on the accelerator system are then presented showing that 

the aberrations of the accelerator tubes themselves are dominant. Methods 

employed in introducing the effects of ion beam energy spread and 

scattering are given. The transmission profiles for typical ion beams 

passing through the accelerator demonstrate that space charge is likely to 

be responsible for current dependent fractionation (although other 

mechanisms may also be important).

Improvements already made to the accelerator at Oxford are analysed 

with the help of these calculations, showing that the observed improvement 

in performance is in line with these predictions. The proposed 

introduction of electrostatic analysis is also discussed and, more
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importantly, the effect of changing from a modified UNIS source to the 

Oxford Gas Ion Source described in chapters II/2 and II/4. It is shown 

that given optimised focussing, there should be no current dependent 

transmission and it is predicted that isotope measurements with an accuracy 

of better than 0.5Z should be easily attainable (assuming other 

requirements are met).

It is found that the growth in effective emittance which results from 

the aberrations and space charge are sufficiently great that there is 

little to be gained from reducing the emittance of ion sources used.

Finally the problems associated with trying to use the very high 

currents obtainable from a HISS operated with graphite are discussed 

briefly with some suggestions as to how they might be overcome.
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Summary

There are many physical mechanisms involved in the production and 

transport of ion beams. The purpose of this first part of the thesis is to 

consider the importance of these in relation to AMS measurements. The 

introduction explains in very general terms the implications of the most 

important processes. Space charge, interactions with residual gases and 

aberrations are identified as being of crucial significance.

In chapter 1 the theory of ion optics is explained in some detail; 

this material is essential for the arguments that follow. A simple proof 

is given for Liouville's theorem and for the other similar constraints on 

phase space transformations. The validity of Liouville's theorem is 

discussed, both in general and in relation to restricted descriptions of 

the phase space.

Sputtering is the mechanism by which ion beams for AMS are usually 

produced; there is a detailed discussion of this in chapter 2. The 

theories behind this are evaluated in relation to the sputtering of carbon 

by graphite, and it is found that the velocity dependence is expected to be 

small. Experimental evidence from chapter II/4 is also used to support a 

model for the sputtering process in which the ion production probability 

for carbon atoms sputtered from the surface layer is expected to be close 

to unity. The implications of this are that the isotopic fractionation for 

ions produced in this way is expected to be negligible. The implications 

of sputtering on ion optics are also discussed, and it is clear that ion 

beams for different isotopes will be very similar unless there is 

significant fractionation in the ion production process.

As a prelude to the following two chapters, a series of brightness 

profiles measured on the ion source test bench are presented in chapter 3
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and the observed effects are qualitatively explained in terms of 

aberrations from the ion source test bench gridded lens and from the space 

charge effect.

Chapter 4 includes a discussion of the aberrations present in the 

injection system of an AMS facility. Simple methods for analytical 

calculations of the electrostatic potentials in three generic lens types 

are then presented, and a suitable function for modelling the phase space 

transformations of cylindrically symmetric lenses is introduced. This 

function could equally well be used in conjunction with some more 

comprehensive 'ray-tracing' method (such as successive over-relaxation). 

It is demonstrated that the generic gridded lens models the behaviour of 

that found in the test bench very well. A possible source of current 

dependent aberration is the loading of the accelerator tubes by secondary 

electrons. This can be minimised by keeping the gas pressures in the tubes 

low, and by ensuring that ions do not strike the tube walls.

Chapter 5 introduces methods for calculating space charge effects. It 

is shown that using these methods the observations made on the ion source 

test bench can be very well modelled, assuming a space charge 

neutralisation factor of 0.9 and an initial ion distribution in phase space 

which is gaussian.

Space charge neutralisation is just one of the important mechanisms 

which is dependent on the residual gases in the vacuum. All of these 

effects are discussed in some detail in chapter 6. The theories and 

measurements relevant to the interactions between ions and gas molecules 

are first introduced, and then the practical effects of these interactions 

are considered. As well as significantly attenuating the negative ion beam 

because of electron detachment, the residual gases reduce the quality of 

the ion beam (i.e. increase its emittance). The latter effect is strongest 

at the stripper where the gas pressures are highest and Monte Carlo
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calculations have been made showing the magnitude of this effect and 

demonstrating that it is strongly dependent on isotope. Large angle 

scattering is also important in the high energy beam line where it can be 

responsible for ions of the wrong mass entering the detector. It is 

pointed out here that the energy from an intense ion beam passing through a 

gas stripper is likely to reduce the gas density significantly which 

is another mechanism for current dependent fractionation; this can be 

avoided by ensuring that the gas pressure is slightly above optimum. 

Finally, the subject of space charge neutralisation is discussed and 

several reasons for expecting the neutralisation factor in the accelerator 

injection system to be well below unity are considered.

Chapter 7 is a description of the computer programs which have been 

written for phase space transformation calculations. It is expected that 

these will be of particular value to those involved in the design of AMS 

facilities where the ion beam transmission must be very high.

In chapter 8 the calculations that have been carried out on both the 

ion source test bench (described in chapter II/l) and the injection system 

of the radiocarbon accelerator at Oxford are presented. The former 

demonstrate the validity of the techniques used while the latter, together 

with a simple treatment of the energy spread of the ion beam, allow 

predictions to be made concerning the size of the current dependent 

transmission. It is shown that this effect can be explained in terms of 

the space charge effect, and the implications of this for the Oxford Gas 

Ion Source and the possible use of High Intensity Sputter Sources with 

graphite are discussed. The improvements that have been made to the 

stripper in the Oxford accelerator are predicted to allow accurate isotope 

measurements (better than 0.5Z) to be made. Radiocarbon measurements of 

this accuracy clearly depend on other factors (such as counting statistics 

and contamination), but an ion optical system which is capable of
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measurements of this accuracy is clearly a very important step towards that 

goal.
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Introduction

As discussed in the introduction to this thesis the ion source is one 

of the most critical components of an accelerator mass spectrometry (AMS) 

system. This is both because the ion source determines the type of sample 

that can be used and because it determines the characteristics of the ion 

beam on which the subsequent measurements must be made.

1. Ion Beam Production from Carbon

The first requirement for an ion source which is to be used for 

radiocarbon AMS is that it should produce negative ions. This is necessary 

because it enables complete separation of -^C from the abundant isobar -^N 

which has no stable negative ion, and also because of the convenience of 

being able to use a tandem accelerator.

There are essentially only two feasible types of ion source for the 

production of C~ ions. These are the caesium sputter ion source which 

produces negative ions and a positive ion source coupled with some system 

of charge exchange. The caesium sputter ion source is particularly 

suitable for producing ions which have high binding energies (the 

sputtering provides a very efficient way of ejecting such ions in 

comparison with other techniques such as surface emission) and large 

electron affinities (needed to get a high ion to atom ratio for the 

sputtered material: see chapter 1/2).

As discussed elsewhere [1] the charge exchange process is difficult to 

control and, in addition, is prone to further fractionation over and above 

that produced by the ion source itself; this is because the cross sections 

for charge exchange depend on the velocity of the ions which is different

II ION SOURCES



Introduction 292

for different isotopes. For these reasons all AMS radiocarbon systems now 

in operation use caesium sputter ion sources.

2. Ion Source Design

There are several different permutations of the caesium sputter source 

currently in use (for example the ion sources currently used at Oxford [2], 

Zurich [3], and Toronto [4]). Most of these are similar in that they use a 

caesium ion source which is well separated from the target that is to be 

sputtered. These will be referred to as conventional sputter sources.

2.1. Conventional Caesium Sputter Sources

In these the caesium ions are produced by surface ionisation. The 

beam thus produced is then focussed onto the target either from behind [2] 

or from the side [3,4], The advantage of having a large distance between 

the ioniser and the target is that there is little danger of the caesium 

ioniser being contaminated by the sputtered material as there is with, for 

example, the Inverted Spherical Sputter Ion Source [2]. The first main 

disadvantage is that these sources do not have cylindrical symmetry; this 

makes them produce ion beams with complicated brightness distributions in 

phase space [2] and also makes some steering and focussing of the caesium 

beam necessary. The second main disadvantage is that the long path length 

of the caesium beam limits the caesium currents which can be obtained 

because of space charge effects; this obviously limits the secondary ion 

currents that can be obtained.

Another slightly less obvious problem is that the caesium ions in 

these sources are usually produced by diffusing the metal vapour through a 

heated porous frit. The conductance of these frits is constant neither 

over the surface nor with time, and so the caesium beam produced varies in
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magnitude and in the shape of its brightness profile. The result of this 

is that the sputtering ion beam is not easily reproduced and requires 

frequent adjustment of the steering and focussing voltages for optimum 

performance.

2.2. High Intensity Sputter Sources (HISS)

In order to overcome the problems associated with the conventional 

sputter ion sources, ion sources have been developed which have the ioniser 

just in front of the sputter target [2,5,6]. The use of porous ionisers in 

this position [2] proved to be impractical because of damage caused by the 

sputtered material. However, solid tantalum ionisers used in conjunction 

with a target chamber which is filled with caesium vapour have been found 

to be very successful in producing high negative ion currents from a 

variety of different target materials [7]. This type of source has not yet 

found wide applicability for radiocarbon AMS for three reasons: firstly the 

current dependent effects discussed in part I of this thesis will almost 

certainly make it difficult to make accurate measurements with currents as 

large as 100 uA; secondly it is difficult to make suitable targets for this 

type of ion source as the thermal conductivity must be very high; and 

thirdly it is hard to change samples quickly in an ion source of this type 

(see ref. [5] for a detailed description). However, the simple ion optics 

involved in the high intensity sputter sources make them very simple to 

control and they behave fairly reproducibly over an extended period.

3. Ion Sources for Carbon Dioxide

As a by-product of the high sputtering rate of the HISS it has been 

found that this type of source produces relatively high currents from gases 

and in particular from CC>2 from which C" currents of about 20 (aA can be
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produced [1]. For this reason, along with the other advantages, it was 

decided that the HISS provided the best basis for the development of an ion 

source specifically for radiocarbon.

There are, however, a number of outstanding problems:

a. The background currents from this type of source (with no gas flowing) 

are about 0.5 - 0.7 jaA [1].

b. There is no easy way to change samples quickly, 

c. The cross contamination has not been determined.

d. The mechanisms for the production of C~ ions from C02 are not well 

understood.

It should be mentioned that experiments have also been carried out on 

the Aarhus Negative Ion Source to determine whether or not this was 

suitable for operation with CC^. This ion source does not fit into the 

categories mentioned above but is based on a Penning type discharge. The 

details of this experiment are outlined in ref. [8], The overall 

efficiency was found to be about 0.15Z and the C~ ion currents 2 - 4 jxA. 

However the chief problem was cross contamination which was far too severe 

to consider using this kind of source for radiocarbon.

Summary

The most promising type of ion source for use in radiocarbon AMS is 

the High Intensity Sputter Source as it is simple to operate and capable of 

producing currents of the order of 20 pA when used with C0 2 .
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The purpose of the work described in this part of the thesis is to 

characterise the performance of this type of source, to overcome the 

outstanding difficulties and, thereby, to develop an ion source which uses 

CC>2 directly and is suitable for radiocarbon dating with AMS.
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Chapter 1 

The Testing of Ion Sources

Int r oduc t i on

The development of new ion sources is a time consuming undertaking and 

it is clearly not feasible to carry out all of the necessary experiments on 

the main beam line of an accelerator facility. It was therefore decided at 

the start of this work that an ion source test bench (ISTB) should be 

built. In this chapter the test bench will be described and its qualities 

and limitations discussed.

2. The Requirements for an Ion Source Test Bench

The requirements of an ion source test bench at the most basic level 

are very simple:

a. an evacuated beam line

b. some method of separating different ion species

c. current measurement capability

d. the ability to investigate brightness profiles in phase space

The pressure of the residual gases in the vacuum are important if they 

attenuate the beam significantly or alter its emittance. In practice this 

means that the vacuum should be circa 10~ 8 atmos. or better (see section 

1/6:3).

Obviously the separation of different ion species is important in 

evaluating the performance of an ion source. However, to characterise the
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ions completely one really needs a complete AMS system and so the ability 

of an ion source test bench to perform this task will clearly be limited.

The current measurement capability is largely a function of the 

ability to resolve the different components of the ion beam. Ion beams 

derived from sputter ion sources are not particularly well localised in 

phase space, and so intense beams will tend to interfere with the 

measurement of smaller beams of different species with similar masses.

The scope for investigating the brightness profiles of ion beams in 

the six dimensional space is clearly enormous and in any practical test 

bench only a small subset of such measurements is possible.

3. The Design of an Ion Source Test Bench

The overall design of the test bench built for this work is shown in 

figure 1.

3.1. The Vacuum System

The vacuum is provided by a Balzers 150 1/s turbo-molecular pump which 

gives pressures of better than 10~^ atmos. (measured just above the pump). 

The beam line is sealed with nitrile 0-rings and so is not really suitable 

for attaining UHV conditions.

As hydrocarbons were found to be a particular problem when operating 

with the gas ion source a liquid nitrogen trap was added in front of the 

ion source.

3.2. Ion Mass Resolution

This is provided by a double focussing 45° analyser-magnet with pole 

angles of 10.4° and 13.7° respectively which bends the beam in the 

horizontal plane. The beam is focussed both by this and by a gridded lens
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Schematic drawing of the ion source test bench
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which is situated between the ion source and the magnet.

As it was intended that the system should be used for optical 

measurements, considerable care was taken over the fringing fields produced 

by the magnet. The magnet pole pieces were first machined to approximately 

the right angle and then measurements of the magnetic field were made along 

lines parallel to the intended beam axes. The effective edge was 

determined for each of these lines by numerical integration. This gave the 

distance of the effective edge from the pole tip and its angle relative to 

it. Using the results from both ends of the magnet which had different 

pole tip angles, it was possible to estimate the real pole tip angles 

required to give effective edges in the right place.

Measurements were also made on the magnet for homogeneity of the 

magnetic field more than 30 mm inside the magnet (the fringing region 

having already been taken into consideration). This was found to be 

constant to within 0.1Z in the regions where the ion beam was expected to 

pass.

From the measurements on the effective edge and field homogeneity it 

was estimated that ion trajectories in the horizontal plane equidistant 

from the pole pieces would not suffer from aberrations which would alter 

their destination at the image waist after the magnet by more than 1 mm. 

The problem with this estimate is that the ions do not actually follow the 

lines along which the field measurements were made, and so the effective 

edge of the magnet for the ions may well be slightly different from that 

estimated. Focussing also takes place in the vertical direction but the 

effective edge for this will be different from that for the horizontal 

focussing and the aberrations will also be different. For the theory of 

dipole magnets see ref. [1]

The magnet power supply is such that at a ion energy of 24 keV, ions 

of up to mass 40 can be deflected through 45°.
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3.3. Current Measurements

As mentioned above, the abilities to measure currents and resolve 

different ion masses are closely related. The resolving power of the 

magnet at the image waist following it is (0.131/Mj) m, where Mj is the 

mass of the ion. There is a large aperture of 8 mm diameter which is 

designed to capture the whole ion beam for any given mass and should be 

capable of resolving equal sized peaks with a mass difference of 1 at mass 

12. The aperture has to be this large to allow brightness profile 

measurements (see below). It is used for determining absolute beam 

currents and so it should be noted that the beam currents quoted here are 

almost certainly larger than those that could be injected into the 

accelerator (by 102 or 20Z). There is also a 0.5 mm aperture at the waist 

which gives very good mass resolution (0.15 amu at MJ = 40) and by 

integrating the currents passing through this as the magnet field is 

scanned a mass spectrum can be obtained which gives relative ion currents. 

The resolution is in practice limited by the image waist size (and 

therefore ultimately by the ion source) which is approximately 2 mm in 

diameter for 70% of the beam and this gives a mass resolution of only 

0.6 amu at Mj = 40.

3.4. Brightness Profile Measurements

Considering the co-ordinate set in the expression (1/1:1.2.3) we see 

that the six dimensions of interest are:

(3.4.1) qx ,qy ,At ,px ,py ,AE

Figure 2 shows how these dimensions apply to the trajectory of an ion 

and figure 3 shows the co-ordinate system used in this thesis for phase
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Diagram shoving the meaning of the phase space dimensions
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Isometric drawing showing the meaning of the phase space directions
as used in this thesis

II ION SOURCES



1: The Testing of Ion Sources 203

space measurements.

With ion beam currents of many microamperes at keV energies, it is 

clearly not possible to make time of flight measurements. The energy 

spread of the beam could be measured with a retarding field analyser [2] 

or, with less resolution, by using an electrostatic analyser. Measurements 

have already been undertaken on the energy spread of sputtered carbon beams 

[3], and it was decided that for this work the investigations would be 

restricted to the transverse dimensions. The measurements made on this 

test bench are integrated over the time of flight and energy dimensions 

(this is not strictly true as the momentum dispersion of the magnet will 

introduce mixing between the horizontal x dimension and the energy; however 

the dispersion is only about 0.5 mm at the image waist for 100 eV and so, 

given the energy distributions normally found [3], this is not very 

significant although it does cause some problems in the separation of 

intense ion beams from those with a slightly higher mass). The co­ 

ordinates used for these measurements are, therefore:

(3.4.2) qx ,qy ,px , py

In designing brightness profile measurement equipment it is necessary 

to decide whether the measurements to be made should be of the type 

described by equation (1/1:3.5.1) or equation (1/1:3.5.2). The former (in 

which one integrates over all of the unwanted co-ordinates) has the 

advantage that the emittance areas measured in this way, for example in the 

x direction, are a constant of the beam if there is no mixing between the x 

and y co-ordinates in phase space. In practice, both aberrating fields and 

space charge violate this condition and so the value of the emittance area 

is only valid for one particular situation and is not a constant parameter 

of the ion beam. The second type of measurement (sectional emittance)
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would be ideal if there were no skew particle trajectories from the ion 

source; this is unfortunately not the case. However, since no information 

is discarded when this type of measurement is made (as it is if one 

integrates over the redundant dimensions) it is possible to study the 

details of high order beam transport effectively using this method (see 

part I). Assuming that the brightness profile in phase space is separable 

in the x and y dimensions, the two techniques should give the same results 

and so, although this is not strictly the case, the second type of 

measurement should enable a reasonable estimate to be made of the ion 

source's ability to match the acceptance of an optical system. For these 

reasons, coupled with the fact that they are technically easier to make, it 

was decided to opt for sectional emittance measurements.

To make these measurements possible there is a 0.5 mm x 0.5 mm 

aperture at the beam waist following the magnet which can be moved over an 

8 mm x 8 mm square in the x, y plane. Following this there is a magnetic 

beam steerer and a 0.5 m drift length which is terminated by a 1 mm x 1 mm 

aperture giving an angular resolution of 2 mrad in the x and y planes. The 

current can be measured before the first aperture (total current 

measurements), before the second aperture (for measuring the beam intensity 

over the image waist), and after the second aperture (for measurements of 

the brightness in the four dimensional phase space given by (3.4.2)). 

Comprehensive suppression eliminates the risk of spurious currents from 

secondary electrons.

4. Computer Control

Because of the very large number of measurements that must be made to 

gain any understanding of the brightness profiles in phase space, some 

degree of automation is clearly essential. In order to maintain maximum
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flexibility it was decided that complete computer control of the test bench 

was desirable.

4.1. Control Hardvare

The computer chosen for this application was the BBC model B 

microcomputer. This was interfaced to specially designed electronics using 

two parallel 8-bit ports. The A to D converters of the computer were used 

directly for all analogue measurements. Those items under this control 

system are:

a. the first set of beam steerers

b. the analysing magnet

c. the position of the image aperture

d. the range of the meter used for current measurement

e. the second set of beam steerers

and the measurements that can be made are:

a. the hall probe reading in the analysing magnet

b. the current entering the 8 mm diameter aperture

c. the current entering the 0.5 mm x 0.5 mm aperture at the image waist

d. the current entering the final 1 mm x 1 mm aperture

The current measurements b and c are made with a Levell picoammeter 

with custom built computer controlled range changing, and the current d is

measured by a Keithley electrometer.

4.2. Control Software

Software for operating the test bench has been written in BBC basic
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and performs the following operations:

a. Initial set up: this sets the magnetic field of the analyser magnet to 

the correct value for the transmission of 12C~.

b. Beam steering: this is done by the operator, using software control. 

The settings for the first set of steerers are optimised for maximum 

transmission through the 0.5 mm x 0.5 mm image aperture.

c. Mass selection: this sets the magnetic field of the analyser magnet to 

the correct value for transmission of the desired ion mass/charge 

ratio and scales the settings of the first set of magnetic beam 

steerers appropriately.

d. Mass spectrum measurement: as for c, the mass is scanned through the 

desired range and the current passing through the 0.5 mm x 0.5 mm 

image aperture is integrated and normalised to give a relative 

intensity mass spectrum.

e. Optical measurements: there are essentially four different types of 

measurement that are catered for at present; these are:

1. the current density across the image waist Kqx ,qy)

2. the brightness profile g(qx ,ax )

3. the brightness profile g(qy ,ay )

4. the brightness profile g(ax ,ay)

All of these are taken on a 41 x 41 grid giving a total of 1681 

individual measurements for each. The position co-ordinates qx and qy
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rftechatiicalLy scanned 
are defined by the A 0.5 mm x 0.5 mm aperture, and the angular

distribution of the beam in ax and ay is sampled by scanning the 

second set of beam steerers with due allowance for the position of the 

slits and the magnetic rigidity of the ions.

measurement expression

g(qx ,ax )

g(qy .ay )

g(ax ,ay )

av=-co ,

'+Aq 

qy=-Aq

a,,=-co
daxday

'+Aa 

a=-Aa

'+Aa

qx=-Aq , ax=-Aa

qx=-Aq ,

'+Aq 

qy=-Aq

f(qx ,qy ,ax ,ay ) dqyday

dqxda

dqxdqy

Notes :

Measurement resolution: t 0.25 mm, 1 1.0 mrad

Aq = 0.25 mm Aa = 1.0 mrad

* in practice the limits are about 40 mrad rather than oo

Table 4.2.1 
Definition of measurements made on the ISTB

The results of these measurements are displayed on a false colour 

scale as they are taken; they are also stored on floppy disc for 

subsequent transfer to another computer so that they can be analysed.

For reference, table 4.2.1 gives the mathematical description for the 

optical measurements described above with the integration over the At 

and AE co-ordinates assumed to be implicit. (See chapter I/I for a
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complete discussion of the notation and theory.)

All of the software for these measurements is menu driven, so that the 

equipment can be operated without a detailed understanding of the workings 

of the system.

An interface has also been designed and built so that the same 

measurements can be made on the injection beam line of the Oxford 

radiocarbon accelerator but problems with suppression have so far made this 

of only limited use.

Summary

An Ion Source Test Bench has been built which is capable of monitoring 

the output from an ion source and of making optical measurements on the 

ion beam produced. These measurements are of a kind which is useful in the 

study of ion optics and also of use in determining the emittance of an ion 

source which is required for matching to the acceptance of a different 

optical system.
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Chapter 2 

Ion Source Design

Introduction

As discussed in the introduction to this part of the thesis, it was 

decided that ion sources similar to Middleton's High Intensity Sputter 

Source (or HISS) [1,2] showed the greatest potential for improvements in 

radiocarbon dating by AMS. The design criteria for this type of source are 

discussed here and details of the Oxford Gas Ion Source (or OXGIS) designed 

specifically for this work are given.

1. The High Intensity Sputter Sources

Figure 1 is a sectional drawing of a typical version of the HISS and 

shows all of the main features of the design. The design strategy which 

has been employed in the design of this type of source can be looked at in 

relation to different aspects of its operation:

1.1. Overall Voltage Configuration

Figure 2 shows the potentials of the different parts of the source. 

The ioniser is at a higher potential than the sputter target by V sp so that 

the Cs + ions formed are accelerated on to it. This potential also provides 

the initial acceleration for the negative ions produced. The target is at 

a potential V ex relative to the extract electrode which is normally 

grounded so that the negative ion beam produced by the source has an energy 

of -V ex eV. Typical values for V S p and V ex are 5 kV and -20 kV 

respectively. It is a feature of this type of source that the sputtering
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A sectional viev of a High Intensity Sputter Source (fro,, ref. [2])
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The electrostatic potentials in a HISS
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energy can be varied independently of the extract energy.

1.2. Caesium Vapour Production and Control

A reservoir of caesium is maintained in an oven which is situated 

outside the ion source housing; this can be loaded with ampoules of the 

metal. From here the metal vapour diffuses along a tube into the ion 

source chamber. The oven is heated to a temperature Tov at which the 

caesium vapour pressure gives the required flow down the tube; it is 

essential that the tube itself is kept at a temperature which is 

significantly higher than Tov or else the caesium flow will be attenuated 

and no longer controllable by altering Tov (for this a trace heater is 

employed; see figure 1). The caesium vapour pressure in the oven can be 

estimated from ref. [3], but typical oven temperatures lie between 410 and 

470 K.

Once inside the ion source chamber the caesium must not condense on 

any part of the source other than the target and so the entire ion source 

chamber (including the target insulator) is kept at a high temperature 

(circa 670 K [2]). The vapour is fairly well contained in the chamber, the 

only mechanisms for loss being diffusion through the extract aperture and 

condensation on the sputter target. The temperature is maintained by 

radiation from the ioniser.

Because of the benefits of caesium on the target surface (see chapter 

I/I and ref. [4]) the target itself must be cooled. It should be noted 

that most of the caesium arriving at the sputter surface will be from the 

Cs beam rather than in the vapour phase; this is essentially because of the 

very large ratio of the ioniser area to the sputter surface area [5]. The 

target head is cooled from behind with paraffin which is fed down the 

target probe by way of two concentric tubes (a third is used for feeding 

gas to the target when that is required).
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Recent developments [6] suggest that if the caesium leaving the feed 

tube is directed towards the ioniser the confinement provided by the 

chamber is not necessary and this also underlines the fact that caesiation 

of the target from the vapour phase is not important.

1.3. Caesium lonisation and Focussing

The caesium is ionised on a hot tantalum surface. This can be either 

a coiled tantalum coaxial cylinder as shown in figure 1, or by a machined 

spherical ioniser [6]. Preliminary indications are that the performance of 

the coiled ioniser is less variable and the ioniser less prone to ioniser 

contamination (as it does not lie directly in front of the sputter target) 

[6]. The advantages of the spherical ioniser are slightly higher currents 

with solid targets and possibly lower emittance areas (see ref. [7] for 

measurements of the emittance); these advantages arise because of the 

better focussing of the caesium beam. (Ref. [6] gives a beam spot size of 

<0.7 mm diameter; spot sizes for the cylindrical ioniser in OXGIS are 

<1.0 mm diameter; the main difference is probably a reduction in the 'halo' 

around the central intense part of the beam.) In prolonged operation there 

is also another advantage: the repeated cooling and heating cycles can 

cause the coiled ioniser to shift with time, and the machined cylindrical 

ioniser clearly does not have this problem. (It can be overcome by spot 

welding tantalum strips to the coil [2].)

The ionising surface is kept at a temperature of T^ (typically about 

1400 K [2]) by resistance heating. The power dissipation is quite 

considerable (about 400 W) and so the housing for the ion source must be 

cooled.

1.4. Sputter Targets and Sample Changing

The sputter targets for a HISS are usually set in aluminium or copper
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and are firmly attached to the target probe with which they must have good 

thermal contact (see section 1.2); this arrangement is shown in figure 1. 

The target itself is typically 1 to 2 mm in diameter as this is the 

approximate size of the caesium beam.

The main problem with this arrangement is that there is clearly no 

very simple method of changing targets: the probe, which carries the target 

at about 25 kV, must be withdrawn from the source, another target fitted, 

and then the probe reintroduced. In the source shown in figure 1 this must 

be done through a vacuum interlock.

A different source geometry, without a comprehensive source chamber, 

might overcome these problems for some applications [6],

1.5. Extraction of the Secondary Ion Beam

The secondary negative ions are accelerated from the surface by the 

electric fields used to focus the caesium beam. This causes the secondary 

ion beam to pass through the extract aperture after which it is further 

accelerated, reaching the energy -Vex eV. The net effect of this is that 

the beam forms a waist somewhere in the region of the extract aperture. 

The arrangement normally used is that shown in figure 1 with two truncated 

conical electrodes forming the extract gap.

One problem with this arrangement is the condensation of caesium on 

the electrodes which eventually causes voltage breakdown across the extract 

gap. This can be overcome by introducing a caesium condenser between the 

ion source chamber and the extract gap [6],

1.6. Secondary Electrons

Because of the high currents at which the HISS can operate there can 

be considerable problems with secondary electrons. To deal with these, 

permanent magnets are sometimes used [1,2,6] to deflect the electrons to
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some part of the source where they will not do any damage. The main 

difficulty in dealing with the secondary electrons is the loading of power 

supplies (the extract power supply and those associated with subsequent 

electrostatic optical elements).

2. The HISS used for this Research

A version of the HISS very similar to that shown in figure 1 was used 

for many of the preliminary measurements made for this research. The modus 

operand! will be discussed in the next chapter, but as they have direct 

bearing on the design of OXGIS it is useful to mention two aspects of the 

performance at this stage; these are related to the design of the extract 

electrode and the position of the target within the ion source chamber.

2.1. The Extract Electrode

In attempting to make measurements on the distribution of the ion beam 

from the HISS in phase space, it was discovered that the position of the 

waist at the measurement plane of the ion source test bench was not very 

stable and the brightness profiles were too unreproducible to enable any 

useful measurements to be made. This problem was largely overcome when the 

extract geometry was altered to reduce the intensity of the transverse 

fields at the point of extraction. In order to achieve this, the aperture 

in the extract electrode was widened, thereby forming an immersion lens. 

Figure 3a shows the new extract configuration.

It is an important point to bear in mind in the design of ion sources 

for AMS, or for any other application where beam stability is important, 

that regions of intense electric fields are likely to lead to greater 

fluctuations in the beams profile in phase space when inevitable small 

changes take place in the conditions of the source.
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Details of the HISS design
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2.2. The Position of the Target in the Ion Source Chamber

The position of the target can be varied by moving the probe in or out 

of the source. Experiments were done to try to determine the optimum 

position.

With the probe inserted into the ion source as far as the mechanical 

construction allows, the position of the target head is in the position 

detailed in figure 3b. By using shims the target can be withdrawn from the 

source chamber by measured amounts.

Three criteria were studied in relation to source performance: the 

current produced, the emittance area and the form of the brightness 

profile. Figure 4 shows the variation in the current produced by the 

source with different shim thicknesses. Increasing the shim thickness was 

found to reduce the emittance area slightly (see the next chapter for a 

discussion of these results) but large differences were found in the form 

of the brightness profiles. With no shim they frequently showed signs of 

multiple peaks in phase space such as those shown in figure 5; as the shim 

was increased in thickness to about 2 mm the profiles became more regular 

in shape (figure 6 shows the same target with a shim thickness of 1.& mm) 

with no noticeable improvement beyond this.

The reasons for multiple peaked distributions are similar to those 

pertaining to the extract geometry: when the target is further into the 

source chamber, the transverse fields at the sputtering surface will be 

more intense and so there is the opportunity for higher order aberrations 

of the extracted beam. In this position the ion beam profile will be more 

sensitive to small changes in target geometry.

The increase in the current as the target is moved closer to the 

extract aperture is presumably because of greater extraction efficiency. 

It is not clear whether the usable current from the source would be greater
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The Variation in C~ current with shim thickness
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Brightness profile with no shim
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cf. figure 5
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in these conditions.

To conclude: the position of the target within the source chamber is 

to a certain extent a compromise between current and ion beam 

reproducibility. It would seem that for most applications the target 

position corresponding to a 2 mm shim in this source would be the most 

useful.

3. The Oxford Gas Ion Source

The development of a new ion source can be a very lengthy and 

expensive operation (see for example ref. [1]), and so it was decided that 

in designing an ion source for the direct use of CC>2 in radiocarbon dating, 

the tried and tested optical geometry of the HISS described in sections 1 

and 2 should be used. This enabled experience that had been gained with 

the HISS to be directly applied.

3.1. The Ion Source Chamber

Figure 7 is a sectional drawing of the ion source chamber in OXGIS. 

The most fundamental difference between this and the ion source chamber of 

the HISS described above is the integral provision for cooling the target. 

The sputter targets are cooled by pressing them against the chamfer which 

is itself cooled by compressed air which passes through a tube silver 

soldered into the chamfer. This is simpler than providing each target with 

its own cooling circuit. The bulk temperature of targets during operation 

is believed to be about 400 K (estimated by withdrawing targets and 

measuring their temperature within one minute), although the temperature of 

the sputter surface may be higher than this and is difficult to estimate 

accurately. A liquid such as dodecane can be used for cooling, but there 

is no improvement in the performance of the source and there is the
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Sectional view of the ion source chamber of OXGIS 
Note that the target and its mount are not included
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constant danger of the liquid leaking into the ion source and producing 

large carbon currents (a condition observed on several occasions).

Special care has been taken over the thermal properties of the source. 

This is necessary because of the proximity of the cooled chamfer and the 

boron nitride insulator (to see how troublesome this can be, see ref. [1]). 

The latter must be kept at a high temperature along with the rest of the 

ion source chamber so that caesium condensation does not take place. To 

achieve this, heat shields are used to maximise the chamber temperature and 

high thermal conductivity is maintained between the hottest parts of the 

source and the insulator, while the cooled chamfer is only connected to the 

rest of the source by a thin stainless steel cylinder. With the enlarged 

extract aperture (as described in section 2.1) it is possible to make the 

extract electrode act as a caesium condenser without risking voltage 

breakdown across the extract gap.

Secondary electron suppression is not provided as it is not found to

of
be essential, and the introduction Amagnetic fields into the region where

the ions are not travelling very fast would provide a possible mechanism 

for isotopic fractionation because of the resulting different beam 

trajectories for different isotopes: if the field is strong enough to alter 

the electron trajectories by 1 radian then it would also deflect 12C~ ions 

through more than 6 mrad.

3.2. The Sputter Targets and Sample Changing

Figure 8 shows the design of the sputter targets used with this source 

for operation with graphite and carbon dioxide. The performance of the 

different designs for operation with carbon dioxide will be discussed in 

detail in chapter 4.

In order to avoid the use of a vacuum interlock for changing between 

different sputter targets, a wheel holding twelve targets is housed in a

II ION SOURCES



2: Ion Source Design 224

a: GRAPHITE TARGET

b:GAS TARGET 1

c: GAS TARGET 2

0 5mm

stainless steel stud

graphite plug 0 2mm

aluminium holder 

cooling chamfer

rilled stainless steel stud

titanium insert

0 2mm hole

as passage

-titanium plug 0 1mm

-gas passage

Figure 8 

Sectional views of the sputter targets used in OXGIS
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chamber behind the ion source. This wheel is turned using a kind of Geneva 

mechanism which is operated pneumatically. The targets are picked up from 

this wheel by another pneumatically operated plunger (the target probe) and 

pushed into the ion source. When the target probe is withdrawn it pulls 

the target back into the wheel and the whole process can be repeated with 

the next one. The entire source is shown schematically in figure 9.

Initially, there were many problems with the operation of the sample 

changing mechanism. The targets must be positively retained in the wheel 

(so that they do not fall off) and they must also engage with the target 

probe for insertion into the ion source chamber and, more critically, for 

withdrawal and replacement in the wheel. Both of these tasks are done by 

ball detente mechanisms which worked very well in atmosphere but not when 

warm (about 100°C) and under vacuum. This problem was eventually overcome 

by using sapphire balls instead of steel ones. Special care was required 

in ensuring that the contact between these sapphire balls and the other 

parts of the mechanism had a linear rather than point distribution. It was 

also found to be essential that the targets had as small a contact area 

with the sample wheel as possible in order to stop them from binding to it 

as they are pulled back. All of the mechanical problems have now been 

overcome.

3.3. The Ion Source Housing and Vacuum System

The fact that ion sources of this type can produce carbon currents at 

a high efficiency from carbon dioxide [8] is testament to their ability to 

act as very sensitive residual gas analysers. It is therefore clear that a 

source for radiocarbon measurements must have a very low concentration of 

residual hydrocarbons in the vacuum. To achieve this OXGIS has an all 

stainless steel housing which is sealed with aluminium wire. The only 

elastomer seal in the system is on the VAT gate valve which separates the
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Schematic view of OXGIS
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ion source housing from the sample changing mechanism housing; this is 

necessary to allow the twelve targets to be changed without interfering 

with the vacuum in the ion source itself. The pneumatically operated rams 

for rotating the sample wheel and pushing in the target are sealed with 

welded stainless steel bellows to minimise the risk of contamination.

The ion source is pumped from the beam line side and also from behind 

via the sample changing mechanism which has its own turbo-molecular pump. 

The pumping in front of the source is improved by the provision of a liquid 

nitrogen trap.

3.4. The Gas Handling System

A prerequisite of using a gas ion source for radiocarbon dating is a 

gas handling system which will allow gases from different samples to be let 

into the ion source.

A simple gas handling system which is capable of operating with only 

two different samples has been built and it is this which has been used in 

the experiments described in chapter 4. It is based around a Balzer 

sapphire seated UHV gas dosing valve. This allows gas to pass into a 5 ml 

volume in which the pressure can be monitored so that the flow rate can be 

measured; a capillary tube (outside diameter: 0.5 mm; inside diameter 

0.25 mm) connects this volume with the sputter target holder. All of the 

volumes in the system can be purged with argon and pumped out. Figure 10 

shows a schematic view of this gas handling system.

The gas handling apparatus that will be used for radiocarbon dating is 

currently under development and figure 11 shows the proposal. Glass 

ampoules containing the carbon dioxide for measurement are broken in the 

the evacuated sample reservoirs. Each reservoir is connected to a liquid 

nitrogen trap which can be heated electrically (such traps have been built; 

a 5 mg CC>2 sample can be evapo~rated in 30 s with 100 W heating power and
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The provisional gas handling system
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The proposed gas handling system
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then retrapped within a similar period). When the gas from a particular 

sample is required, the valve connecting the reservoir to the rest of the 

system is opened and the liquid nitrogen trap heated until all of the 

carbon dioxide has been driven off. Evaporation must be complete so that 

there is no danger of fractionation. A predetermined quantity of this gas 

can then be allowed through the flow restrictor and into the space 

immediately preceding the leak valve (this operation takes place under 

laminar flow). The gas is bled through the UHV gas dosing valve and 

through the capillary which leads to the ion source. The pressure between 

the gas dosing valve and the capillary is used to stabilise the gas flow 

rate (this will ultimately be controlled so as to maintain a constant C~ 

current from the ion source). After the gas let into the gas manifold has 

been virtually exhausted (ie. <5Z left), the residual gas is trapped back 

into the liquid nitrogen trap and the carbon dioxide from a different 

sample is let into the manifold (meanwhile the sputter target is also being 

changed). It may prove necessary to flush the manifold with argon between 

samples but all of the evidence so far suggests that this is superfluous.

One advantage of using liquid nitrogen traps in this way is that the 

effects of contaminant gases such as 1^0, S0£, NC>2 et cetera should be kept 

to a minimum.

With such a system one must be aware of the dangers of isotopic 

fractionation from the gas transport. The maximum level of fractionation 

that one can obtain in passing from a high pressure gas to a Knudsen gas 

during a single continuous process is (mL/my) 1 / 2 , where mL is the mass of 

the light gas molecule and my that of the heavy one. For carbon dioxide 

this gives a maximum 12C/ 13C fractionation of 1.132. In practice, of 

course, because the remaining gas is then depleted in the lighter isotope, 

the overall fractionation decreases as the gas in the gas manifold is used 

up (see figure 12 for a plot of maximum fractionation versus the proportion
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The maximum fractionation due to gas passing from a region of laminar flow 

to a region of molecular flow versus the proportion of sample used (the 

instantaneous actual measurement and the integrated measurements are shown)
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of the gas used). In this design the problem should be virtually 

eliminated as the transition from laminar flow to molecular flow takes 

place part of the way along the capillary which leads to the ion source 

(the gas entering the capillary under laminar flow will have the original 

isotopic ratios; under continuous flow conditions, therefore, the gas 

flowing from the other end must also have the same isotopic ratios). To be 

sure that very little overall fractionation takes place, a large proportion 

of the gas that is allowed to enter the gas manifold will be measured. In 

any case, isotopic effects will cancel if the proportion of samples and 

standards used is the same.

3.5. Computer Control

A computer control system has been developed for supervision of the 

ion source, the sample changing mechanism and the gas handling apparatus. 

The computer used for this task is based on the Z80 microprocessor and runs 

the CPM 3+ operating system. This allows a high level language to be used 

(Modula-2) which gives a degree of portability and makes the software very 

flexible. Because both some of the power supplies for the ion source and 

the entire gas handling apparatus are at high voltage, the control is 

effected by passing serial data down optical fibres.

Particular care has been taken with spark protection for the 

electronics which is directly connected to the ion source. All of the 

digital and analogue control lines are buffered with resistors and clamping 

diodes.

The software for this system has been specially written and is 

operational.
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Summary

The features fundamental to the operation of a high intensity sputter 

source have been evaluated and, by making measurements on such a source, 

the changes that are needed to make an ion source which is suitable for AMS 

radiocarbon measurements have been ascertained. Such an ion source has 

been designed and built complete with a computer control system and gas 

handling apparatus. A more comprehensive gas handling systems which is now 

under development is described; this will allow the ion source to be used 

for routine measurements.

The performance of this type of source will be discussed in the next 

two chapters.
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Chapter 3 

Ion Beams from Graphite

Introduction

In order to investigate the performance of the high intensity sputter 

source and OXGIS without the complications introduced in using carbon 

dioxide, the HISS was used with graphite targets. These experiments 

yielded useful information about the operation of these sources as well as 

being of interest in the light of possible future applications of this 

source with graphite (discussed below). All of the experiments described 

here were performed on the HISS described in the previous chapter, but all 

comments concerning the general operational behaviour apply to both the 

HISS and OXGIS.

The operation of these sources can be divided into several distinct 

parts each of which will be considered in the course of this chapter:

1. the maintenance of electric fields

2. the control of caesium flow

3. the ionisation of the caesium

4. the focussing of the caesium beam

5. the sputtering of the target

6. the extraction of the secondary beam

1. The Maintenance of High Voltage

1.1. Typical Voltages

The extract voltage Vex is largely constrained by the subsequent ion
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optical elements in the accelerator injection system. For the reduction of 

space charge effects and in order to reduce the spacial components of the 

phase space before the beam is injected, it is clearly advantageous to have 

as large an extract voltage as possible. This is usually limited by the 

strength of the injection analyser magnet or the energy pulser (which 

allows different isotopes to pass through the same magnetic field). With 

the modified extract geometry described in the previous chapter, voltages 

of up to -30 kV can be used. (This is the limit of the power supply and is 

also close to the breakdown limit of the feedthroughs, isolating 

transformers, et cetera, and so no attempt was made to apply higher 

voltages.) The extract voltage applied during the experiments described 

here was -25.84 kV.

The optimum sputter voltage V S p is determined by the sputtering 

process and the factors relating to this will be discussed in section 5. 

Typical values are around 5 kV but voltages of up to 10 kV can be used 

(again this is the limit of the power supply but there is nothing to be 

gained by increasing V S p beyond this: see below).

1.2. Voltage Breakdown on Insulators

No problems have been encountered with voltage breakdown across the 

insulators inside the ion sources (HISS or OXGIS). This characteristic is 

ascribed to the careful thermal design of the sources which keeps the boron 

nitride insulators at a high temperature, and to the shielding of the other 

insulators from caesium vapour.

1.3. Excessive Currents

The power supply used for providing V S p has a limited current load 

capacity of 10 mA, and if the caesium vapour pressure in the source is too 

high the power supply becomes overloaded by the secondary electron current.
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To remedy this, the caesium vapour pressure, the ioniser temperature or the 

sputter voltage must be reduced. These currents can also cause problems 

for subsequent optical elements (see last chapter, section 1.6).

1.4. Debris Induced Voltage Breakdown

If debris from the sputter target falls into the gap between the 

sputter target and the ion source chamber, voltage breakdown can occur. 

This effect has been observed on OXGIS and was believed to have been a 

consequence of mixing copper target holders with the aluminium ones usually 

used. There is normally a build up of the target holder material inside 

the source and it is possible that the copper was not able to adhere 

satisfactorily to the aluminium already deposited.

After prolonged use, the ion source must be cleaned. It is not yet 

clear how frequently this is necessary and this will clearly depend on how 

the source is operated. Intervals of 300 to 500 hours of operation between 

cleaning are certainly possible.

2. The Control of the Caesium Flow

The control of the caesium vapour pressure in the ion source chamber 

is effected by varying the temperature of the oven, T ov . An oven 

temperature of about 430 K is typical if C~ currents of about 100 ^A are 

required from graphite (or 20 jaA from carbon dioxide). As discussed in the 

previous chapter it is essential that the caesium vapour feed pipe is kept 

at a temperature which is greater than Tov . If the ion source has been 

cleaned and there is no caesium in the feed pipe it can take several hours 

for the caesium flow to come to equilibrium, and if the oven has been 

opened to air it is often necessary to heat it to a higher temperature than 

normal in order to make the source function properly. If, as is normally
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the practice, the source is cooled down fairly quickly so that there is a 

distribution of caesium throughout the length of the caesium vapour feed 

pipe it takes only about an hour to reach normal operating conditions once 

the source has been heated up.

3. The lonisation of the Caesium

The electric fields within this type of ion source are not high enough 

to affect the ionisation probability. The ionisation energy of caesium is 

3.94 eV and the work function of tantalum is 4.1 eV so ion formation is 

energetically favourable. The probability that an ion forms when a caesium 

atom strikes the ioniser will depend on the residence time on the surface, 

the form of the valence electron's potential barrier between the atom and 

the surface, and the surface temperature.

3.1. The Temperature of the Ioniser

Because the ioniser coil is suspended in vacuo, most of the heat 

transfer between the coil and the ion source will be by radiation. The 

power radiated by a body is proportional to the fourth power of its 

temperature (Stefan's law). As the temperature of the ioniser is 

approximately twice that of the ion source chamber (see section 1.3 of the 

previous chapter) the radiative heating by the rest of the source will be 

(1/2)^ times lower than the radiative loss. Thus one can write the 

approximate equation:

(3.1.1) Ti - k (Vili) 1 / 4

where V^ is the voltage across the ioniser, Ij_ is the current through it 

and Ti is the temperature of the ioniser. A lower limit for the constant k
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can be determined from Stefan's law for black body radiation; this gives 

k > 260 K W' 1 '^. In practice k will be higher than that predicted by 

Stefan's law because the ioniser is a clean metal and because of the heat 

shields.

The ioniser has been operated with power dissipations of up to about 

400 W which will, from the above equation, correspond to a temperature of 

greater than 1200 K (believed to be about 1400 K [1]). The temperature of 

the ioniser is unlikely to be constant over its entire surface, and this 

should be borne in mind when considering the next section.

3.2. The Variation of Caesium Current with Ioniser Temperature

Because of high electron currents, the load on the power supply that 

maintains the voltage VS p is not a good measure of the caesium current. A 

better monitor of the caesium current is the C~ current produced from 

graphite which is thought to be typically a third of the caesium current 

(as measured on a modified UNIS source [2]). Although, obviously, this 

will be affected by many other factors such as the temperature of the 

target, the variation with caesium current is likely to be the dominant 

effect. The C~ current was measured against ioniser temperature. The 

results are plotted in figure 1; the temperature scale has an arbitrary 

magnitude but 1 corresponds to the maximum operating temperature discussed 

above. The fact that the caesium current reaches a plateau at around the 

normal operating temperature indicates that a large proportion of the 

caesium atoms striking the ioniser are ionised. Hence the vapour pressure 

of caesium needed to produce 1 mA of Cs + (assuming an effective ionising 

surface of about 10 cm2 ) is roughly 10" 8 atmos. which is at least a 

hundred times larger than the estimated vapour pressure of the caesium in 

the oven [3]. (This is expected because of the poor conductance between 

the oven and the ion source chamber relative to the conductance out of the
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The variation in C~ current with ioniser temperature

II ION SOURCES



3: Graphite 240

chamber.)

4. The Focussing of the Caesium Beam

The focussing of the caesium beam in these ion sources is dependent 

only on the geometry of the ion source and on space charge effects. 

Because of the thermal velocity distributions of the ions at formation, 

there could also be a small effect when VSp is changed, but this change 

will be difficult to distinguish from changes in the sputtering process and 

in the space charge forces. Because the emittance of the ion source is 

ultimately determined by the primary caesium beam it is worth investigating 

changes in the emittance when the source geometry is altered. Similar 

investigations in relation to changes in the caesium current might also 

shed some light on space charge effects within the source.

4.1. Ion Source Geometry

As indicated in the last chapter, it was decided that changes in the 

design of the optics of the ion source was beyond the scope of this 

project, and so the only alteration that has been made to the geometry of 

the source itself is the change in the target position (for the effect of

of 
altering the extract electrode, see section 6). The effect this on the

emittance was not significant within the scatter of the data, although from 

the current it is clear that a greater proportion of the secondary ion 

current is extracted if the target is nearer the extract aperture. There 

are probably four effects which are important here: firstly, the position 

of the target will affect the focussing of the caesium beam; secondly, if 

the target is withdrawn from the source, an effective immersion lens is 

formed at the target which will smooth out the beam's distribution in phase 

space thereby decreasing the effective emittance (but not the actual or
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measured emittance); thirdly, the further the target is from the exit 

aperture the less of the beam is extracted and this should reduce the beam 

emittance; finally there are the effects of secondary ion beam transport 

(see below). It is difficult to unravel these different factors.

Some indication of the caesium focus can be determined from the 

sputter damage to targets and this is how one checks for misalignment of 

the ioniser during operation. With the range of target positions 

investigated, the sputter damage was always concentrated in a region with a 

diameter of circa 1 mm surrounded by a large region (up to about 5 mm in 

diameter) with less substantial sputter damage. In order to get any 

detailed information from this one would have to measure sputter rate 

distributions; this was not done as it was already clear that using a 

spherical ioniser one could reduce the halo of the caesium beam [4], 

although recent experiments suggest that this may not have an appreciable 

effect on the emittance [5].

4.2. Caesium Beam Current

Attempts were made to measure the effect of the caesium current on the 

emittance. The results of these experiments are shown in figure 2. The 

square data points represent emittance measurements made on a single target 

while keeping all other source conditions the same; the data points marked 

with crosses represent measurements made under a variety of conditions but 

as no systematic variations in emittance with these other conditions were 

observed, it seems reasonable to include these points.

The rise in the emittance with current, particularly in the region 

where the carbon current is between 40 and 70 ^A, could be explained in 

terms of space charge defocussing the caesium beam, however the subsequent 

fall shows that there is another effect. This is believed to be a result 

of the aberrations caused by the space charge of the secondary ion beam
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variation in beam emittance with C~ current (701 of the beam)
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(see part I of this thesis) which make the assumptions about separability 

inherent in the emittance measurements unrealistic (see chapter 1). This 

will have unpredictable effects on the results, and should perhaps make us 

wary of deducing too much from the emittance variations with current.

5. The Sputtering of the Graphite

In order to investigate the sputtering process, variations in 

emittance and current with sputter energy were measured. It should be 

noted that these variations will also affect the extraction of the 

secondary ion beam and possibly the focus of the primary caesium ion beam.

5.1. The Cr Ion Beam Emittance

Emittance measurements were made with sputter energies in the region 

of 3.0 to 7.5 keV. No systematic variations were observed. This is not 

surprising as the only effect that one would expect from this is a change 

in the high velocity cut off limit for the sputtered ions (see chapter 

1/2) and an increase in the extraction efficiency of the sputtered ions 

which have large transverse velocities; these will form only a small 

proportion of the ion beam and therefore no large change in emittance is 

expected.

5.2. The C~ Ion Beam Current

A typical plot of ion beam current against sputter energy is shown in 

figure 3. The basic shape of this curve can be explained by the neutral 

sputter yield which is expected to rise towards a plateau of about 2 carbon 

ions per caesium ion at a sputtering energy of around 5 keV [6]. However 

considerable variation was found from target to target, particularly with 

different caesium currents. More specifically it is found that with low
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caesium currents there is a rise in the C~ current as the sputter energy 

increases over the region 5 to 10 keV which is not the case with high 

caesium currents (sufficient to give 100 pA of C").

When variations in the sputter voltage are made, it takes about a 

minute for the ion beam to come to equilibrium (this depends somewhat on 

the size of the change in sputtering voltage). The length of this time 

constant suggests that there is a thermal effect involved.

For graphite which is being caesiated by the sputtering beam there is 

an optimum target temperature of about 480 K [7]. This is because as the 

target temperature rises the caesium concentration falls (see ref. [2] for 

a detailed explanation of this process) and there is a surface caesium 

concentration which gives a minimum work function [8]. (See chapter 1/2 

for a discussion of the significance of this.) The temperature of 480 K 

presumably gives the minimum work function. The behaviour described above 

can then be explained in terms of variations in surface temperature due to 

the thermal load from the caesium beam. At low caesium currents the 

temperature is below optimum and so increasing the sputter voltage will 

increase the ionisation probability, whereas at high caesium currents, when 

the surface temperature is probably close to optimum, this will not happen, 

and the ionisation probability may even decrease (seen on some occasions). 

The target to target variations arise as a result of the slightly different 

thermal properties of the targets.

Because the secondary electron current rises with V S p while the 

caesium current does not do so, the maximum caesium currents can only be 

obtained with low VS p since the power supply which maintains the voltage

V c ^ has a limited current load. Given the behaviour described above, the b P

maximum C~ currents are obtained with a sputter energy of about 5 keV. The 

variation in beam currents between different targets is also less at this 

energy and so 5 keV is probably the optimum sputter voltage for most
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purposes.

It vsp i- s maintained at 5 keV the C~ current is determined largely by 

the caesium current which can be increased by raising the vapour pressure 

as described above. By this means, currents of over 200 ^A of C~ have been 

obtained, this being limited by the power supply of the gridded lens in the 

ion source test facility rather than by the ion source itself.

6. The Extraction of the Secondary Ion Beam

The changes made to the extract geometry of the HISS are detailed in 

the previous chapter. They amount to the introduction of an immersion lens 

after the extract aperture. This, if anything, increases the measured 

emittance of the beam (as the fine structure of the ion beam is lost) but 

the effective emittance remains the same, and the ion beam brightness 

profile is rendered less sensitive to small changes in the ion beam which 

leaves the sputter target. Another effect of this change is to alter the 

aspect ratio of the brightness profile in phase space: the angular 

divergence is reduced somewhat while the apparent source size is increased. 

This is beneficial for matching the ion beam emittance to the accelerator 

(see part I of this thesis).

7. The Emittance of the C~ Ion Beam

Although the treatment of ion beam transport in the first part of this 

thesis demonstrates the difficulties in using a straight-forward emittance 

area to assess the suitability of an ion source, it is worth giving the 

emittance areas for this type of source operating with graphite: figure 4 

shows the areas in two dimensional phase space which enclose particular 

proportions of the beam; the 21 measurements represented in this figure are
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all made with Vex = -25.84 kV and Vsp = 5 kV (three with Vsp = 5.3 kV) but 

with a variety of ion currents. The 'theory' line corresponds to the 

Gaussian distribution used to model the behaviour of this source in chapter 

1/8. For comparison, figure 5 shows the comparable measurements for a 

version of the modified UNIS source similar to that now used for 

radiocarbon determinations at Oxford. This plot represents 76 measurements 

all under fairly similar conditions and so it is very interesting to see 

that the variation in the emittance of this source is so much higher, 

particularly in the most relevant high transmission region. The line on 

this graph also represents the Gaussian model used for this source in 

chapter 1/8 and one can see that the fit is not so good. In both figures 4 

and 5 the errors are simply the standard deviations of the measured points 

and the Gaussian functions are fitted by weighting the points in inverse 

proportion to their errors.

In trying to model the transport of ion beams from the HISS in the ion 

source test bench (see section 1/8:1) for ion beams of different currents 

it was found that the variables pq and pa (see table 1/8:1.1.1 and equation 

1/7:3.2.1) which gave the best fits to the measurements altered slightly 

with current. pq/pa is the ratio of the spatial to angular dimensions of 

the emittance of the ion source and it is found to grow with increasing 

current (about 202 for 100 u.A) while the measured emittance area remains 

almost unchanged. This is thought to be the result of space charge effects 

on the C~ ions as they leave the target.

8. Using Graphite for Radiocarbon Measurements

The high C~ currents produced by the HISS when used with graphite 

might seem to be well suited to the task of making radiocarbon 

measurements. However, as well as the problems associated with the
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accurate measurement of isotopic ratios in a high current ion beam (see 

part I of this thesis), there is also a considerable problem in producing 

suitable graphite targets. In the first place there are problems of 

contamination introduced in the graphitisation process which is a 

particular problem for the very old samples for which high currents would 

be most desirable (and for which the problems of accuracy are less severe). 

In addition to this the HISS requires samples with very good thermal 

conductivity. Pilot experiments with graphite coated iron samples (similar 

to those described in ref. [9]) gave C~ currents of only about 30 jaA under 

conditions which would give about 100 pA from the commercial graphite 

normally used.

Summary

The performance of a high intensity sputter source used with graphite 

has been investigated and experiments are described which shed light on the 

physical phenomena which underlie the source's operation. Explanations for 

the ion source's behaviour have been put forward and the optimum operating 

conditions established.

Measurements of the emittance of the HISS show that it is much less 

variable than that of the modified UNIS source.

References

[1] R. Middleton, Nucl. Instr. and Meth. 220 (1984) 105. 

[2] N.R. White, D. Phil. Thesis, Oxford University (1981).

[3] A.N. Nesmeyanov, Vapour Pressure of the Chemical Elements 
(Elsevier, Amsterdam, 1963) pp. 146 & 445.

[4] R. Middleton, Workshop on Techniques in A.M.S., Oxford Radiocarbon 
Accelerator Unit (1986) 82.

II ION SOURCES



3: Graphite 251

[5] G.D. Alton, J.W. McConnell, S. Tajima and G.J. Nelson 
Nucl. Instr. and Meth. B24 (1987) 826.

[6] Ch. Lukner, Nucl. Instr. and Meth. 167 (1979) 249.

[7] G. Doucas, J. Phys. D 17 (1984) 429.

[8] M.L. Yu, Phys. Rev. Lett. 40 (1978) 574.

[9] J.S. Vogel, J.R. Southon, D.E. Nelson and T.A. Brown, 
Nucl. Instr. and Meth. B5 (1984) 289.

II ION SOURCES



4: Carbon Dioxide 252

Chapter 4 

Ion Beams from Carbon Dioxide

Introduction

The reasons for wishing to produce C~ ion beams directly from carbon 

dioxide were discussed in the introduction to this thesis. Although 

experiments had been undertaken by others before this work was started 

[1,2], there still remained considerable difficulties. An ion source 

designed specifically for use with carbon dioxide has been described in 

section 2:3 and in this chapter the remaining problems will be discussed. 

The intention is to come to a clearer understanding of the physical 

processes taking place in such a source and in particular to understand all 

possible mechanisms for cross contamination. In addition, the ion current 

produced without any gas flow must be reduced to acceptable levels because, 

as reference [2] shows, this is clearly the greatest problem (values of 

greater than 32 have been quoted [2]).

All of the experiments described in this chapter were, unless 

otherwise specified, carried out on OXGIS using a target of the type shown 

in figure 2:8b (gas target 1). The sputter energy used was 5 keV and the 

extraction energy of the ion beam produced was 24 keV. The conditions of 

the ion source are such that, were a graphite target introduced into the 

source (of the type shown in figure 2:8), the C~ current produced would be 

in the region of 100
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1. The Production of C" Ions

1.1. The Sputtering Mechanism

Unlike the traditional gas plasma ion sources used for producing 

positive ions, the HISS type of ion source when used with C02 is not really 

a gas ion source at all. The sputtering of the carbon atoms takes place 

from the surface of the sputtering target where the carbon dioxide 

molecules are adsorbed. (This is also different from the ANIS source [1] 

which ionises the gas, focusses the positive ions onto the sputter target 

and then sputters them off again.) This can be demonstrated in two ways. 

Firstly the ion currents which can be obtained from these sources is 

directly correlated with the getter ability of the material used as a 

target: table 1.1.1 shows the C~ currents that can be produced in a HISS 

with different target materials (from ref. [2]). It should be noted that 

the currents are high because the target area is large; the arrangement 

used for these measurements was found to give high emittance and low 

efficiency (see ref. [2] for a complete discussion of this).

material

titanium
zirconium
scandium
tantalum
nickel
magnesium 
copper 
gold

current

55
40
35
30
13
8 
3 
1

(MA)

Table 1.1.1.
C~ currents obtained from different target materials with CO2 in a

HISS (from ref. [2])

The second indication that the sputtering takes place on the surface 

is that the efficiency of the whole process is so high (see below) or, in
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other words, that currents of about 20 ^A can be obtained with gas flows of 

only 0.25 atmos.cc/hr. These gas flows put an estimated upper limit on the 

pressure within the ion source of 2 x 10" 8 atmos. and, assuming that the 

cross section for any interaction between the caesium ion and the gas 

molecules is likely to be less than lO' 19 m2 (see chapter 1/6), the total 

interaction rate would be in the region of 2 x 10 12 s" 1 , which would only 

be enough to yield an ion current of 0.3 jaA. Clearly most of these 

interactions would not produce negative ions and those that are produced 

might not get out of the ion source. In order to explain the operation of 

these sources we must therefore have a mechanism which retains the gas 

molecules in the path of the caesium ions for longer. This mechanism is 

shown by the measurements quoted in table 1.1.1. to be adsorption on the 

sputter target.

The probability of a C0£ molecule which enters the ion source adhering 

to the sputtering surface is difficult to calculate. The sticking 

probability for a carbon dioxide molecule striking a titanium surface is 

0.5 [3]. The probability for a gas molecule striking the target is hard to 

estimate for targets of the type shown in figure 2:8b (gas target, 

type 1) both because the effective target area is difficult to estimate (as 

the caesium beam size is smaller than the target area) and because the way 

in which the gas flows is unknown. For those of the type shown in figure 

2:8c (gas target, type 2) where the gas is essentially just let into the 

ion source chamber and where all of the titanium surface is being used as a 

sputter target the proportion of C02 sticking to the surface will be 0.5 

AT/AE where AT is the target area and Ag is the area of the extract 

aperture through which most of the gas will flow. This fraction is 0.02.

Another effect which will reduce the efficiency with which the 

molecules arrive at the surface is the gettering effect of the neutral 

titanium sputtered off the target. This will act as a sublimation pump of
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very limited pumping speed and will reduce the efficiency of the source at 

very low gas flows [4].

Once on the target, the carbon atoms must be sputtered off as part of 

a collision cascade. For a discussion of the theory of the collision 

dynamics involved see section 1/2:1.

If the ion source is operated with a gas flow of about 0.25 cc/hr and 

with a C~ current of about 20 uA for 30 minutes and the gas flow is 

suddenly stopped, the current falls virtually instantaneously (in less than 

one second) to about 4 uA; thereafter the fall off is much slower, the time 

constant being about 10 minutes. This is important because it indicates 

that recoil implantation is taking place (see section 1/2:1.4). During 

normal operation material will be adsorbed onto the surface and then some 

of it will be sputtered off directly from the adsorbed gas phase, while the 

rest will either be implanted into the target to be sputtered off later or 

remain there throughout the use of the target. It is useful at this stage 

to introduce the parameter fj_ which is the proportion of the sputtered 

carbon atoms which come from the implanted phase (1 - f^ is the proportion 

coming from the adsorbed gas phase).

It is possible that there will be fractionation of the carbon dioxide 

in the adsorption process but, assuming that the conditions in the ion 

source remain constant enough to prevent variations in this, it will not 

alter the accuracy of isotopic ratio measurements.

1.2. The lonisation Process

The ionisation process is discussed in some detail in chapter 1/2. As 

indicated there, it is moderated by the tunnelling of electrons between the 

species that is being sputtered and the surface. However, as for graphite, 

it seems likely that for a caesiated surface ion formation is energetically 

favourable over the region in which tunnelling is important making the ion
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formation fairly independent of velocity. The high ion production 

probability for sputtered carbon atoms also indicates that the velocity 

dependence cannot be very strong and therefore the isotopic fractionation 

will be small.

The ion formation probability will depend largely on the function 

ea (z) which is the variation of the electron affinity of the sputtered atom 

and cp, the work function of the surface. For both implanted and adsorbed 

species 9 will be very similar, but ea (z) will be different for the carbon 

atoms from the two different species close to the surface. In addition to 

this, the implanted species will pass through the surface at close to their 

final velocity, whereas the adsorbed atoms will accelerate from a position 

of the order of 10~1° m outside the surface; because for a caesiated 

surface this will be close to the position of minimum ea (z), one would 

expect the ion yield from the adsorbed species to be significantly greater 

than that from the implanted species or indeed from graphite (see below).

The work function will depend on the caesiation of the surface and at 

its minimum will be slightly lower than the work function of caesium itself 

(see section 1/2:2.3), which is also what is expected for graphite. Thus, 

broadly speaking, one would expect the ion formation probability for the 

implanted carbon atoms, p^, to be similar to that of carbon and the 

probability for the adsorbed atoms, pa , to be somewhat larger.

The surface work function will also be increased by the adsorbed gas 

and this must affect the ion formation probability (see below).

1.3. The Overall Ion Production Efficiency

In practice, the sputtering of the carbon atoms and the ion formation 

process cannot easily be studied in isolation, and so one must study the 

overall ion production behaviour. The overall ion production efficiency 

(defined as the number of C" ions produced by the source for a given flow
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of gas) will be given by the following equation:

d.3.1) E = Pex p st (fi Pi + (1 - fi) pa )

where pex is the probability that negative ions are extracted from the 

source; p st is the probability that C0£ molecules entering the source stick 

to the effective target surface; fj_, p£ and pa are defined above. pex is 

probably close to unity for the arrangement used in OXGIS. The value of E 

for a target of the type shown in figure 2:8c (gas target 2) is about 

0.008 to 0.01 and, as discussed in section 1.1., p st is about 0.02 

indicating that (f^ pj^ + (1 - fj_) pa ) is about 0.4 to 0.5. In addition to 

this we know that the total ion yield from the implanted phase is about 0.2 

to 0.25 of that from the adsorbed phase (ie. fj_ p£/((l - fj_) pa ) = 0.2 to 

0.25); this ratio includes the C~ ions produced after the gas flow has 

stopped. All of this information allows us to put limits on the values of 

f^, pi and pa . Figure 1 shows the range of possible values calculated from 

the data given here for a range of values of pa (note that the errors given 

on the two quantities are somewhat correlated). It is clear that pa is 

likely to be greater than p^ (as expected from the arguments given above) 

and it must be greater than 0.5. If pj_ is similar to the normal values for 

graphite (10 to 202), pa is likely to be greater than 0.6. This is very 

important because about 802 of the C~ beam is produced from the adsorbed 

phase, and ion formation probabilities of this magnitude suggest that the 

isotopic fractionation will be very low (although obviously this should be 

backed up with direct experiments which are not possible on the ion source 

test bench).

It should also be noted that if an appreciable proportion of the 

carbon is sputtered off in the form of clusters (in particular the CO flux 

is not known) then the ion formation probability for single sputtered atoms
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The ranges of possible values of f± (the fraction of carbon atoms 
implanted) and p-[ (the probability that implanted atoms become negative 
ions) as a function of pa (the probability that atoms sputtered from the 
surface become negative ions); bars represent ranges and points mean values
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will be even higher than that estimated above.

Figure 2 shows the ion currents from a typical gas target of type 1. 

The measurements represented here were made by varying the gas flow over 

the whole range several times. From this graph a number of observations 

can be made:

a. Firstly it should be pointed out that the intersection of the points 

with the y axis is somewhat arbitrary because of the current from the 

implanted carbon which depends on the history of the target; this is 

probably also responsible for much of the scatter over the rest of the 

graph as the quantity of implanted carbon introduces a kind of 

hysteresis into the variations of C~ current with gas flow.

b. The second point of interest is the approximately linear region of the 

graph which covers the range of gas flows from about 0.05 to 0.17 

atmos.cc/hr. This indicates that the change in the work function 

which is taking place because of the adsorbed CC>2 molecules is not 

making an appreciable difference to the ion formation probability in 

this region.

c. The linear part of the graph does not, if extrapolated, pass through 

zero. This is believed to be as a result of the reduced value of p st 

at low gas flows which is a consequence of the gettering effect of the 

sputtered neutral titanium.

d. At a gas flow of about 0.2 atmos.cc/hr the ion production efficiency 

starts to drop off fairly sharply. This cannot be due to attenuation 

of the ion beam in the gas because the pressures are far too low (and 

moreover the 0~ current continues to rise almost linearly), and it
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C~ current versus carbon dioxide flow for a typical target
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cannot be because of a reduction in p st because the population of 

adsorbed molecules on the target surface (which is estimated to be 

only about 5 x 10~ 17 m" 2 molecules) is too low (and anyway this could 

not account for a fall in the C~ yield which is observed at slightly 

higher gas flows). This phenomenon would therefore seem to be a 

result of the fall in the work function of the surface which arises 

because of the population of adsorbed CC>2 molecules.

The fact that the ion formation probability remains fairly constant 

for low gas flows and then falls off rapidly is rather surprising as 

one would expect the change in the work function to be approximately 

linear with gas molecule population. It suggests that this might be a 

case of Fermi level crossing [5], If this is so, then it indicates 

that the ion formation probability (from the adsorbed gas phase) with 

low gas flows is very close to unity (ie » 902).

e. The overall efficiency of ion production, E, is about 0.08 to 0.1 

which indicates that extremely small samples of C0£ could be used in 

the OXGIS for radiocarbon measurements. Typical measurement 

requirements for recent samples are circa 8 jaA hr and so in theory 

only 0.1 atmos.cc of carbon dioxide would be required, which 

corresponds to 50 jag of carbon. The amount actually needed will 

depend on the gas handling system used.

In order to further investigate the reasons for the fall in C~ current 

at CC>2 flows of greater than about 0.2 atmos.cc/hr an Ar/CC>2 mixture was 

used (in the ratio 10:1). The results of the measurements made with this 

mixture are shown in figure 3; there is clearly some attenuation as the gas 

flow increases, but the C~ current essentially has the same functional
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The effect of an argon carrier on the current versus gas flow curve
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dependence on the C02 flow regardless of the argon present. This supports 

the hypothesis put forward in section d above.

Another set of measurements which also sheds light on the processes 

involved is that taken of the C~ current versus gas flow and sputter 

voltage. Figure 4 shows these measurements and figure 5 is a surface plot 

of a bivariate Chebychev polynomial fit to the measurements showing the 

overall pattern. The maximum current that can be obtained at any given 

sputter voltage is a similar function of that voltage as the C~ current 

obtained from graphite (see figure 3:3), but the efficiency seems to drop 

when the sputter energy rises above about 4 keV. The principal reason for 

this can be discovered if one also notices that the intersection of the 

approximately linear sections of the gas flow curves with the x axis (of 

figure 4) increases with sputter energy; this is because the neutral 

titanium sputtered from the target increases and therefore more of the C02 

is gettered onto other parts of the source. Indirectly this also explains 

why there is a rise in the gas flow which gives maximum current as the 

sputter energy is increased (even at those voltages where there is not much 

change in the efficiency): increasing the rate of removal of material from 

the surface allows a greater flux of gas onto the surface for the same 

surface population and a consequent drop in the work function.

The results shown in figures 4 and 5 also give some indication of the 

optimum working conditions. When choosing the sputter voltage there is 

clearly a balance to be struck between efficiency and maximum current. It 

is also important to realise that gettering of the C0£ onto other parts of 

the ion source is best kept to a minimum as it does provide a possible 

mechanism for cross contamination, although there is no evidence that this 

mechanism is acting in these circumstances (see below). About 902 of the 

maximum current can be obtained with a sputter voltage of 5 kV and at this 

voltage the efficiency is still close to its maximum; this voltage would
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C~ current versus gas flow for different sputter voltages
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The C~ current surface in gas flow!sputter voltage space
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therefore seem to be a good compromise and has been used for all of the 

work described here.

1.4. The Implications for Radiocarbon Measurements

The implications for radiocarbon measurements of the observations 

described here are essentially three. Firstly, the fact that most of the 

ion current is produced from the adsorbed gas phase for which the ion 

formation probability would seem to be very close to unity indicates that 

the isotopic fractionation of the ion source due to the sputtering process 

should be very much smaller than for graphite. Secondly, the high 

efficiency of the source indicates that very small samples should be 

measurable (<100 jag) as explained in section l.S.e. Thirdly, the 

predictable way in which the C~ ion current varies with gas flow makes it 

easy to maintain a constant ion current from the source which will minimise 

the measurement inaccuracies of the rest of the AMS system (see part I). 

Together these indicate that this ion source should enable more accurate 

radiocarbon determinations to be made whilst also allowing the use of 

smaller samples.

2. Background Currents

When this investigation into gas ion sources of the HISS type was 

started, the currents that were obtained with no gas flowing were 

certainly the worst problem that had to be addressed [2]. The fundamental 

reason for this difficulty is the very high efficiency of the source which 

makes it susceptible to contamination and also makes it into a sensitive 

residual gas analyser. To underline this problem it is worth pointing out 

that each monolayer of carbon on the surface of a 2 mm diameter target in 

principle contains enough atoms to produce about 50 ^A s of C~ current.
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2.1. Target Contamination

The largest single source of background currents can be the targets 

themselves. They can pick up carbonaceous contamination in a number of 

ways :

a. The manufacture of target heads involves the use of machine tools that 

tend to leave residues of oil. To remove these a solvent such as 

chloroform (CHC1 3 ) or arclone (CC1 3 CH3) is used. Unfortunately 

degreasing agents themselves tend to leave residues behind and so the 

components of the targets heads are ultrasonically cleaned in methanol 

for three minutes, shockblasted, then ultrasonically cleaned in 

distilled and deionised water and finally baked in an oven overnight. 

This undoubtedly still leaves some contamination on the targets and 

they must be run in the ion source for about ten minutes to remove 

this before they are ready for use. If sufficient care is not taken 

with this cleaning procedure, very high currents (up to 40 joA on one 

occasion) can be obtained when a target is first put in the source; 

once this has happened a target cannot be used as the recoil

a 

reasonable background current.

\^/ ^X V* X* V* H -i- U ± A t* *-* ** ̂ * f* f* v- A* >-* ^» W* *» W» <b fry «-» W ** W» • • A A V «v ** -V «M w -w «M> b<* V X« ** X^ 4_ «brf ^rf ^r ^

implantation that takes place then makes it very difficult to obtain

It is also worth pointing out at this stage that the use of compressed 

titanium powder for the target material makes the problem of target 

contamination far worse as there is a much higher surface area and it 

is impossible to clean the target effectively by sputtering. This was 

the original material used in this kind of source [2] but it was 

abandoned at an early stage in this research because of the problem of 

contamination and because the currents yielded were not very stable.
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b. Another important source of target contamination in the HISS is the 

vacuum interlock through which the targets are introduced. 

Experiments using this arrangement were found to give initial 

background currents of about 18 jjiA falling to 5 joA in a few minutes 

and then to about 2 juA over an hour. Clearly a very large proportion 

of the current is coming from the implanted phase; this is also 

indicated by the CH" current which is high (10 to 20 Z) initially but 

falls off to only a few percent after about 5 minutes. The 

introduction of a liquid nitrogen trap between the roughing pump and 

the interlock chamber reduces the background currents by a factor 

greater than 2. Part of this effect may be due to hydrocarbons 

entering the vacuum system via the interlock in the gas phase (see 

below).

In OXGIS this problem has been largely eliminated as the targets are 

all kept under UHV throughout the operation of the source. The 

chamber in which they are kept is pumped with a Balzers turbo- 

molecular pump which operates from atmospheric pressure, thereby 

minimising the oil backstreaming from the rotary backing pump. The 

introduction of this turbo pump was responsible for a four-fold 

decrease in the background currents from the source (from about 300- 

400 nA down to 70-100 nA). This is probably partly due to the reduced 

contamination of the target heads and partly to the reduction in the 

partial pressure of residual hydrocarbons (see below).

c. A much smaller effect which is only observable on OXGIS is the 

increase in the background current which is obtained when a target is 

stored in the vacuum chamber behind the source. If a target is
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removed from the source and introduced within a few minutes there is 

no appreciable change in the background current; however if an hour or 

so elapses the background level of the target will increase by about 

100 nA (even greater times do not seem to increase this above about 

200 nA) falling off with a time constant of about 2 minutes. This 

rate of contamination can be increased by running the source with no 

target which allows caesium to flow into the target chamber.

This type of contamination makes it clear that the vacuum quality in 

the target chamber is very important, and also that the separation of 

the source and the targets that are not being used is an essential 

feature of the design of OXGIS.

d. The use of a target with CC>2 effectively contaminates it because of 

the recoil implantation that takes place. For this reason a new 

target must be used for each distinct gas sample. Some indication of 

the constancy of the background current can be obtained by using 

1^C02. A target which has been run with this gas continues to produce 

a substantial 13C~ beam after the gas flow has been stopped. If 12C02 

is then admitted the 13C~ current remains constant (to within about 

10Z) over the normal operational range of gas flows.

For all types of surface contamination the initial time constant for 

the removal of the contamination is about 2 minutes but then, as recoil 

implantation is involved, the subsequent fall off in background C~ currents 

becomes much slower. With the present design of OXGIS the contamination 

from these sources in normal running conditions is restricted to that 

described in section c (and to that described in section a if the targets 

are not properly cleaned).
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2.2. Residual Gas

The importance of vacuum quality is paramount. As mentioned above, 

the introduction of a turbo-molecular pump behind the ion source was 

responsible for a four-fold decrease in the background currents from OXGIS. 

It is also found to be necessary to have a liquid nitrogen trap in front of 

the ion source when it is operating on the ion source test bench as the 

vacuum system for this piece of equipment has quite high hydrocarbon 

partial pressures (probably about 10~ 10 atmos.). This requirement for low 

residual gas pressures is another reason for not using a vacuum interlock 

for individual samples because such an interlock inevitably introduces 

hydrocarbons into the vacuum system.

It is not really clear whether any appreciable proportion of the 

background currents now obtained from OXGIS (70 - 100 nA) is due to the 

residual gas. Running the turbo pumps at lower speed seems not to have a 

noticeable effect and this suggests that the vacuum quality is no longer 

the limiting parameter.

2.3. Other Sources of Carbon

There are two other sources of carbon that have been considered: the 

titanium used for the targets and the ion source itself.

Using ultra-pure titanium (99.98Z instead of the 99.82 usually used) 

certainly does not remove the remaining background. This has only been 

tried for targets of type 2 and these seem to give a background current 

which is about 3 times smaller than that obtained with targets of type 1, 

because of their smaller area. The efficiency for this type of target is 

about 10 times lower but the maximum currents that can be obtained are 

> 80Z of those obtainable from targets of type 1.

There are strong indications that the remaining background current
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comes from the ion source itself. The mechanism for this is not clear but 

it is probably due to the ejection of carbonaceous material from the hot 

ioniser (this also seems to be the mechanism for cross contamination; see 

below). The evidence for this is that if the sputtering voltage is 

switched off for short time (such as a minute) and then switched back on 

again the residual current is larger and gradually falls back to its 

previous value; furthermore the total number of extra ions being produced 

is very close to the 'missing current' when the sputter voltage was 

switched off. There is no comparable effect if the target head is removed 

from the ion source chamber while the sputter voltage is switched off.

The residual background current is unaffected if small quantities of 

Ar or air (up to about 0.2 atmos.cc/hr) are admitted to the source. This 

suggests that the background current should be constant when C0£ is used as 

well (also see the experiment described in section Z.l.d).

2.4. The Implications of the Background Current

The background currents have been reduced to 70 - 100 nA which is 

about 0.3 - 0.5Z of the normal operating current from the source. Once a 

target has been cleaned by sputtering this background current remains 

fairly constant (to within 10Z) even when gas is admitted to the source. 

This suggests that the background can be subtracted from a measurement to 

an accuracy of 0.03 - 0.05Z. By using a gas target of type 2 this can be 

improved by a factor of 2 although with a large loss in efficiency. Work 

is now under way to improve the efficiency of these targets which have a 

smaller effective area by better spatial control of the gas flow.

The small size of the effective background (after subtraction) should 

pose no problems at all for the accuracy of radiocarbon measurements of 

recent material (an accuracy of 0.052 corresponds to only 4 years) but for 

very old material it would limit accuracy somewhat. It seems reasonable to
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assume that the background current will have approximately 251 of the 

modern concentration of 14 C as this is the value found for many 

contaminants (such as residual gas hydrocarbons, engineering oils et 

cetera). This being the case, at 60,000 years the background uncertainty 

would introduce an additional error of +1,600/-I,400 and it would enable 

one to establish a terminus ante quern of 74,000 years. If improvements in 

target design can improve this by a factor of two, as already seems 

feasible, this would improve these figures considerably (error at 60,000 

years +800/-750; terminus ante quern 80,000). It can clearly be seen that 

other constraints will be much more important than this.

3. Cross Contamination

One of the possible dangers of using a gas ion source is the problem 

of cross contamination. Experiments aimed at seeing if AMIS was a suitable 

ion source for this kind of work [1] demonstrate this very clearly. In 

order to investigate cross contamination effects, experiments have been 

done to see how the background current from OXGIS depend on the previous 

usage of the source, and similar experiments with 1 3C02 have been carried 

out to check on the findings.

3.1. Cross Contamination from Graphite

One test for cross contamination is to use the source with graphite, 

producing currents in excess of 100 jaA of C~ for 30 minutes and then to 

introduce a clean gas target (type 1) into the ion source. If this is done 

the background current from the target is about 1 pA and falls off with a 

time constant of about 10 minutes. The value of this experiment is that it 

demonstrates that there is a mechanism for cross contamination in this type 

of source which is quite independent of the use of carbonaceous gas in the
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source. The mechanism for this is believed to be evaporation of carbon 

from the ioniser. The carbon is deposited here by the high neutral carbon 

currents from the sputtering of graphite; the ioniser becomes lightly 

golden in colour after prolonged use indicating the presence of tantalum 

carbide. It seems likely that this mechanism will act as a cross 

contamination mechanism at the 0.5 - 11 level if the source is used with 

graphite (depending on the relative efficiencies of sputtering carbon from 

graphite and titanium) . It should also be noted that the use of a 

spherical ioniser which would lie almost directly in front of the target 

might well exacerbate this problem.

3.2. Cross Contamination from Carbon Dioxide

The cross contamination from carbon dioxide can, most easily, be 

investigated by alternately putting two targets into the ion source for 

periods of 30 minutes and determining the background currents obtained. 

The time for changing targets is between 30 and 60 seconds. One of the 

targets is then put into the source and C(>2 is introduced so that the ion 

source produces a current of about 20 uA. The other target when it is put 

into the source then shows an additional background current of less than 

20 nA (this is difficult to measure accurately as it is little more than 

102 of the total background current). This additional element to the 

background current falls off slowly and only reappears if CC>2 is let into 

the source again.

To check these findings 13C02 can be used in the place of 12CC>2 and 

this allows a more accurate assessment of the cross contamination current. 

This is again found to be about 10 nA (1 2 nA) and falls off with a time 

constant of about 10 minutes in the same way as the cross contamination 

from graphite. The 13C current can be monitored as 12C0 2 is let into the 

source and for low flow rates (up to about 0.1 atmos.cc/hr) there seems to
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be no change in the extra contribution due to cross contamination. It is 

difficult to monitor this beyond this flow rate as the natural -^C current 

from the ordinary C02 dominates.

Thus the cross contamination from carbon dioxide is only about 10 nA 

or 0.052 of the total C~ current obtained under normal operating 

conditions. Because it falls off, the effective value in measurements will 

be about half of this. As a consequence, in following a modern sample, one 

would expect to be able to determine a radiocarbon terminus ante quern of 

about 68,000 years and so only for extremely old samples would careful 

sample scheduling be necessary.

There is no evidence for any cross contamination from the gas phase. 

The time constant indicates that the mechanism which operates for graphite 

is the same as that which operates for carbon dioxide. That the effect is 

so small can be explained by the small neutral carbon flux obtained when 

operating with carbon dioxide which must be 100 times smaller than that 

from graphite. The C~ current is up to five times smaller but this still 

indicates that the C°/C~ ratio is 20 times lower. This must in part be due 

to the greater ionisation probability and in part to the very low abundance 

of clusters (C£, 03 .. et cetera; see below) which, when operating on 

graphite, accounts for more than 60Z of the negative ion flux and 

presumably a similar or greater proportion of the neutral flux (see table 

1/8:1.3.1).

4. Ion Beam Composition

4.1. Ions Produced by the Source

The principal ions produced by a HISS operating with CC>2 are given 

elsewhere [2]. The ion currents obtained under normal operating conditions 

with a C- beam of 20 ^A are shown in table 4.1.1. All measurements taken
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from reference [2] are marked accordingly; these were difficult to measure 

on the ion source test bench because of lack of mass resolution or 

insufficient magnetic field. Separate columns are given for those ions 

which are specific to particular target holder materials.

The presence of CN~ in the ion beam from OXGIS is believed to be the 

result of a small air leak in the vacuum system.

mass

1
12
13
16
17
18
24
26
27
28
32
48
60
63
64
65

current (^A)

Ti target Cu holder Al holder

< 1 [2]
20
circa 0.3
60
< 1 [2]
< 1 [2]
0.2
0.3

0.4
0.7

0.1
< 1 [2]
< 1 [2]

circa 16 [2]
circa 6 [2]

circa 7 [2]

—— identification

H-
12C -
13^- I^QJJ-
160 -
16OH~
180-
12(^2"
12CN-
Al-
A1H-
16°2~
Ti~
TiC-
63Cu"
TiO~
65Cu-

Table 4.1.1. 
Ions produced from a HISS type source operating with carbon dioxide

4.2. Variations in Ion Beam Composition with Gas Flow

It is interesting to investigate the variations in some of the other 

ion species with gas flow and the two that have been investigated in detail 

are the 0~ and C£~ beams.

Figure 6 shows the variations in C" and 0" currents at low flow rates. 

The slope of the 0" yield with gas flow is about 2.2 times that of the C" 

yield in the region in which the C" yield is linear, but it is difficult to 

deduce very much from this because of the complications of recoil
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Variations in C~ and 0~ currents with gas flow (low flow rates)
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implantation. The high 0" current with no gas flowing is partly due to 

this implantation and is partly caused by water vapour in the vacuum system 

and a small amount of Q£ from a minor air leak.

Figure 7 represents measurements made with a slightly lower caesium 

current and shows that the 0" ion beam continues to rise even when the gas 

flow is greater than 2 atmos. cc/hr. It is not clear how much of the shape 

of this curve is due to attenuation of the ion beam and how much is due to 

reductions in the sticking probability of CC>2 molecules on the target and 

the ionisation probabilities for oxygen atoms. These measurements do, 

however demonstrate that the fall in C~ currents at high flow rates must be 

due to a drop in ionisation probabilities.

Figure 8 shows measurements taken of the C2~ ion beam as a function of 

gas flow. This beam has very little contribution from the implanted phase 

and at low gas flows follows an approximate square law. This is exactly 

what one would expect if the sputtered fragments of the C0£ molecules on 

the surface of the target were reacting to form clusters.

Summary

A model for the physical processes taking place in the ion source, 

OXGIS, has been developed which is consistent with a wide range of 

measurements. The essential postulate is that there are two sources for 

the C~ current: the adsorbed gas phase and the implanted phase. Most of 

the current is derived from the former and the measurements presented here 

indicate that the ionisation probability for sputtering from this phase is 

very close to unity. This in turn means that the fractionation taking 

place in the sputtering process must be very small and so measurements of 

high accuracy are possible. This is helped by the ease with which the C~ 

current can be controlled, thereby making it possible to operate the entire
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AMS system under nearly identical conditions for different samples.

The overall efficiency of the ion source is such that very small 

samples (<100 jag of carbon) can in principle be measured.

The background currents have been reduced to a level where they should 

allow radiocarbon determinations of high accuracy to be made for samples 

older than 60,000 years, although this will obviously be limited by other 

forms of contamination and by counting statistics.

The cross contamination of the source has been evaluated and is found 

to be less than 0.052 of the typical operating current and it therefore 

poses no problems for this application.
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Summary

This part of the thesis is a description of the quest for an ion 

source which is well suited to the task of producing ion beams for 

radiocarbon dating by AMS. The introduction gives the reasons for 

believing that high intensity sputter sources (HISS's) with carbon dioxide 

form the best basis for such a development.

In chapter 1 the methods and equipment used for the development and 

testing of ion sources are discussed. The ion source test bench which has 

been used for the experiments and measurements presented here is described 

in some detail and its limitations explained. This information is also 

important in understanding the brightness profiles given in part I of this 

thesis.

In chapter 2 the design of high intensity sources is investigated. 

Experience in the operation of such a source has enabled some changes to be 

made and design criteria established. A point of particular general 

interest is that the presence of intense transverse electric fields either 

within the ion source or in the extract region seems to lead to less 

regular and more variable current distributions in phase space. The 

particular problems associated with the need to change samples easily while 

using an ion source of this kind with carbon dioxide are then discussed in 

relation to the design of the Oxford gas ion source (OXGIS). The design 

of this source is described along with its associated sample changing 

mechanism and computer control system.

The behaviour of a HISS when used with graphite has been studied and 

the measurements related to this are described in chapter 3 with a 

discussion of their implications. This information is important because an 

ion source which is to be used for routine measurements must be well
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understood in every aspect of its operation; graphite is a convenient 

target material for investigating many aspects of the source's operation 

without introducing the complications of gas flow. Each stage in the 

production of the final C~ beam is discussed and details of related 

experiments given. In addition, the emittance of the source has been 

measured under a large range of conditions demonstrating that this 

characteristic of the source is less variable than for the modified UNIS 

source used at the Oxford radiocarbon facility. Experiments with graphite 

coated iron targets indicate that the use of this kind of ion source with 

graphite for radiocarbon determinations might well prove difficult because 

of the problems associated with producing graphite with a sufficiently high 

thermal conductivity.

Chapter 4 charts the progress that has been made in the use of carbon 

dioxide in OXGIS. The vacuum quality and target cleanliness are found to 

be very important in reducing the background currents from the source, as 

is the use of solid titanium targets instead of porous ones. These 

currents are now sufficiently low and stable that radiocarbon measurements 

should be possible for samples older than 60,000 years (subject to other 

constraints). The processes involved in the production of C~ ions from 

carbon dioxide are described in detail. Experimental evidence supports the 

fairly simple model for the process which is expounded. This indicates 

that the isotopic fractionation from the sputtering process should be 

small. The efficiency of the source is high (8 - 102) which allows the use 

of very small samples (less than 100 jag of carbon), another very important 

characteristic for an ion source to be used for this kind of work. The 

cross contamination has also been measured and found to be very small (less 

than 0.05Z); the mechanism for this is investigated and found to involve 

the neutral sputtered carbon atoms. This ion source is clearly very 

suitable for radiocarbon dating by accelerator mass spectrometry.
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CONCLUSIONS

In the introduction of this thesis the improvements which were most 

needed in the application of accelerator mass spectrometry to radiocarbon 

dating were cited. It is important, therefore, to look back at the 

progress that has been made in the course of this research in order to see 

the degree to which these needs have been met.

The first of these requirements is an increase in the total number of 

radiocarbon measurements that can be made and this clearly depends on many 

factors, some of which have their basis in economics rather than science. 

However, the development of the gas ion source will have a considerable 

impact on this, both because the small sample size required (less than 

100 jag instead of the 1 mg required for the normal graphite targets) will 

greatly increase the number of objects suitable for measurement and, 

because it is no longer necessary to turn the samples into graphite, the 

cost of measurements should be reduced.

Contamination of the samples is clearly important in determining the 

age range over which radiocarbon dating is useful and the gas ion source 

will be very important in relation to this too. Contamination already 

present in samples which are to be measured must be removed by physical and 

chemical selection. This frequently reduces the size of the sample by very 

large factors. Because of the reduced sample size it will now be feasible 

to do this for a much larger proportion of the available material. 

Furthermore the process of making graphite is itself known to be 

responsible for additional contamination and this stage can now be 

eliminated. To set against these advantages are the background currents 

which come from the gas ion source: the radiocarbon background from these 

is, however, believed to be smaller than that from graphite production and
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is also constant enough to be subtractible. The substitution of a known, 

measurable background for one that is neither of these is clearly an 

improvement. It is estimated that it will now be possible to measure 

accurately radiocarbon ages of greater than 60,000 years (maybe greater 

than 70,000 years) using the new ion source.

A restriction is also placed on the age limit of radiocarbon 

measurements by counting statistics. Apart from the fundamental limit to 

the number of -^C nuclei present in the sample, this is essentially 

determined by the proportion of these that can actually be counted. For 

very small samples this is dictated by the overall efficiency of the 

measurement. With the gas ion source this is very high (about 3% if the 

transmission through the accelerator is 302 which is typical; this 

compares to less than II for measurements using graphite) and for a given 

sample size should enable measurements of approximately double the accuracy 

to be made. For larger samples the limiting factor is the time spent on 

making the measurement and so accuracy can only be improved by increasing 

the rate at which carbon is sifted for ^C or, in other words, the current 

produced by the ion source. This is slightly higher for the gas ion source 

than for most graphite based ion sources used for radiocarbon measurements. 

Although using a high intensity sputter source with graphite would be very 

useful from this point of view problems of accuracy and target production 

preclude the use of such an arrangement at the moment. With samples of any 

size, the improvements that have been made to the transmission of the 

accelerator are also clearly beneficial to this aspect of the measurements.

As with any form of mass spectrometry, the accuracy of radiocarbon 

measurements is, in part, determined by the degree to which isotopic 

fractionation can be kept constant. In eliminating the production of 

graphite from the whole process one source of fractionation has been 

removed. This essentially leaves the fractionation which takes place
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during ionisation and in the ion beam transport. The insensitivity of the 

efficiency of ion production from C02 to small changes in the work function 

suggests that there will be little fractionation due to sputtering in the 

gas ion source. This is important both in itself and because it indicates 

that the ion beams of different isotopes should have the same distribution 

in phase space, thereby reducing the chances of fractionation at a later 

stage in the measurement. Detailed consideration of the theory of 

sputtering also suggests that fractionation should be minimal but its 

complete elimination has yet to be demonstrated experimentally. The causes 

for fractionation in ion beam transport have been investigated and 

improvements to the stripper canal of the Oxford radiocarbon accelerator 

seem to have reduced these to such an extent that isotopic measurements of 

an accuracy of better than 12 are now possible. In particular the current 

dependent transmission of the ^C ion beam through the accelerator which 

was due to the space charge effect has now been eliminated and this will 

make the correction of the ^C/l^C ratio with the -^C/l-^C ratio possible. 

This enables all other sources of fractionation to be taken into account, 

including the incorporation of radiocarbon into the original living 

organism, and is essential if high accuracy is to be attained.

The research presented here on ion optics and related physical 

phenomena is also important for the general advancement of the now rapidly 

growing field of accelerator mass spectrometry. Many of the isotopes of 

interest (such as ^Ca, ^ 6 A1 and -^Be) have much lower negative ion 

formation probabilities than carbon and so a clear understanding of the 

fractionation due to sputtering is essential. With the expected increase 

in the use of high intensity sputter sources, the subject of space charge 

and how this relates to ion beam transport will also be important. As the 

accuracy demanded of these techniques increases it will clearly be 

necessary to look at all of these factors together.
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The primary intention in undertaking this research was to make 

possible improvements in the accuracy and age range of radiocarbon 

measurements. Through the understanding of the physical mechanisms that 

underlie this technique and with the development of an ion source 

specifically for this purpose these objectives have now been attained.
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EPILOGUE

It is one of the great advantages of this kind of applied 

research that one can, at the end of a project, still say that 

the best is yet to come. The fruits of this work, in terms of 

archaeological scholarship, will undoubtedly take time to ripen. 

There are many fascinating areas of research in which radiocarbon 

dating can play an important role: some of these, such as the 

study of the emergence of homo sapiens sapiens, may be possible 

for the first time because of the extension of the age range of 

the technique; others, like the investigation of the spread of 

agriculture or the end of the palace period in the Aegean will 

benefit from the improvements that have been made in accuracy.

In addition to these direct applications, accurate age 

measurements will also have an impact on the development of other 

archaeological techniques and on such fundamental subjects as the 

reliability of association and stratigraphy.

It was with these things in mind that I embarked on this 

project and, with optimism, I look forward to seeing the progress 

that is made.

..what's past is prologue, what to come 
In yours and my discharge.

[William Shakespeare, The Tempest]
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